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Abstract

The photophysical and photochemical behaviour of 6,8-dimethyl-2H-furo[2,3-h]chromen-2-one (6,5′-dimethylangelicin, 6,5′-DMA) was
studied by steady state and pulsed techniques and by semiempirical calculations. The fluorescence characteristics and the triplet state properties
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ere determined in solvents of different polarity/proticity. The obtained values of fluorescence quantum yields and lifetimes tog
he triplet formation quantum yield indicate that the energy gap between the two lowest excited states controls the decay pathw
inglet. In non-polar and non-protic solvents the internal conversion is almost the sole decay process of the singlet, while in prot
he intersystem crossing reaches substantial quantum yields. The effect of ground state concentration on the fluorescence lifetim
he occurrence of aggregation while the triplet lifetime was quenched and the rate constant of self-quenching was determined.

The 6,5′-DMA photodimerization was investigated in different solvents and in different experimental conditions. Two pyrone-pyr
ne furan–pyrone photodimers of 6,5′-DMA were the main photoproducts detected in the irradiated solution. The effects of the 6,5′-DMA
oncentration and of oxygen on the amounts of the dimers obtained together with the photophysical behaviour gave indications on th
echanism of different dimers.
2005 Elsevier B.V. All rights reserved.
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. Introduction

Naturally occurring furocoumarins (psoralens and an-
elicins) and some of their synthetic derivatives are mem-
ers of a class of photobiologically active compounds used
s light-activated drugs in several skin diseases[1–3]. The
hotochemotherapeutic activity of furocoumarins may have
ntiproliferative or stimulating effects on skin cells (treatment
f psoriasis and vitiligo, respectively)[4] and effects against

mmunologic disorders[3]. The antiproliferative activity of
urocoumarins has been mainly attributed to their ability to
ovalently photobind DNA forming mono- and di-adducts

∗ Corresponding author. Tel.: +39 0755855590; fax: +39 0755855598.
E-mail address:loredana@unipg.it (L. Latterini).

[5], while the pigmentogenic effect seems to be conne
with their ability to induce photolesions in lipids of the c
membrane or to stimulate enzymatic repair of the DNA d
age[2,6,7].

The ability of linear furocoumarins (psoralens) in for
ing mono- (mainly) and di-adducts with the pyrimidine ba
gives rise to crosslinking between DNA chains[5] For this
reason the photochemotherapy with psoralens has som
effects such as skin phototoxicity and risk of skin can
[1,8–10]. Angelicins (furocoumarins with angular structu
which can only form monoadducts, generally show lo
mutagenic activity[11,12] and phototoxic effects on th
skin[13–15]. Therefore, detailed studies on several ange
derivatives were undertaken to correlate the various as
of their photobiological activity with their photophysical a
photochemical properties[16–19].

010-6030/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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Furocoumarins, besides the photocycloaddition to DNA
and fatty acids, can undergo photodimerization. This process
appears to compete with the phototherapeutic activity, since
no biological activity has been reported for these dimers.
This photoreaction has been investigated mainly for pso-
ralens under different experimental conditions and scarcely
for angelicin (for a review, see[20]). Particular attention
was reserved to the number and structure of the dimers ob-
tained and to the nature of the excited states involved in the
photoprocess. The irradiation of 8-methoxy- and 8-acetoxy-
psoralen[21,22]in dichloromethane produced only thetrans-
synpyrone–pyrone (p–p) dimer where the two furocoumarin
moiety are both bound in the 3,4-positions of the pyrone rings.
The corresponding 4′,5′-dihydro homologues gave, besides
the mentioned photoproduct, thecis-antip–p dimer. The re-
sults gave evidence that the formation of the former and the
latter involves the triplet and singlet excited state of the parent
molecule, respectively[21,22].

As concerns angelicins, dimerization was studied with two
methyl derivatives[23]. In particular, 6,5′-dimethylangelicin
(6,5′-DMA) gave a pyrone–pyrone dimer, of unidentified
regio- and stereochemistry, and a pyrone–furan dimer with
cis-synconfiguration[23].

In the present paper further photochemical and photophys-
ical studies on 6,5′-DMA are reported. They are aimed at the
understanding of the photoreaction mechanism leading to the
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The configuration interaction (CI) calculations included the
singly excited configurations built from the 11 highest oc-
cupied (HOMO) and 11 virtual (LUMO) molecular orbitals
[25,26].

In order to get information on the triplet energy of 6,5′-
DMA, the heat of formation of the ground state and of the low-
est excited triplet state (T1) were predicted by the PM3 and
PM3-CISDT models, respectively, of MOPAC 2002 (CAChe
6.1 package)[27]. The five highest occupied (HOMO) and
two virtual (LUMO) molecular orbitals were used to orig-
inate 475 singly, doubly and triply excited configurations
included in the CISDT calculation. The reliability of this
method was tested by calculating a value of 63.5 kcal mol−1

for the triplet energy of the parent compound angelicin,
to be compared with the experimental 63.2 kcal mol−1

[28].

2.3. Techniques

Absorption spectra were recorded on a Perkin-Elmer
(Lambda 800) spectrophotometer.

A Philips HPW 125 lamp (emitting over 95% at 365 nm)
was used for irradiation of 6,5′-DMA solutions in pyrex test
tubes, cooled by water circulation. The light dose on the tubes
was 0.55 J cm−2 min, as measured by a Cole-Palmer Instru-
ment radiometer (Niles, IL, equipped with a 365-CX sensor).
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imers and the excited states involved. The photodime
ion of 6,5′-DMA was studied in different solvents, in t
resence and in the absence of oxygen, and the relative

or the formation of the dimers were evaluated at diffe
oncentrations. A detailed characterization of the lowes
ited singlet and triplet states was also carried out. The
rescence quantum yield and lifetime were measured in

erent solvents and the triplet state was investigated by
ash photolysis determining the spectroscopic and kin
roperties and the effect of 6,5′-DMA concentration on th

riplet lifetime in different solvents.

