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1. Introduction

Superb luminescence in the blue-green part of the spectrum is
characteristic of the majority of coumarin derivatives. By virtue of
this property, coumarins have found extensive applications as optical
bleaching agents,' in the creation of active media for tunable lasers,?
and as luminescence labels.> Furocoumarins or psoralens are
epidermal photosensitisers and are used in the phototherapy of skin
diseases.* Coumarin derivatives are also of interest for the creation
of photochromic materials.” Numerous studies devoted to the
synthesis, properties, and applications of compounds of this class
have been published recently. The principal methods of synthesis,
reactivities, and lasing characteristics of 7-aminocoumarins have been
recently reviewed.® Since the main applications of coumarins involve
the transformation of radiation, photochemical studies are of
decisive importance in the search for their new more effective and
photostable derivatives. The luminescence-spectroscopic properties
of coumarins are briefly analysed in the present review and a
systematic account is given of data on their photochemistry, mainly
those published in the literature during the last ten years.

II. Spectra and excited states

1. Absorption and fluorescence spectra

Qur aim was not to carry out an exhaustive survey of the
luminescence-spectroscopic properties of all the known coumarin
derivatives.”!!  We shall confine ourselves to the most general
features of their dependence on the structure of the dye.

The luminescence-spectroscopic properties of coumarins are
determined by the relative positions of the lowest electronically
excited states of the nmn* and mnn* type. The unsubstituted

coumarin does not fluoresce—it has a singlet lowest excited state of
the nm* type with an energy of 3.4 eV.!2
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The most common phosphors among the compounds considered
are 7-amino- and 7-hydroxy-derivatives. The introduction of an
electron-donating substituent in the 7-position in coumarin has only
a slight effect on the energies of the S,,« and T,,« states, while the
energies of the S,.» and T,.» states diminish appreciably under
these conditions as a consequence of the conjugation of the electron-
donating substituent with the aromatic system and they become the
lowest states'? with a considerable contribution by the state with
intramolecular charge transfer owing to the promotion of an electron
from the electron-donating substituent to the carbonyl group:

X o Yo X 0~ 0"
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The polarisation of the molecule on excitation is also indicated by
the greater bathochromic shift of the fluorescence bands of
7-aminocoumarins relative to the absorption bands with increase in
solvent polarity.” The estimated change in the dipole moment on
excitation to the S; state is Ap = 6.84 and 8.02 D for 7-amino and
7-diethylamino-4-methylcoumarins respectively.'?

The data presented in Table 1 for certain coumarins illustrate the
following characteristics of the influence of structural factors on the
electronic absorption and fluorescence spectra. In comparing the
spectroscopic parameters, account must be taken of the fact that the
methyl group in the 4-position of the 4-pyrone ring does not affect
the positions of the long-wavelength bands.

1. It has been demonstrated in relation to aminocoumarins with
different positions of the amino-group in the molecule (Table 1) that
the maximum bathochromic shift of the absorption spectra is
observed when an electron-donating substituent is introduced in the
6 and 7-positions (the effect of substitution in the 6-position is
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greater?®) as a consequence of the greater stabilisation of charge
transfer on excitation.
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2. The bathochromic shifts of the absorption and fluorescence
spectra depend on the electron-donating properties of the
substituent. Thus the amino-group is a stronger electron donor than
the hydroxy-group and has a greater effect than the latter on the
energy of the S; state of coumarin. Alkylated amino-groups
intensify the electron-donating properties of the substituent and lead
to a further successive shift of the absorption and fluorescence bands
of coumarins 120, 1, and 102 to the long-wavelength region.

3. The introduction of an electron-accepting substituent, for
example, the trifluoromethyl, ethoxycarbonyl, aryl, heteroaryl, and
other groups, into the pyrone fragment of the molecule induces an
even greater shift of the absorption and fluorescence maxima into
the red region as a consequence of the further enhancement of the
degree of charge transfer. This conclusion is confirmed by the
spectroscopic data presented in Table 1 for coumarin 102, on the
one hand, and for coumarins 153, 504, and 510, on the other. The
introduction of electron-donating substituents into the pyrone
fragment of 7-aminocoumarins results in the opposite effect.?!

The above features refer to the influence of structural factors on
the absorption and fluorescence of neutral forms of coumarin
derivatives, the acid —base reactions of which make it possible to
expand considerably the spectral range of luminescence 222

Furocoumarins (derivatives of psoralen), exhibiting a photo-
therapeutic effect, are of considerable interest.

NOS!
O 0" "0
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The absorption spectra of the majority of furocoumarins are similar
to that of psoralen, the lowest excited S,.» state of which lies
somewhat below the S, state.*

Table 1. The luminescence spectroscopic parameters of coumarins in
ethanol.

. Wavelength, nm Fluorescence
Coumarin - - quantum Refs.

in absorp- | influo- [yield

tion rescence
3-Aminocoumarin® k)] - - 14
6-Aminocoumarin 370 - - [15)
Coumarin 120 354 a5 - 1)
8-Aminocoumarin 300 - - 1b]
6-Hydroxy-4methylcoumarin 340 1 - 1yl
4-Methylumbelliferone 320 385 0,208 18
Counmin 1 353 450 0,73 [16,19)
Cquuum 102 387 473 095 (19
Coumarin 153 421 531 0,38 9
Coumarin 504 436 480 - (16

Counarin 510 52 - - 1§

*Solvent— methanol.