. Experimental

.1. Materials and experimental measurements

6,8-Dimethyl-2H-furo[2,3-h]chromen-2-one, (6,5′-
imethylangelicin, seeScheme 1) was synthesized as in
revious work[24] The solvents, cyclohexane (Cx, Ba
V grade), dioxane (Dx, Fluka, UV grade), acetonit

MeCN, Carlo Erba RPE grade), ethanol (EtOH, Carlo E
S grade), trifluoroethanol (TFE, Fluka, puriss. grade)
ater milliQ (Waters) were used.

.2. Semiempirical calculations

The absorption spectra were predicted by use of
emiempirical ZINDO/S-CI method (Hyperchem 7.0 pa
ge), after geometrical optimization with the PM3 mo
hen required, solutions were saturated by bubbling
xygen or nitrogen.

A Perkin-Elmer Series 200 instrument, equipped wi
iode Array detector was used for high performance
id chromatography (HPLC) measurements. The col
as a reverse-phase Water Spherisorb S5 ODS2 (5�m,
50 mm× 4.6 mm) eluted with MeCN–H2O mixtures (20:80

or 5 min, then linearly increased to 80:20 within 20 min
aintained at 80:20 for 20 min).
To isolate photoproducts, the irradiated solutions w

ried under reduced pressure and submitted to thin-
hromatography (TLC) using silica gel plates (F254, Mer
rough separation was achieved eluting the plates with

oform, while eluents for purification are indicated in the
ults section.

The nuclear magnetic resonance spectra (1H-NMR) were
cquired on a Bruker AMX spectrometer operating
00 MHz. Samples were dissolved in CDCl3 or CD3COCD3
ontaining 0.1% TMS as the internal standard.

Mass spectra were obtained by means of a Mariner
OF spectrometer (PerSeptive Biosystems), by direct i

ion of the samples dissolved in methanol-formic acid (99
Fluorescence spectra and quantum yields were mea

ith a Fluorolog-2 (Spex, F112AI) spectrophotofluorom
mean deviation of three independent measurements,∼5% in
eaerated solutions, absorbance <0.1 at the excitation

ength) using anthracene in ethanol as standard,φF = 0.27
28]. The fluorescence lifetimes,τF (mean deviation of thre
ndependent measurements,∼10%) were measured by a Sp
luorolog-�2 system, which uses the phase modulation t
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Scheme 1. Molecular structure of 6,5′-dimethylangelicin (6,5′-DMA), of its pyrone–pyrone (p–p) and pyrone–furan (p–f) dimers and of photoproduct 1
(4-hydroxy-2,7-dimethyl-benzofuran-5-carbaldehyde).

nique (excitation wavelength modulated in the 1–300 MHz
range; time resolution∼10 ps). The frequency-domain in-
tensity decay (phase angle and modulation versus frequency)
was analyzed with the Global UnlimitedTM (rev. 3) global
analysis software[29].

The experimental set-up used for determining the triplet
spectra and yields has been described elsewhere[30,31]The
excitation wavelength of 355 nm from the third harmonics of
a Nd:YAG laser (Continuum, SureLiteII, pulse width∼7 ns
and energy <3 mJ pulse−1) was used. Absorption spectra
were constructed based on measurements every 10 nm over
the 300–800 nm spectral range, averaging at least 10 shots
per wavelength recorded. The triplet lifetimes were measured
with laser fluence≤1 mJ pulse−1.

The product�εT × φT for 6,5′-DMA in various solvents
was obtained by the laser energy effect on the change of
absorbance (�A) measured atλmax and using an optically
matched solution (A355≈ 0.2) of benzophenone in acetoni-
trile (ε520× φT = 6500 M−1 cm−1 at 520 nm)[32] to calibrate
the instrumental response. Plots of�Aversus laser dose were
linear and passed through zero, thus indicating that only one-
photon processes were occurring. The triplet quantum yield
(φT) of 6,5′-DMA was evaluated by determining the absorp-
tion coefficient change (�εT) of 6,5′-DMA using benzophe-
none as a donor in acetonitrile (�εT = 6500 M−1 cm−1 at
520 nm)[32] or anthracene as an energy acceptor in ethanol
(�εT = 52000 M−1 cm−1 at∼430 nm)[32]; experimental er-
ror ±15%.
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The singlet oxygen yields (φ�) of DMA were determined
by measuring the phosphorescence intensity of O2(1�g) with
a germanium diode detector in air-equilibrated solutions. The
amplified signal extrapolated at zero time (in mV) was plotted
as a function of laser dose obtaining a good linear relation-
ships for 6,5′-DMA and for phenalenone used as a standard
(φ� = 0.97± 0.03) [33]. Theφ� values of 6,5′-DMA were
then obtained from the ratio of the related slope with that of
phenalenone multiplied by the knownφ� of the standard. At
least 50 kinetic measurements were averaged for each 6,5′-
DMA solution.

All measurements were carried out at 22± 2◦C; the solu-
tions were saturated by bubbling with argon, unless otherwise
indicated.

3. Results and discussion

3.1. Ground state absorption and semiempirical
calculations

The absorption spectrum of 6,5′-DMA is located in the
220–380 nm range, the position of its maximum (λmax) be-
ing solvent dependent. Spectra recorded in five solvents are
reported inFig. 1. In the non-polar cyclohexane, Cx (where
a slight vibrational structure is evidenced) and in the po-
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Fig. 2. Frontier molecular orbitals of 6,5′-DMA calculated by ZINDO/S.

semiempirical calculations were performed by the ZINDO/S-
CI method[25,26]. The configuration interaction (CI) calcu-
lations included singly excited configurations built from the
11 highest occupied (HOMO) and 11 virtual (LUMO) molec-
ular orbitals. The derived HOMO and LUMO are shown in
Fig. 2. The HOMO is mainly localized on the furan moiety
with the involvement of the central ring, while the LUMO
is characterized by a displacement of the charge density to-
wards the pyrone moiety. Moreover, in the LUMO + 1 orbital
there is an antibonding charge density in the 4′,5′ position
of the furan ring.Fig. 2 also shows that the bond order of
the 3,4 and 4′,5′ positions decreases on going from HOMO
to LUMO and LUMO + 1, respectively; in fact, in the last
orbitals nodal planes appear. Even though other nodal posi-
tions are present in the molecular orbitals, those in 3,4 and
4′,5′ are the most important ones because they are involved
in the photocycloaddition process of 6,5′-DMA. In particu-
lar, they are involved in the formation of pyrone–pyrone and
pyrone–furan dimers described in this paper.

The semiempirical ZINDO/S-CI calculations predict for
6,5′-DMA five transitions in the 250–350 nm range:S0 →S1
is n→ �∗ in nature while the other four (S0 →Sn) are of
� → �∗ character. The calculatedλmax values, the oscillator
strengths (f) and the orbitals involved in the transitions are
reported inTable 1. The values of the oscillator strengths for
the various transitions can be compared with the experimental
a tal
ar/protic trifluoroethanol (TFE)λmax values are at 297 an
10 nm, respectively. This red-shift, that is well related w

he parameterET(30) of the solvent (see below), is charac
stic of other methylangelicins and indicates that the exc
, �∗ state is more polar than the ground state[34]. The
bsorption coefficients at the maxima of the spectra (εmax)
re of the order of 104 M−1 cm−1 (in EtOH theεmax value is
.05× 104 M−1 cm−1), in agreement with a partially allowe
→ �∗ transition.
To get better insight into the transitions involved in

0 →Sn absorption of DMA and the nature and state or

ig. 1. Absorption spectra of 6,5′-DMA in TFE (©), MeCN (+), EtOH
�), Dx (♦) and Cx (�). The vertical lines represent the oscillator stren
alculated by ZINDO.
 bsorption spectra ofFig. 1. The calculated and experimen
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Table 1
Electronic transitions of 6,5′-DMA calculated by the ZINDO/S-CI semiem-
pirical method after geometrical optimization with the PM3 model

Transition λmax (nm) f Orbitals %

S0 →S1 340 0.001 nH-3 → �L
∗ 50

nH-3 → �L + 2
∗ 29

S0 →S2 339 0.061 �H → �L
∗ 52

S0 →S3 300 0.37 �H-1 → �L
∗ 75

S0 →S4 277 0.41 �H → �L + 1
∗ 44

�H-1 → �L + 1
∗ 22

S0 →S5 256 0.29 �H → �L + 1
∗ 40

�H → �L + 1
∗ 26

values are in good agreement, thus indicating that the calcula-
tion method used is useful to describe the ground and excited
states of 6,5′-DMA. Its spectral feature is exclusively deter-
mined by the four� → �∗ transitions because thef value
of the forbiddenn→ �∗ one (not reported inFig. 1) is, as
expected, very low. It has to be noted that the two lowest ex-
cited singlet states are predicted to be in practice at the same
energy. As it will be shown from the fluorescence data, the
closeness of these two states of different nature is important
in determining the decay pathways of 6,5′-DMA singlet state
(“proximity effect”, see below).

3.2. Fluorescence

The spectrofluorimetric measurements showed that the
wavelength of the emission maximum and the fluorescence
quantum yield of 6,5′-DMA is strongly dependent on the sol-
vent polarity/proticity (Table 2). The emission spectra (Fig. 3)
shifted to the red by increasing the polarity/proticity of the
solvent and become broader and structureless; a red-shift of
about 7000 cm−1 is observed on going from Cx to TFE, indi-
cating that stabilization of the� → �∗ emitting state occurs
in the presence of solvents which are polar and/or able to
form hydrogen bonds with 6,5′-DMA. The red-shift of the
fluorescence maximum is well correlated with the solvent
p d
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Fig. 3. Normalized emission spectra of 6,5′-DMA in TFE (©), MeCN (+),
EtOH (�), Dx (♦) and Cx (�).

lower than 10−4. In polar/protic solvents the emission ef-
ficiency increases (Table 2) andφF reaches the value of 0.03
in TFE. Even though a marked increase (more than thirty
times) was observed on going from Cx to TFE, the fluores-
cence quantum yield remains very small in all solvents and
therefore the radiative decay has to be considered a negligi-
ble process in the deactivation of 6,5′-DMA singlet excited
state.

The fluorescence lifetimes (τF) were measured only in
EtOH and TFE (Table 2) due to the lowφF values and likely
short τF values in less polar solvents. Either in EtOH and
TFE the fluorescence decay of 6,5′-DMA was measured us-
ing low angelicin concentrations ([6,5′-DMA] ≤10−5 M) and
was well fitted by a monoexponential function; fluorescence
lifetimes of few ns were obtained. TheseτF values are in
agreement with the values previously measured for other an-
gelicines[34]. Considering the measuredφF andτF in EtOH
and TFE and the estimated values in MeCN, thekF values

F
t

arameterET(30) proposed by Reichardt[35], as indicate
y the linear plot (correlation coefficient 0.98) of the ene
f the emitting state obtained from the fluorescence m
um (in cm−1) versusET(30) (Fig. 4). This indicates tha

T(30) well describes the mixed effect of polarity and hyd
en bond formation on the fluorescent state of 6,5′-DMA.

The fluorescence quantum yield (φF) of 6,5′-DMA in
x and Dx is particularly low and was estimated to

able 2
bsorption and emission properties of 6,5′-DMA in different solvents

olvent λabs(nm) λem (nm) φF τF (ns) kF (s−1)

yclohexane 295; 305; 330sh 360 <0.0001 <0.02
ioxane 300; 315sh 380 <0.0001 <0.02
cetonitrile 300; 315sh 435 0.001 <0.02 >5.0× 107

thanol 305 460 0.007 2.3a 0.3× 107

FE 310 485 0.030 2.8 1.1× 107

a Measured at 6,5′-DMA concentration≤10−5 M.

ig. 4. Dependence of the fluorescence maximum energy of 6,5′-DMA on

heET(30) solvent parameter.
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were determined (Table 2); in these solventskF values are in
agreement with a partially allowed� → �∗ transition.