2. The fluorescence efficiency

The fluorescence quantum yields of compounds of the coumarin
series are determined both by internal factors (non-radiative internal
conversion to the ground state and the intersystem crossing to the
triplet state) and by external factors (interaction of the excited
molecules with other molecules).

We shall consider the role of internal factors, which include the
processes leading to the deactivation of excited states presented in
Scheme 1.

Scheme 1

photochemistry
R
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where K, ' K *, and 3K * are coumarin derivatives in the ground, first
excited singlet, and triplet states, ki, kpn, kic, and ki are the rate
constants for fluorescence, phosphorescence, internal conversion, and
intersystem crossing respectively.
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It follows from Scheme 1 that a low fluorescence yield is observed
in the case of predominant deactivation of the excited singlet state in
non-radiative processes involving internal conversion to the ground
state (kic) or intersystem crossing to the triplet state (k).

Theoretical calculations for 7-aminocoumarin derivatives showed
that they belong to the fifth luminescence type of molecules with
heteroatoms having higher energies of the S, .« states relative to the
triplet states of the mn* type.!> Since the intersystem transition
between these states is forbidden,®® the population of the triplet
levels (the main pathway leading to the loss of the energy of the
fluorescent state of heteroaromatic compounds) is small in the case
of 7-aminocoumarins (the quantum yield of the excited triplet states
is 7 < 0.05).1°

The probability of intersystem crossing is determined, apart from
the nature of the excited singlet and triplet states, also by the energy
gap between them, increasing with decrease in the S—T splitting.
The energy gaps between the S; state and the triplet state closest to
it have been calculated'? for a series of 7-aminocoumarin derivatives.
It was shown that, for compounds of the coumarin series, a relation
is observed between the fluorescence quantum yields and the relative
positions of the singlet and triplet states, in agreement with the ideas
described.

The non-radiative deactivation via internal conversion is the
second important pathway leading to the loss of the energy of the
fluorescence states—it takes place mainly as a result of transitions
between the vibronic levels of the S; and Sp states and via
hydrogen bonds. Comparison of the fluorescence quantum yields of
coumarin 1 and coumarin 102 (Table 1) confirms the conclusion?’ %
that the fixation of the alkyl amino-group as a result of the
incorporation of the alkyl substituent in a ring makes it possible to
diminish the non-radiative excitation energy losses on rotation of the
amino-groups in the excited state and permits a significant increase
in the fluorescence quantum yield.

The deactivation of the fluorescent state via the hydrogen bond
between 7-aminocoumarin and the solvent has been postulated to
account for certain experimental data,”® but it is apparently less
effective than other pathways leading to the dissipation of excitation
energy. Thus detailed studies have been made'>'%?"% of the
dependences of the positions of the fluorescence bands, quantum
yields, and lifetimes on the solvent polarity. It was found that in the
case of 7-alkyl-aminocoumarins with a free amino-group,
anomalously weak fluorescence, displaced to the red region, is
observed in polar solvents. This phenomenon also occurs in solvents
which do not form hydrogen bonds.>® On the basis of these
observations for 7-alkylaminocoumarins with a free amino-group,
the following new model of the non-radiative deactivation of the
excitation energy has been proposed. Two excited states with
intramolecular charge transfer are postulated—a planar state which
emits with a high efficiency and a “twisted” state, the degradation of
the excitation energy of which is achieved mainly by a non-radiative
pathway.!>193%31  The activation barrier to the transition from the
emitting planar state to the “‘twisted” state diminishes with increase
in solvent polarity. For 7-aminocoumarins with a bound amino-
group (coumarins 102, 153, etc.), only the planar excited state with
intramolecular charge transfer can exist. With increase in solvent
polarity, the fluorescence of such compounds shifts towards longer
wavelengths and the efficiency and lifetime of the fluorescence
change little under these conditions. In the case of 7-amino-
coumarins with a free amino-group, there is a possibility of the
formation of a non-luminescent “twisted” excited state in polar
solvents, which is manifested by a significant decrease in the

fluorescence efficiency and lifetime and its displacement towards
longer wavelengths with increase in solvent polarity. For 7-amino-
coumarins with a bound amino-group, the formation of a “twisted”
non-luminescent excited state with intramolecular charge transfer is
possible when the molecule contains other substituents capable of
rotation.>? It is noteworthy that the concept, developed in a number
of studies,'>!%33! that there are two types of excited states in
coumarins with a free amino-group has not been confirmed
experimentally in studies on the induced absorption and emission
spectra of these compounds by picosecond spectroscopy.®?

For coumarin derivatives with close lowest nn* and nn* states,
the probability of non-radiative deactivation increases sharply as a
consequence of vibrational interactions leading to a displacement of
levels (the “proximity effect”). The effective non-radiative
degradation of the excitation energy of 4-methylumbelliferone in
aprotic media'® and of furocoumarins®* has been interpreted in terms
of these ideas.

The fluorescent state energy deactivation processes, determined by
external factors, including the interaction of the excited molecules
with the molecules of quenching agents, are also extremely
important. The oxygen present in solution, which induces the
intersystem crossing to the triplet state by exchange interaction, is
usually the cause of the quenching of the fluorescence of dyes of
different classes.>> Fletcher and co-workers®® determined the relative
fluorescence quantum yields (pg) for a series of coumarin dyes in
ethanol as a function of oxygen concentration. They established that
the fluorescence of all the test compounds diminishes significantly in
the presence of oxygen. For example, in the case of coumarin 1 the
quantum Yyields @q were 0.57, 0.79 and 0.85 in ethanol saturated with
oxygen, air, and argon respectively.’® Shakhverdov, et al.** noted
high values of the constants for the quenching of the fluorescence of
7-aminocoumarins by oxygen (k > 10'° litre mol™' s!) accompanied
by low rate constants for their intersystem crossing (k. = 0.3 x 10’
and 0.4 x 107 s! for coumarins 1 and 102), which is inconsistent
with the quenching of the fluorescent state via the mechanism
involving the oxygen-induced intersystem crossing to the triplet state.
On the other hand, the rate constants for the quenching of the
fluorescence of coumarin by oxygen agree with the relative positions
of the states involving charge transfer from the dyes to oxygen.*
On the basis of this relation, Shakhverdov, et al.** concluded that
the mechanism of the quenching of the fluorescence of coumarin
dyes by oxygen is based on donor —acceptor interactions.

The quenching of the fluorescence of umbelliferone derivatives by
inorganic ions has been investigated.*’* Since the results could not
be explained by the heavy atom effect,®® the most probable
mechanism in this instance is believed to involve® quenching via
electron transfer. The methyl group in the 4-position in the pyrone
ring provides a partial shield to the quenching of the fluorescence of
coumarin by halide ions.*

The rate constants for quenching by electron donors and
acceptors increase with decrease in the free energy of electron
transfer with participation of 7-aminocoumarins in the excited singlet
state, and for donors with £ < 1.0 V and acceptors with E’® > —
1.5 V (relative to the saturated calomel electrode) the rate constants
for the quenching of 7-aminocoumarins in the S; state are close to
diffusion rate constants.*!

3. Excited triplet states

The triplet—triplet absorption spectrum of unsubstituted
coumarin in ethanol, measured in several studies,*”™** revealed the
occurrence of an intense long-wavelength transition 7775 with a
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maximum Ap,, = 459 nm and a molecular extinction coefficient
ez = 13000 litre mol™ cm™. This transition is polarised in the
molecular plane along the long axis of the molecule. A weak T1—~T,
transition occurs at lower frequencies. The intersystem crossing
quantum yield in water and the energy of the first triplet state of
coumarin are @7 = 0.054% and 262 kJ mol™ “ respectively.
According to a theoretical study,*’ a strong polarisation of the bond
between the third and fourth carbon atoms is characteristic of the T
state of coumarin. The lifetimes of the excited triplet states of both
coumarin and its derivatives, which are in the microsecond
range,'"**® depend on the solution concentration. At low
concentrations, the excited triplet states are degraded via a first-
order process. For example, in the case of unsubstituted coumarin,
the rate constant for this process in benzene is 2.6 x 10° s.** With
increase in coumarin concentration, T diminishes as a consequence
of the quenching of the triplets by interaction with the ground state
and the rate constant for quenching via a second-order reaction is
1.5 x 108 litre mol™ s~ for coumarin in benzene.*

Laser-type 7-aminocoumarin has low yields of intersystem
crossing to the excited triplet state (o7 < 0.05;'° for coumarin 1 in
ethanol, ©7 = 0.006*°). The phosphorescence lifetimes of these
compounds at 77 K are in the range corresponding to several
seconds,*? which is characteristic of excited triplet states of the mm*

type.

&, £7( x 1074, litre mol ™! cm™! In, rel. units
1)
20 ,! \
L f A
I\
10 |
5-5\ ;1 f1
0J [
0 1 ] LN !
Jog LI Jog 600 A\, nm

Figure 1. The S—S and T—T absorption and fluorescence spectra
of coumarin 1;** I = fluorescence intensity.

Fig. 1 illustrates the absorption spectrum of coumarin 1 in the
excited triplet state obtained by pulsed laser photolysis.*? Similar
spectra have been obtained for a series of other 7-substituted
coumarins. It is seen (Fig. 1) that the T—T absorption of these
compounds is represented by a broad band whose short-wavelength
slope overlaps the luminescence spectrum. In order to estimate the
loss of lasing energy in absorption by triplet levels, the molecular
extinction coefficients for the T—T7 absorption have been
determined™ in the region corresponding to the luminescence of the
most important lasing coumarin dyes in ethanol.

As in the case of Sp—S; transitions, the methyl group in the
4-position in the pyrone ring does not alter the position of the
maximum in the 7T —T absorption spectrum, whereas the
introduction of electron-donating substituents in the 7-position shifts
the spectral maxima to the low-frequency region.*? The
characteristics of the T—T absorption spectra of certain lasing

coumarin dyes are{Al.%, nm (er, litre mol” cm™): coumarin

1—570 (15050),”" coumarin 102— 580 (14000),*® coumarin 153 in
benzene— 580 (10000),> and 7-hydroxycoumarin in frozen
alcohol — 510 (18 500).* The energies of the triplet levels
determined by the energy transfer method using various triplet
donors and acceptors are 240, 240, 210, and 217 kJ mol™ for
coumarins 1, 102, and 153 and 7-diethylamino-4-trifluoromethyl-
coumarin respectively.*®5%2 As in the case of excited singlet states,
the energies of the triplet levels of 7-aminocoumarins are lowered
when the CH; group is replaced by the electron-accepting CF3 group
in the pyrone part of the molecule and T’ therefore has the character
of a state with charge transfer.