In EtOH solutions the effect of the ground state concen-
tration on the fluorescence decay was investigated. At con-
centrations higher than 10−5 M the fluorescence decay could
be satisfactorily fitted by a bi-exponential function whose pa-
rameters (lifetimes and pre-exponenial factors) changed with
the concentration. In general, the long-lived component was
about 3.0 ns while the lifetime of the shorter one was always
below 0.9 ns and its contribution increased to up 80% increas-
ing the ground state concentration. This behaviour could be
due to the formation of aggregates of 6,5′-DMA (see below).

3.3. Laser flash photolysis

Upon laser excitation of 6,5′-DMA at 355 nm in Cx,
MeCN, EtOH and TFE a transient absorption was detected
that was assigned to the lowest triplet state of 6,5′-DMA
since in all solvents it appeared within the laser pulse, was
quenched by oxygen with an almost diffusional rate constant,
decayed with lifetime in the�s range, and its decay followed
a first-order kinetics at low pulse intensity and low ground
state concentration (<10−5 M, see below). The time resolved
absorption spectra of the transient triplet in MeCN, EtOH
and TFE are reported inFig. 5. The spectra have similar fea-
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Fig. 5. Time resolved spectra of 6,5′-DMA in EtOH (a) recorded 0.56 (©),
1.5 (�), 5.0 (�) and 15 (♦) �s; in MeCN (b) recorded 0.30 (©), 1.4 (�) and
8.0 (♦) �s; in TFE (c) recorded 0.20 (©), 0.56 (�), 1.3 (�), and 15 (♦) �s
after the laser pulse (λexc= 355 nm).

and 0.40 for MeCN and EtOH, respectively and they are re-
ported inTable 3together with intersystem crossing rate con-
stantskISC. Assuming that the absorption coefficient of 6,5′-
DMA triplet in TFE is the same as that measured in EtOH,
φT in TFE was estimated to be 0.44.

In both cases, the measuredφT values are substantial and
indicate that the intersystem crossing, in polar/protic sol-
vents, is an important decay pathway of 6,5′-DMA. The
marked increase ofφT with the solvent proticity confirms
that the deactivaction paths of 6,5′-DMA singlet state can be
rationalized in terms of “proximity effect”[36,37].

The 6,5′-DMA triplet lifetime was dependent on the
ground state concentration indicating that self-quenching
took place; the measured self-quenching rate constant was
close to the diffusional limit (ca. 3× 109 M−1 s−1).

The 6,5′-DMA triplet was quenched by molecular oxygen
with a rate constant (kox, Table 3) close to the diffusional
limit (kdiff ). In TFE, wherekdiff determined from the viscos-
ity coefficient was 3.7× 109 M−1 s−1, kox value is particu-
larly high (2.0× 109 M−1 s−1). Only in MeCN, the quench-
ing of 6,5′-DMA triplet was accompanied by the formation

T
T

S φT kox (M−1 s−1) kISC (×108 s−1) kIC (×108 s−1)

C
A
E
T

ures in the three polar solvents and are characterized
road absorption band between 400 and 500 nm (Table 3);

he relative intensity at different wavelengths was slightly
ected by the solvent. The triplet lifetimes, reported inTable 3,
how a moderate dependence on the solvent being l
n TFE.

The product between the triplet quantum yield and
riplet absorption coefficient (φT × �εT) measured in a
olvents, increased substantially with the solvent pol
Table 3). Although an effect of the solvent on�εT canno
e excluded, these findings suggested thatφT is influenced
y the solvent polarity/proticity similarly to what observ

or 6,5′-DMA φF values and forφT values of other methylan
elicins[34]. The triplet absorption coefficient of 6,5′-DMA
t the maximum of absorption (500 nm) was determine
eCN and EtOH by use of the energy transfer methods a

cribed in Section2.�εT values of 3600 and 2070 M−1 cm−1

ere obtained for MeCN and EtOH, respectively. Using
bsorption coefficient and theφT × �εT values the quantu
ields for the triplet production (φT) were found to be 0.1

able 3
riplet properties of 6,5′-DMA in different solvents

olvent λmax (nm) τT (�s) φT × �εT [�εT]
(M−1 cm−1)

yclohexane 420; 500 1.3 200
cetonitrile 400; 500 1.4 490 [3600]
thanol 400; 500 1.6 820 [2070]
FE 400; 500 3.0 920
a Calculated assuming the same�εT value measured in EtOH.
0.14 3.7× 109 >70 >430
0.40 1.3× 109 1.7 2.6

(0.44)a 2.0× 109 1.6 1.9
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of singlet oxygen, O2(1�g) since only in this solvent the
IR-luminescence of singlet oxygen could be detected upon
excitation of 6,5′-DMA in air-equilibrated solution. No lu-
minescence was observed in the absence of substrate or by
bubbling argon. The luminescence decay was described by a
first order kinetics with a lifetime very close to that reported in
the literature. The quantum yield for singlet oxygen produc-
tion (φ�) in MeCN was determined by use of phenalenone
as reference. Aφ� value of 0.03 was obtained. This value is
low with respect to the triplet quantum yield and shows that
only 18% of triplet are able to produce O2(1�g); it is also low
with respect to theφ� values of other angelicins previously
investigated[34].