Table 2. Characteristics of the excited triplet states of
furocoumarins in benzene.>*>
, litre mol ™!
Furocoumsrin ortl0% | Am | o | B mol”
Poralen 003 450 8100 278
Angelicin 003 430 5500 -
8-Methoxypsoralen 001 480 10000 270
4,5 8-Trimethylpsoralen 021 450 7750 -
6,44~ Trimethylangelicin 013 450 6300 -
3-Ethoxycarbonylpsoralen 030 410 11500 271
3-Acetoangelicin 054 430 13200 -
Like many aromatic carbonyl-containing compounds,

furocoumarins or psoralens, which is another important group of
coumarins, have nn* levels which are close to the lowest excited
states of the mm* type3* This phenomenon, the so called
“proximity effect”, leads to intense non-radiative degradation of the
excitation energy involving its transfer to both the ground and
excited triplet states. The dependence of the efficiency of the non-
radiative degradation on the relative positions of the levels is used to
explain the characteristic features of the influence of the structure of
furocoumarin on the quantum yield of the intersystem crossing,
which are illustrated by examples in Table 2. The photophysical and
spectroscopic parameters of the excited triplet states for a wide range
of furocoumarins have been published in the literature.’*>* The
quantum yields of the intersystem crossing of furocoumarins vary
within wide limits as a function of their structure —from 0.01 for 8-
methoxypsoralen to 0.54 for 3-acetylangelicin (Table 2).

N l N
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The introduction of a methyl group increases @ For example,
or = 0.21 for 4,5'8-trimethylpsoralen, whereas the intersystem
crossing yield for unsubstituted psoralen is much lower, amounting
to 0.03. Similarly, 6,4,4’-trimethylangelicin has @r = 0.13, while
angelicin itself has @7 = 0.03. The yields @7 increase also when an
additional carbonyl group is introduced into the furocoumarin
molecule. Thus the intersystem crossing quantum yield increases
from @y = 0.03 to ¢ = 0.30 and 0.54 when the hydrogen atom in
the 3-position in psoralen and angelicin is replaced by the
ethoxycarbonyl and acetyl groups respectively. The molar extinction
coefficients also increase on passing to furocoumarins containing an
additional conjugated carbonyl group. The energies of the triplet
levels of furocoumarins decrease when both electron-donating
substituents and groups containing a carbonyl moiety conjugated
with the aromatic system are introduced into the molecule (Table 2).

The pyrrolocoumarins (I) and (III), which have been synthesised
recently,> are structurally similar to psoralenes.

CH;
|

O
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|
R

R =H(, CH3(ID), C2Hs(1ID)

The photophysical behaviour of these two groups of compounds also
has much in common. Whilst exhibiting only a weak fluorescence
(pa ~ 1072), pyrrolocoumarins phosphoresce intensely in the range
480—600 nm. The triplet —triplet absorption spectrum of compound
(I) contains bands with maxima at A Z.Z = 380, 500, and ~ 600 nm.>
The lifetimes of the excited triplet states of pyrrolocoumarins are
typical for coumarins and amount to ~5 ps. Experimental data®
indicate an intense intramolecular charge transfer on excitation of
compounds (I)—(III) as a consequence of the pronounced electron-
donating properties of the pyrrole ring.

4. Generation of singlet oxygen

An important characteristic of coumarins is the quantum yield in
the generation of singlet oxygen by these compounds. It has been
suggested that the phototherapeutic effects of furocoumarins, which
are epidermal photosensitisers and are used in the phototherapy of
many skin diseases, may be partly due to the formation of lAg
singlet oxygen (10,).°%%7 The lasing 7-aminocoumarins are oxidised
by singlet oxygen via a self-sensitised oxidation mechanism.’®* For
the quantitative estimation of the efficiency of both the processes
listed above as well as others occurring with participation of 'O,
generated by coumarins, it is essential to know the quantum yield of
singlet oxygen (¢10,)-

10, is usually formed when excitation energy is transferred from
the T, level of the sensitiser (coumarin) to oxygen in the triplet
ground state:

3K * + 302—>K +10,.

The energies of the triplet levels of coumarin and its derivatives
(see above) exceed the energy of ‘Ag singlet oxygen (94.4 kJ mol™?),
so that the energy transfer process considered is feasible. The
quenching of the excited triplet states of coumarin by oxygen
proceeds, like that of the majority of other compounds, with rate

compounds close to the diffusion-controlled limit and leads to the
formation of '0,.%°

010, for unsubstituted coumarin, which has been determined by a
comparative method from the luminescence of the singlet oxygen
generation, is ~0.015 in D,0O and 0.03 in CH;OH.%' Knox, et al.>*
determined the quantum yields in the generation of 'O, for a series
of furocoumarins in benzene. The yields @0, for some of them are
presented in Table 3, which shows that the efficiency of the
generation of 'O, by furocoumarins may be various. It has been
established that ¢, is determined not only by the quantum yields
of the excited triplet states of furocoumarins but also by the
probability of the formation of 'O, when their T; states are
quenched by oxygen (8.0,), which varies in the range 0.1 to 1 for
many of the furocoumarins investigated (Table 3).

Table 3. Characteristics of the generation of singlet oxygen by
furocoumarins in benzene.>*
Furocoumarin (Ploz 1 10% 9]02125%

Psoralen 0.01 0.33
Angelicin 001 03
8-Methoxypsoralen 0004 0.40
5,8-Dimethoxypsoralen 0.004 0.10
4,5' 3-Trimethylpsoralen 0.08 038
6,4,4-Trimethylangelicin 002 0,16
3-BEthoxycarbonylpsoralen 0,30 100
3-Acetoangelicin 040 073

The quantum yields in the generation of 'O, by the lasing
7-aminocoumarins are low—the values for coumarins 1 and 102,
determined using rubrene as the trapping agent for 'O, are
0.08 —0.025 in benzene.*

II1. Photochemical properties

1. Electron and proton phototransfer

The phototransfer of an electron is postulated as the primary
elementary step in many photochemical reactions of coumarin
derivatives. This aspect of the problem will be dealt with in the
corresponding Sections of the review.

As noted above, the excited singlet as well as triplet* states
of coumarins are quenched by electron donors and acceptors. The
acceleration of the destruction of coumarin and psoralene triplets in
the presence of thymine and other DNA bases as well as aminoacids,
in particular tryptophan, has also been interpreted as quenching via
an electron transfer mechanism.*> However, the attempts to detect
coumarin radical-ions as the products of the total electron transfer
were unsuccessful in these experiments.**> Only in the study of the
quenching of the excited triplet states of coumarin and
4',5'-dihydropsoralen by tryptophan using pulsed laser photolysis
was a relatively long-lived absorption detected and was tentatively

3741
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assigned to absorption by the mixture of the coumarin radical-anion
and the tryptophan radical-cation.*

Reliable data for the absorption spectra of the radical-ions of
coumarin derivatives were obtained by the pulsed radiolysis
method.***  The electronic absorption spectra of the radical-
anions of coumarins and psoralens in water show an intense
absorption peak in the vicinity of 360 nm and a broad structureless
band in the wavelength range above 500 nm with a diffuse maximum
near 600 nm (¢ ~ 2000 mol litre™ cm™).%>>® The radical-cations of
coumarins absorb at shorter wavelengths: X:}’& = 460 nm for the
coumarin 153 radical-cation in cyclohexane®® and A2%, =
480 —500 nm for the radical-cations of psoralen and its derivatives in
aqueous solution.>?

Proton phototransfer has been investigated for many, mainly
lasing, coumarin dyes. New ionic forms formed in this process
exhibit an effective luminescence in a whole series of instances, which
makes it possible to plan significantly the laser tuning range. The
spectra and structures of photoprotolytic forms have been identified
and the kinetics of the proton phototransfer reactions have been
investigated for 7-hydroxycoumarin®*®*% and its 4-methyl*>®* and
4-trifluoromethyl derivatives”> as well as esculin (6,7-dihydroxy-
coumarins to the S, state intensifies sharply the acid properties of
the hydroxy-group and the basic properties of the carbonyl oxygen,
which determines the direction of the proton phototransfer.
Whereas the CH; substituent in the 4-position in the pyrone ring
does not alter the efficiency of the formation of the various
protolytic forms, the CF3; group has a marked influence on this
reaction with abstraction, addition and transfer of a proton in
hydroxycoumarins. By virtue of the inductive effect of the
trifluoromethyl group, in the excited singlet state there is an
appreciable increase in the probability of the abstraction of a proton
from the hydroxy-group, but its addition to the carbonyl group is
hindered. In the case of 3-hydroxycoumarin, there is insufficient
time for the attainment of the protolytic equilibrium in the excited
state owing to the rapid degradation of the excitation energy.’’

The acid —base forms of aminocoumarins luminesce much less
effectively than the neutral forms.'*?®> We shall consider the
characteristics of the photocatalytic reactions of the familiar lasing
dye coumarin 102. On protonation of the coumarin 102 molecule,
the amino group is the first to be protonated in the ground state and
is followed by the carbonyl group.?* In the fluorescent S, state, the
proton-accepting capacity of the carbonyl group increases
appreciably and the order in which the groups are protonated
changes. It has been suggested® that, during the lifetime of the
excited state in acidified solutions of coumarin 102, a proton is
abstracted from the nitrogen atom of the amino-group and is added
to the oxygen atom of the carbonyl group after transfer through the
surrounding medium.

7-Aminocoumarins have been divided into three groups in terms
of their photoprotolytic properties:2> (1) coumarins 102 and 120 as
well as others in which a proton adds adiabatically to the carbonyl
oxygen; (2) 7-aminocoumarins containing a CF3 substituent in the
4-position in the pyrone ring, where the proton phototransfer is
accompanied by the loss of excitation; (3) 7-alkylaminocoumarins
whose photoprotolytic forms do not luminesce owing to the
disruption of the planar configuration of the cation by the mobile
alkyl groups attached to the nitrogen atom.

It is noteworthy that the proton phototransfer reactions are fully
reversible: the loss of excitation is accompanied by the rapid
conversion of the dye into the initial form.