The φF andφT values reported inTables 2 and 3allow
the internal conversion quantum yield (φIC) together with
the corresponding rate constantantskIC to be determined in
acetonitrile, ethanol and TFE (Table 3). In MeCNkIC value
(Table 3) is very high compared tokF andkISC indicating
that internal conversion is the most important decay process
of the singlet excite state in this solvent. Increasing the pro-
ticity of the medium (ethanol and then TFE)kIC decreases
becoming comparable withkISC (Table 3). This photophys-
ical behaviour can be explained in terms of nature, energy
gap and interactions between the lowest excited singlets of
different nature. The effects of these parameters on the sin-
g lens
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3.4. Mechanism of photodimerization of 6,5′-DMA

Steady state irradiation of 6,5′-DMA was carried out in
different solvents. In cyclohexane 6,5′-DMA was stable con-
firming the hypothesis that the main decay pathway ofS1
is the internal conversion. In more polar/protic solvents, the
photolysis rate, measured as disappearance of 6,5′-DMA de-
pended on the medium and increased in the order chloro-
form < acetonitrile < ethanol < methanol < water.

Irradiation of a nitrogen-purged methanol solution of 6,5′-
DMA (10−5 M) gave rise to extensive photolysis of the com-
pound with formation of several photoproducts, as shown in
Fig. 6. Unreacted 6,5′-DMA gave the peak at 19.3 min, while
the peaks at 20.3 and 28.2 min were due to the pyrone–furan
(compound2) and pyrone–pyrone (3) cyclodimers already
described[23], respectively. Further peaks appeared at 18.7
(compound1) and 30.2 min (compound4). When the solu-
tion was not deaerated, the peak of compound1 appeared
more evident whereas that of compound3 was less intense.
The new compounds1and4were produced in higher amount
by irradiating more concentrated solutions, followed by TLC
separation using chloroform as the eluent.

The chromatografic and NMR data (TLC:Rf = 0.45 (as
a yellow-pink fluorescent band, purified using hexane-
THF, 80:20,Rf = 0.44). MS:m/z 291 (M + H)+. 1H-NMR
(300 MHz, CDCl ): δ 10.28 (s, 1H, CHO), 10.1 (broad, 1H,
O
(
i a-
t
S de-
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m lack
o

,5
D R
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u
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A irrad
let decay was described in details by Lim et al. for psora
36,37]using the term “proximity effect”. This effect is bas
n vibronic interactions between the close-lying1(n,�∗) and
(�,�∗) states which lead to an efficientS1 →S0 internal con
ersion (IC) compare to the other decay processes[36,37].
he closer the two states are, the higher the vibronic i
ction is; this is the case of non-polar solvents where
,5′-DMA φF is negligible and the triplet undetectable a

henS1 decays, mainly, through internal conversion. Incr
ng the proticity of the solvent, the1(n,�∗) state is shifted t
igher energy so the gap between the singlet states o

erent nature increases and therefore the vibronic int
ion and the rate constant for IC decrease. These ch
llow decay pathways competitive with IC to take pl
Tables 2 and 3).

Fig. 6. HPLC profile of a de-aerated ethanol solution of 6,5′-DM
3
H), 8.50 (s, 1H, H-5), 6.77 (unresolvedq, 1H, H-4′), 2.55

broad, 6H, CH3-6 and CH3-5′) allowed compound1 to be
dentified as theo-hydroxyaldehyde deriving from the oxid
ive fission of the pyrone ring of 6,5′-DMA, as depicted in
cheme 1. A compound with similar structure has been
cribed as coming from photolysis of 8-MOP[38]. The for-
ation of this photoproduct probably accounts for the
r ineffiecient singlet oxygen sensitization.

Irradiation at 254 nm led to the photoreversion of 4–6′-
MA indicating, together with the chromatografic and NM
ata (TLC:Rf = 0.18 (as a non-fluorescent band, puri
sing ethyl acetate/ethanol, 97:3,Rf = 0.53). MS:m/z 393
M + H)+. 1H-NMR (300 MHz, acetone-d6): δ 7.01 (unre
olvedq, 2H, H-5), 6.45 (q, 2H, H-4′, J= 1 Hz), 3.78 (d,

iated at 365 nm light for180 min (detection wavelength 254 nm).
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Table 4
Areas of chromatographic peaks (detected at 254 nm) of 6,5′-DMA (unre-
acted),2, 3 and4 diemers (formed) after irradiation for 90 min in nitrogen
(N2), air (A) and oxygen (O2) equilibrated ethanol solutions of 6,5′-DMA

Compound Chromatographic peak areas

N2 A O2

6,5′-DMA 6.5 15.0 24.6
Pyrone–furan dimer (2) 1.4 1.7a 1.5
Pyrone–pyrone dimer (3) 14.0 9.0 6.1
Pyrone–pyrone dimer (4) 1.6 2.9a 1.6

a Slightly over-estimated for overlapping of the previous peak.

2H, H-4, J= 7.7 Hz), 3.51 (d, 2H, H-3, J= 7.7 Hz), 2.33 (d,
6H, CH3-5′, J= 1.0 Hz), 2.29 (d, 6H, CH3-6,J= 0.8 Hz), that
compound4 is a pyrone-pyrone dimer of the angelicin, like
3. As for 3, the symmetry of the molecule did not allow its
regio- and stereo-chemistry to be determined.

Oxygen reduced the rate of photodimerization of 6,5′-
DMA in all solvents;Table 4refers to a typical experiment
carried out in ethanol. In particular, the amount of unreacted
6,5′-DMA increased with the concentration of oxygen and
the yield of pyrone–pyrone3 was reduced by oxygen while
those of2 and 4 were practically unaffected. To be noted
that, due to the lack of a suitable calibration curve for the
dimers, the numbers inTable 4do not indicate the absolute
amounts, but only represent the area of the chromatographic
peaks, with respect to that of unirradiated 6,5′-DMA taken
as 100%.

As concerns cyclodimers,3 (a pyrone–pyrone dimer)
formed in all solvents tested (MeOH, EtOH, ethyl acetate,
dioxane, chloroform), whereas2 (the pyrone–furan dimer)
and4 (the second pyrone–pyrone dimer) only formed in the
more polar solvents like alcohols.