2. Phototransformation of the chromophore

Photochemical reactions leading to the disruption of the benzo-
pyrone fragment, which serves as the chromophore in compounds of
the coumarin type, are included among the phototransformations of
the chromophore. The absorption and luminescence in the visible
and near UV regions of the spectrum disappear under these
conditions. This part of the review will deal with the reactions
involving the opening of the pyrone ring, the photochemical
reduction, as well as reactions involving the [2 + 2]photocyclo-
addition to the double bond between the third and fourth carbon
atoms, which are extremely characteristic of coumarins.

(a) [2 + 2]Photocycloaddition reactions

Photodimerisation. Coumarins, which are cyclic esters [lactones?)
of a,B-unsaturated carboxylic acids, show an extremely great
tendency to undergo reactions involving photocycloaddition to the
3,4-bond of the pyrone ring, in which cyclobutane adducts are
formed. Such reactions include photodimerisation. The photo-
dimerisation of coumarin has been the subject of numerous
investigations.* 7! The principal conclusions reached in such studies
can be formulated as follows.

Mainly two out of the four possible stereoisomers are formed as
the products of the photodimerisation of coumarin in solution:

The “head to head” endo-dimer (IV) is the main product of the
extremely inefficient reaction of coumarin in the excited singlet
state (@ ~ 107 in water at a coumarin concentration of 0.01 M and
¢ < 107 in methanol and benzene’®). The “head to head” exo-
adduct (V) is formed from the excited triplet state with an average
efficiency (¢ =~ 0.1 on sensitisation with benzophenone®). The
reaction in the excited singlet state is catalysed by Lewis acids. Thus
the quantum yield of the endo-dimer in dichloromethane (coumarin
concentration 0.2 M) increases from 107 to 0.16 in the presence of
BF,."!

The endo-orientation of the product obtained from the excited
singlet state and the exo-orientation of the product obtained from
the excited triplet state in the photodimerisation reaction persist also
for substituted coumarins. Studies have been performed in relation
to compounds containing alkyl, alkoxy-, acetoxy-, chloro-, phenyl,
and cyano-substituents in the 3-, 4-, 6-, and 7-positions.”>"
Depending on their structure, coumarin derivatives dimerise via both
excited singlet and triplet states. Thus, whereas in the case of
4-substituted derivatives the photoreaction takes place via the triplet
on direct excitation, the multiplicity of the reactive excited state of
coumarins substituted in the 7-position depends on the nature of the
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substituent. A dual behaviour is characteristic of 4,7-di-substituted
derivatives—the reaction proceeds simultaneously via states of
different multiplicity.”>’* The methyl group in the 4-position in the
pyrone ring does not prevent photodimerisation,”>”” but the familiar
lasing dye 7-diethylamino-4-methylcoumarin (coumarin 1) does not
dimerise under the reaction conditions, undergoing another
photochemical transformation involving the photochemical oxidation
of the diethylamino-group.”® 3,4-Disubstituted coumarins do not
form dimeric cyclobutane photoadducts, probably as a consequence
of steric hindrance.” In aqueous micellar solutions, the nature of
the products has not changed but a decrease in the rate of photo-
chemical reaction is observed for coumarin itself,”® whereas in the
case of its substituted derivatives the rate increases.’?

Furocoumarins can dimerise via both the pyrone and furan
fragments’®"® to form dimers of different types, for example:

N 3

COO0C,Hs

H,C” O

In contrast to the liquid phase, in the solid state coumarin
exhibits a fairly high photostability and does not form dimeric
cyclobutane adducts on irradiation.?® A characteristic feature of the
solid-phase reaction is the restriction of the movement of the
molecules and a greater influence of their disposition in the crystal
on the course of the process. The packing in individual crystals
unfavourable for photodimerisation can be modified in mixed
crystals, for example, with phenanthrene or antipyrine.!® In mixed
crystals, photodimerisation of this kind becomes geometrically
feasible and a mixture of the photodimers (IV) and (V) is formed,
containing mainly the “head to head” endo-dimer (IV).

The relation between the structure of the crystals and reactivity
was investigated for a series of coumarin derivatives.¥"'%> The
limiting distance between the centres of the reaction bonds in the
photoreactive crystals is 4.2 A®' For small deviations from the
disposition of molecules favourable for photodimerisation, of the
kind which occur, for example, in the case of 7-chlorocoumarin
where the distance between the reacting bonds in the crystals is
4.454 A or 7-methoxycoumarin in the crystals of which the reacting
bonds have been rotated by 65° relative to one another, the
topochemical reaction can proceed with a high yield (~90%).52

The photodimerisation of coumarin is reversible: on irradiation
with short-wavelength light, the dimers are reconverted into the
initial compounds, while on exposure to polychromatic sunlight a
photostationary equilibrium is established between coumarin and its
dimer 5

Photocycloaddition of olefins. The [2 + 2]photocycloaddition of
olefins to coumarins usually takes place more effectively than the
photodimerisation of the latter. In the presence of olefins, the
photodimerisation can be actually inhibited as a consequence of the
preferential reaction with olefins.®* 7-Aminocoumarins, which do
not tend to form photodimers,”® react with olefins to form cyclo-
butane adducts.®®¥  As a result of the reaction occurring regio-
specifically via the excited singlet state, mainly “head to tail” cyclic
[2 + 2Jadducts are formed. For example, coumarin 1 reacts with
styrene in acetonitrile at reactant concentrations of 10 and 0.08 M
respectively to form a “head to tail” type isomer with the endo-
disposition of the phenyl substituent,®® the quantum yield being
0.041:

CHj;

|
CgHs— CH =CH,

KL
(Csz)zN 0 N\ 0 v,A,>30 nom

CHj3
H
HH

| — Cels
CORY
Q" 0

The presence of an electron-donating group in the 4-position
accelerates the process.®”®® These results as well as the data of other
workers concerning the reactivity of 4-hydroxycoumarin® and
3-acetylcoumarin® show that the substituents in the 3- and
4-positions in the pyrone ring do not prevent the formation of
[2 + 2]photoadducts with olefins.