The effect of 6,5′-DMA concentration on the formation
yields of the two photodimers (2 and3) was also investigated
in ethanol. InFig. 7the percentages (with respect to the start-
ing 6,5′-DMA) of these photodimers formed, after 90 min of
irradiation, are reported as a function of concentration in the
r s,
i
t und
s
h

ism,
t d
t n of
c rone
m ith
t the
d
w hown
b itals
( ents
a of
b with
a

Fig. 7. Percentage of (©) f–p and (�) p–p dimers of 6,5′-DMA obtained
after 90 min of irradiation time in ethanol (see Section2).

On the other hand, the lowest triplet state is predicted to be
located at 62.4 kcal mol−1 above the ground state and to be
described by molecular orbitals with nodal planes both in the
C4

′ C5
′ (�H → �L

∗, 40%) and C3 C4 (�H → �L + 1
∗, 31%)

positions, is able to form p–p, f–p and f–f dimers. Although
the presence of the latter dimers cannot be excluded among
the numerous photoproducts generated by UVA irradiation,
their yield would anyway be low.

The main photoproducts experimentally found after the
irradiation are the p–p and f–p dimers, whose relative yields
are shown inFig. 7, as a function of 6,5′-DMA concentra-
tion. The strong dependence on the concentration of p–p
dimer recalls the involvement of a long-lived excited state
such as the triplet. This is in agreement with the high
rate constant for self-quenching (ksq) determined for the
triplet; in fact, at [6,5′-DMA] ∼10−4 the self-quenching ratio
(1 +ksq× τT × 10−4) is less than 1.5 while at the highest con-
centration used the ratio is about 8 and therefore the triplet is
completely quenched, leading to a plateau in the formation
yield of p–p. The second finding in favour of the involvement
of the triplet in the formation of this dimer is the marked
quenching effect of oxygen. Oxygen, in fact, quenches the
6,5′-DMA triplet with a rate constant close to that of self-
quenching and therefore competes with 6,5′-DMA in the
capture of the triplet. This quenching favours the decay of
the triplet to the ground state and causes a decrease of the
y nt of
p the
p

i f-
f p-
i but
t n
a the
ange 0.2–8× 10−4 M. The formation to the f–p dimer i
n practice, independent of 6,5′-DMA concentration while
hat of p–p dimer increased proportionally with the gro
tate concentration reaching a constant value for [6,5′-DMA]
igher than 6× 10−4 M.

In order to rationalize the photodimerization mechan
he photochemical behaviour of 6,5′-DMA has to be analyze
ogether with its photophysical properties. The formatio
yclobutane ring involves the carbon atoms 3 and 4 (py
oiety) or 4′ and 5′ (furan moiety); this is in agreement w

he results of semiempirical calculations which indicate
ecrease of the bond order in the C3 C4 and C4

′ C5
′ bonds

hen electronically excited states are populated, as s
y the nodal pattern of the corresponding molecular orb
Fig. 2). In particular, the singlet excited state which pres
nodal plane only in C3 C4 bond can lead to the formation
oth the p–p and f–p photodimers through interactions
nother molecule in the ground state.
ield of cycloaddition. In de-aerated solutions, the amou
–p dimer formed is three time higher than that found in
resence of O2 (Table 4).

The yield of f–p dimer formation (Fig. 7) is practically
ndependent of the 6,5′-DMA concentration and is not a
ected by oxygen (Table 4). The latter characteristics is ty
cal for the involvement of a short-lived excited state,
he independence on the 6,5′-DMA concentration is not i
greement with a bimolecular photoreaction. Actually,
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yield of f–p dimer is higher than that of p–p even at very low
concentration. Considering that for furocoumarins (in partic-
ular for angelicin) the aggregation in the ground state was
demonstrated by absorption and emission spectroscopy[39]
the hypothesis to correlate the experimental results, is that
the f–p dimerization takes place through a ground state com-
plex (where a pyrone ring is faced with the furan ring of the
other molecule). In this case, the bimolecular photoreaction
can occur without need of diffusion-controlled encounters
and therefore can be efficient also in the short-lived singlet.
A further support to this hypothesis comes from the com-
parison with literature data where the furan–pyrone dimer of
psoralen was obtained upon irradiation of psoralen thin solid
film [40], where the molecules are likely closely packed.
The absorption and emission spectra of 6,5′-DMA did not
clearly reveal association phenomena, but evidences for ag-
gregation of this furocoumarin in ethanol came out from flu-
orescence lifetime measurements. In fact, the decay parame-
ter was mono-exponential only for 6,5′-DMA concentrations
≤10−5 M, while for higher concentrations a decay curve well
fitting a bi-exponential function was found. Complex fluores-
cence decays following bi- or tri-exponential functions with
lifetimes and pre-exponential factors depending on the matrix
and on the experimental conditions were measured for por-
phyrins[41,42]and in chlorophylla [43] and were attributed
to the formation of aggregated species.

tion
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polarity/proticity the fluorescence and intersystem crossing
processes become important.

Upon UV irradiation 6,5′-DMA undergoes dimerization
in polar/protic solvents to give mainly two pyrone–pyrone
and one furan–pyrone photodimers. The effects of 6,5′-DMA
concentration and of oxygen on the yields of the photodimers
in ethanol and the high self-quenching rate constant of the
6,5′-DMA triplet allowed a mechanism for dimerization to
be suggested: one p–p dimer is formed through the triplet
state, and the f–p and the other p–p dimers are formed in the
singlet state of micro-aggregates of 6,5′-DMA.

Acknowledgements

The authors gratefully acknowledge the financial support
of the Ministero per l’Universit̀a e la Ricerca Scientifica e
Tecnologica (Rome) in the framework of the Programmi di
Ricerca di Interesse Nazionale (project: Photoprocesses of
interest for applications).

References

[1] L. Musajo, G. Rodighiero, Mode of photosensitizing action of furo-
coumarins, in: A.G. Giese (Ed.), Photophysiologyvol. 7, vol. 7, Aca-
demic Press, New York, 1972, pp. 115–147.

ho-
Pho-
SA,

pects
, FL,

ho-
Eds.),
, pp.

ion
furo-

cid
anism
let A
6.
no-
matol.

ho-
wave

and
1.

[ s, N.

[ ta-
by

u-

[ ree
A bi-exponential decay could be also due to the forma
f excimers in the excited singlet, but the trend of the lifet
omponents with increasing 6,5′-DMA concentration is no

n agreement with the formation of these species.
In this context also the formation of the second p–p di

4) (as shown by chromatographic analysis) is understa
le. Since its formation is not affected by the oxygen,
hotoproduct can be formed again in the singlet state (a

–p dimmer) but through a ground state complex in which
yrone ring of the two monomers face each other. The
roduction efficiency of4 did not allow to further investiga

ion on the 6,5′-DMA concentration to confirm further th
echanism.

. Conclusions

The absorption and emission spectra of 6,5′-DMA are red-
hifted by increasing polarity/proticity of the solvent. P
icularly large is the fluorescent maximum shift that is w
orrelated with the solvent parameterET(30). Laser lash pho
olysis experiments showed that the sole transient obs
y excitation of 6,5′-DMA in Cx, MeCN, EtOH and TFE i

he triplet state whose formation quantum yield depende
he solvent.

The photophysical behaviour of 6,5′-DMA is determined
y the vibronic interactions between the two close-lying l
st excited singlet states of1(n,�∗) and1(�,�∗) nature (prox

mity effect). In non-polar solvents the sole decay chann
he singlet is the internal conversion, but increasing so
[2] F. Dall’Acqua, D. Vedaldi, The molecular basis of psoralen p
tochemotherapy, in: W.M. Horspool, P.-S. Song (Eds.), Organic
tochemistry and Photobiology, CRC Press, Boca Raton, FL, U
1995, pp. 1357–1366.

[3] F.P. Gasparro, Extracorporeal Photochemotherapy: Clinical As
and the Molecular Basis of Efficacy, CRC Press, Boca Raton
1994.

[4] J.A. Parrish, R.S. Stern, M.A. Pathak, T.B. Fitzpatrick, P
tochemotherapy of skin diseases, in: J.D. Regan, J.A. Parrish (
The Science of Photomedicine, Plenum Press, New York, 1982
595–624.

[5] F. Dall’Acqua, S. Marciani, L. Ciavatta, G. Rodighiero, Format
of inter-strand cross-linkings in the photoreactions between
coumarins and DNA, Z. Naturforsch. B 26 (1971) 561–569.

[6] F.A. Anthony, H.M. Laboda, M.E. Costlow, Psoralen-fatty a
adducts activate melanocyte protein kinase C: a proposed mech
for melanogenesis induced by 8-methoxypsoralen and ultravio
light, Photodermatol. Photoimmunol. Photomed. 13 (1997) 9–1

[7] B.A. Gilchrest, M.S. Eller, DNA photodamage stimulates mela
genesis and other photoprotective responses, J. Invest. Der
Symp. Proc. (1999) 35–40.

[8] J.A. Parrish, T.B. Fitzpatrick, T.B. Tanenbaum, M.A. Pathak, P
tochemotherapy of psoriasis with oral methoxsalen and long
UV light, N. Engl. J. Med. 291 (1974) 1207–1211.

[9] E.M. Farber, E.A. Abel, A.J. Cox, Long-term risks of psoralen
UVA therapy for psoriasis, Arch. Dermatol. 119 (1983) 426–43

10] J.H. Epstein, Risks and benefits of the treatment of psoriasi
Engl. J. Med. 300 (1979) 852–853.

11] B. Pani, N. Babudri, M. Tamaro, C. Monti-Bragadin, Mu
tion induction and killing of prokaryotic and eukaryotic cells
8-methoxypsoralen, 4,5′-dimethylangelicin, 5-methylangelicin, 4′-
hydroxymethyl-4,5′-dimethylangelicin, Teratogen. Carcinogen. M
tagen. 1 (1981) 407–415.

12] D. Averbeck, S. Averbeck, F. Dall’Acqua, Mutagenic activity of th
monfunctional and three bifunctional furocoumarins in yeast (Sac-
charomyces cerevisiae), Farmaco 36 (1981) 492–505.



78 G.G. Aloisi et al. / Journal of Photochemistry and Photobiology A: Chemistry 175 (2005) 69–78

[13] Bordin, F. Carlassare, F. Baccichetti, A. Guiotto, P. Rodighiero,
D. Vedaldi, F. Dall’Acqua, 4,5′-Dimethylangelicin: a new DNA-
photobinding monofunctional agent, Photochem. Photobiol. 29
(1979) 1063–1070.

[14] F. Dall’Acqua, D. Vedaldi, A. Guiotto, P. Rodighiero, F. Carlassare,
F. Baccichetti, F. Bordin, Methylangelicins: new potential agents for
the photochemotherapy of psoriasis. Structure-activity study on the
dark and photochemical interactions with DNA, J. Med. Chem. 24
(1981) 806–811.

[15] F. Baccichetti, F. Bordin, F. Carlassare, F. Dall’Acqua, A. Guiotto, G.
Pastorini, G. Rodighiero, P. Rodighiero, D. Vedaldi, Furocoumarin
for the photochemotherapy of psoriasis and related skin diseases,
U.S. Patent (1982) no. 4312883.

[16] D. Averbeck, L. Dubertret, M. Crow, T.G. Truscott, F. Dall’Acqua,
P. Rodighiero, D. Vedaldi, E.J. Land, Photophysical, photochemical
and photobiological studies of 4′-methylangelicins, potential agents
for photochemotherapy, Farmaco 39 (1984) 57–69.