The lasing dye coumarin 6 in solutions in the presence of
diphenylpolyenes generates stimulated radiation under the influence
of a light pulse and is simultaneously decolorised in the
[2 + 2]photocycloaddition reaction.

Toaa®

Coumarin 6

(C2Hs)N

(CoHskN

Active media having this composition have been proposed for lasers
of a new type operating in the decolorisation wave regime with the
lasing zone moving in the solution.”!

Furocoumarins also form photoadducts with olefins,”> while in
biological systems they add under the influence of light to thymine in
nucleic acids, to unsaturated acids, and to lipids and proteins,®*~¢
and the reaction can involve not only the pyrone but also the furan

2
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ring. Thus both types of psoralene —thymine monoadducts have
been isolated:*™?
CH;
Y
N ’d hv
m T OEN__NH
o 0o Y
0
(0]
HN *NH
(0]
‘CH3
— 1] +
O 0~ "0
H
O N
~\
L
j(,)/CHS 0 0”0

It is nowadays generally accepted that the therapeutic action of
furocoumarin combined with irradiation by near UV light is due to
the photochemical formation of interstrand cross-links in DNA via
the successive cycloaddition of the furocoumarin to the pyrimidine
bases of two DNA strands. The presence of such cross-links
suppresses the hyperactive synthesis of DNA associated with
psoriasis.* The breakdown of conjugation in the psoralen molecule
on formation of a monoadduct via the pyrone ring induces a marked
hypsochromic shift of the absorption, whereas the product of the
addition of thymine to the furan ring absorbs radiation in almost the
same way as psoralene—up to 380 nm.”™® Accordingly, it is clear
that the interstrand cross-linking of DNA is possible only under the
conditions of the initial addition of psoralene to the furan fragment,
since only then can the system retain its ability to be activated by
near UV light. It is noteworthy that in solution the reactivity of
furocoumarins in the photocycloaddition reaction is much higher for
the double bond of the pyrone ring than for that of the furan ring.”?
Since furocoumarins add to DNA in the opposite order in biological
systems, it has been suggested that the mode of photocycloaddition
is determined in this instant by non-valence interactions.

The [2 + 2]photocycloaddition of olefins to coumarins can occur,
like the photodimerisation of the latter, both via the excited singlet
and excited triplet states, depending on the structure of the substrate.
Thus experimental data show that in the case of 7-aminocoumarins
the excited singlet state is reactive,®>*’ while in furocoumarins it is
the excited triplet state.52-1%°

The similarity between the [2 + 2]photocycloaddition of olefins
and [2 + 2]photocyclodimerisation is also manifested by the fact that
both reactions are reversible—under the influence of short-
wavelength light the cyclic adducts are reconverted into the initial
compounds.®>*®

(b) Other photochemical reactions of the chromophore

There are few data on the photodegradation of the chromophore
in coumarin dyes in photochemical reduction reactions. When
coumarin 1 is irradiated in deoxygenated acetonitrile, the product of

the hydrogenation of one of the double bonds is formed, judging
from mass-spectrometric data, in a low yield as a side-product.*>'%!
Jones and co-workers*!%! suggested that the 3,4-bond of the pyrone
ring is reduced. In their view, the photochemical reaction proceeds
via the excited singlet state by a bimolecular mechanism, which
includes the ketyl radical disproportionation stage:

CH;
|

CH;
|
ICOE )
(CHs)N 0”70 (CoHs)N 0~ "OH

Y

(CoHshHN : (O ¢]

On the other hand, the reduction of the carbonyl groups has been
postulated'®® for the analogous product of the photolysis of
4-methylumbelliferone:

CH3 (I:H3

|
N, = O, ™
HO 0”0 HO 0~ "OH

CH,
|

~
— L
HO 0~ OH

The different views concerning the mode of photochemical
reduction of the chromophore in coumarin derivatives indicate that
the process has been studied inadequately and that a detailed
analysis of the products is necessary in order to elucidate their
structure unambiguously.

The photodegradation of the heterocycle with participation of
singlet oxygen is known to occur for coumarins containing a
hydroxy-group in the 4-position:'®*

HO O.
. o
selulcedin
N
) )
@COOH @COOH
O—C—CHO OH

I
o]

The electron-donating hydroxy-group in compounds of this type
activates the 3,4-double bond in reactions with !0,, which is
particularly necessary for coumarins containing a carbonyl group, a
powerful electron acceptor, next to the double bond. The hydroxy-
group in the 3-position does not activate coumarin, since it forms an
intramolecular hydrogen bond with the carbonyl oxygen. Like other
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substituted derivatives, 3-hydroxycoumarins, with the exception of
those containing a hydroxy-group in the 4-position, are not oxidised
by singlet oxygen.'%3

The opening of the pyrone ring can be initiated by the o- and
B-dissociation of the C—O bond (relative to the carbonyl group).!**
The final products are formed in the reactions of biradicals with
solvent molecules:

a-dissociation @ CH,0H
(0]
Y 0 B-dissociation m CH,OH
0”70
1l
. X" Noch,
OH
(6]
Il
OCH,

The o- and B-dissociation products are formed via states of different
multiplicity—singlet and triplet respectively, o-dissociation being
more probable.