[17] M. Crow, T.G. Truscott, F. Dall’Acqua, A. Guiotto, D. Vedaldi, E.J.
Land, Methylangelicins: possible correlation between photophysical
properties of the triplet excited state and photobiological activity,
Photobiochem. Photobiophys. 7 (1984) 359–365.

[18] A. Andreoni, R. Cubeddu, F. Dall’Acqua, C.N. Knox, T.G. Truscott,
Fluorescence lifetimes of furocoumarins. Psoralens, Chem. Phys.
Lett. 114 (1985) 329.

[19] C.N. Knox, E.J. Land, T.G. Truscott, Triplet state properties and
triplet state-oxygen interactions of some linear and angular furo-
coumarins, J. Photochem. Photobiol. B: Biol. 1 (1988) 315–321 (and
references therein).

[20] S. Caffieri, Furocoumarin photolysis: chemical and biological as-
pects, Photochem. Photobiol. Sci. 1 (2002) 149–157.

[21] J. Gervais, F.C. De Schryver, Photochemistry of some furo[3,2-
ho-

[ f the
3,2-
3–

[ rke-
,4
o-

[ , F.
aro,

of
riasis,

[ ip-
, 2,
in).

[ ct of
him.

[27] J.J.P. Stewart, MOPAC 2000, Fujitsu Limited, Tokyo, Japan, 1999.
[28] S.L. Murov, I. Carmichael, L.H. Gordon, Photophysics of organic

molecules in solution, in: Handbook of Photochemistry, Marcel
Dekker, Inc., New York, 1993, pp. 1–53 (and reference therein).

[29] J.M. Beechem, E. Gratton, M. Ameloot, J.R. Kutson, L. Brand,
Fluorescence spectroscopy, in: J.R. Lakowicz (Ed.), Principles and
techniques, vol. 1, Plenum Press, New York, 1988 (and references
therein).

[30] H. Görner, F. Elisei, G.G. Aloisi, Photoinduced electron transfer
between styrylanthracenes and electron donors and acceptors in ace-
tonitrile, J. Chem. Soc. Faraday Trans. 88 (1992) 29–34.

[31] A. Romani, F. Elisei, F. Masetti, G. Favaro, pH-induced effects on
the photophysics of dipyridyl ketones, J. Chem. Soc. Faraday Trans.
88 (1992) 2147–2154.

[32] I. Carmichael, G.L. Hug, Triplet–triplet absorption of organic
molecules in condensed phase, J. Chem. Phys. Ref. Data 15 (1986)
1–204.

[33] R. Schmidt, C. Tanielian, R. Dunsbach, C. Wolff, Phenalenone, a uni-
versal reference compound for the determination of quantum yields
of singlet oxygen O2(1�g) sensitization, J. Photochem. Photobiol.
A: Chem. 79 (1994) 11–17.

[34] F. Elisei, G.G. Aloisi, C. Lattarini, L. Latterini, F. Dall’Acqua, A.
Guiotto, Photophysical properties of some methyl-substituted an-
gelicins: fluorimetric and flash photolytic studies, Photochem. Pho-
tobiol. 64 (1996) 67–74.

[35] C. Reickardt, Solvatochromic dyes as solvent polarity indicators,
Chem. Rev. 94 (1994) 2319–2358.

[36] B.T. Lim, Proximity effect in molecular photophysics: dynamical
consequences of pseudo-Jahn-Teller interaction, J. Phys. Chem. 90
(1986) 6770–6777.

[37] T.-I. Lai, B.T. Lim, E.C. Lim, Photophysical properties of biologi-
s, J.

[ o-
l-6-
.

[ f ab-
ion of

[ ing
.

[ tics
n,

[ lisei,
ibac-
em.

[ G.
loro-
. 78
g]-coumarin and 2,3-dihydrofuro[3,2-g]-coumarin derivatives, P
tochem. Photobiol. 21 (1975) 71–75.

22] J. Gervais, N. Boens, F.C. De Schryver, A mechanistic study o
photodimerization of furo[3,2-g]-coumarin and 2,3-dyhydrofuro[
g]-coumarin derivatives, Nouv. J. Chim. 3 (1979) 16
169.

23] S. Caffieri, G.M.J. Beijersbergen van Henegouwen, C. E
lens, C. De Bruijn, F. Dall’Acqua, Photodimerization of 4,6′-
trimethylangelicin and 6,5′-dimethylangelicin, J. Photochem. Ph
tobiol. B: Biol. 1 (1987) 213–221.

24] A. Guiotto, P. Rodighiero, P. Manzini, G. Pastorini, F. Bordin
Baccichetti, F. Carlassare, D. Vedaldi, F. Dall’Acqua, M. Tam
G. Recchia, M. Cristofolini, 6-Methylangelicins: a new series
potential photochemotherapeutic agents for the treatment of pso
J. Med. Chem. 27 (1984) 959–967.

25] M.C. Zerner, Semiempirical molecular orbital methods, in: K.B. L
kowitz, D.B. Boyd (Eds.), Reviews in Computational Chemistry
VCH Publishers Inc., 1991, pp. 313–365 (and references there

26] J.E. Ridley, M.C. Zerner, Triplet states via intermediate negle
differential overlap: benzene, pyridine and diazines, Theor. C
Acta 42 (1976) 223–236.
cally important molecules related to proximity effects: psoralen
Am. Chem. Soc. 104 (1982) 7631–7635.

38] K.A. Marley, R.A. Larson, A new photoproduct from fur
coumarin photolysis in dilute aqueous solution: 5-formy
hydroxybenzofuran, Photochem. Photobiol. 59 (1994) 503–505

39] P. Lysenko, A.Y. Potapenko, V.L. Sukhorukov, Dependence o
sorption and fluorescence excitation spectra on the concentrat
furocoumarins and coumarins, Biofisika 33 (1988) 747–750.

40] S. Caffieri, F. Dall’Acqua, C4-Cyclodimers of psoralens engag
the 4′,5′-double bond, Photochem. Photobiol. 42 (1987) 13–18
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