The analogous ring opening reaction in derivatives of 3,4-dihydro-
coumarin proceeds via «-dissociation. The quantum yield of this
photochemical reaction is high and amounts to, for example, (7.4 +
0.5) x 1072 for unsubstituted 3,4-dihydrocoumarin.'®’

The only known example of photoaddition to coumarins without
the formation of cyclobutane derivatives is the photoaddition of
adenosine to trimethylpsoralene.!”®  The photoadduct has the
following structure:

OH OH
OH
|
CHs_ CH- | N N .
/
I N \ NH,
CH, (0] 0" "0 \=N
CH3

3. Photochemical reactions of the substituting groups

It was noted above that unsubstituted coumarin does not
fluoresce and that the best phosphors of the coumarin series have
electron-donating substituents in the 7-position. Other groups
usually cause a shift of the fluorescence to the required spectral
region and increase solubility, photostability, affinity for fibres, etc.
In the light, the substituting groups can enter into various
photochemical reactions. We shall consider the most important of
these.

(a) Photosubstitution
The photosubstitution reactions of coumarin derivatives have been
investigated in relation to the most readily available dye coumarin 1.

Photosubstitution via a radical mechanism involves the 3-position
when coumarin 1 is irradiated in the presence of reagents containing
photolabile chemical bonds (alkyl and aryl halides, dioxane pyroxide,
nitromethane): '

RX RX*(S1) R +X,
CH; CH;
| '\ H
AN R R X
—_ X
(CoHshHN 0”0 (CoHs)oN 0" "0
CHj;

I
CX
(CoHs)N 0”0

The yields of the photochemical reaction products are 10—30%. In
conformity with the bond energies in the series of alkyl or aryl
halides. the use of iodo-derivatives is most effective for substitution
reactions. The study of the influence of the nature of the substituent
in the 4-position in the pyrone ring showed that both electron-
donating and electron-accepting substituents accelerate the process,
apparently stabilising the radical centre in the intermediate.'*

When 3-iodocoumarins containing the photolabile C—I bond
were used in the presence of substituted benzene derivatives as well
as olefins, a series of new 7-aminocoumarins were obtained
containing an aryl'® or unsaturated substituent''® in the 3-position.
The photochemical reaction proceeds via the excited singlet state of
the substrate in accordance with the following most probable
mechanism:

CH;
R H

|
(CHs)N )
CH; L
| 4 .
. R? R’
— O, -
(CaHs)N 0”0

R3 R2
CHs
| \ R!
N
(C2Hs)N 0”0

The reactions with monosubstituted benzenes result in the
formation of ortho- and para-isomeric products, the efficiency of the
photosubstitution decreasing on passing from electron-donating to
electron-accepting substituents.'%
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The biscoumarin (VI) was obtained from coumarin 1 and its
3-jodo-derivative under similar conditions.'®’

CH;

NS
(CoHspN 0”70 o 0 N(CHs),

On irradiation of 7-aminocoumarins in chlorine-containing
solvents, 3-chloro-substituted derivatives are also formed via the
radical photosubstitution mechanism with participation of chlorine
atoms, which attack the unoccupied 3-position in the substrate
molecule.!!! :

Photosubstitution of coumarins by the radical-ion mechanism has
not been investigated. According to preliminary data,'” it is not
selective and involves not only the 3-position but also other positions
subjected to attack by the radical-ion.

The formation of a 3-hydroxy-derivative from coumarin 120 in
the reactions of the latter with singlet oxygen has been
postulated.}1>113

In connection with the discussion in this Section of the review of
the mechanism of the formation of the biscoumarin (VI), we may
note that 3,3'-diacetyl-3,3',4,4'-tetrahydro-4,4'-biscoumarin is formed
in accordance with an unusual mechanism via the reduction of a
substituent and the isomerisation and recombination of radicals:**!!#

O ,OH
N CHs hv @[\AEC ~CHs
o Yo %>320 om, RH o Yo
0.0
CH,
0

0~ "0

(b) Photochemical oxidation of alkyl substituents

Many coumarin phosphors contain a methyl group in the
4-position in the pyrone ring. Compounds of this type include
coumarins 1 and 102, which have found extensive applications in the
laser technique.

Winters, et al.''® established for the first time that, when active
lasing media based on alcoholic solutions of coumarin 1 are
irradiated with light from pulsing pumping lamps, the methyl group

in its structure is oxidised to the corresponding alcohol, aldehyde,
and acid:

CHs
|

~ hv
GHOH
(CoHs)N 0~ 0.

OH
1
H-Cl —0C,Hs
L
(CaHs),N 070
©
CH,OH CHO
|
|
pweotilee!
+
(CHs)N 0" "0 (GHg N 0o
(VI (v
COOH
|
LI
+ .
(CoHsyN 0”0
Ix)
The accumulation in the solution of the products of the

photochemical oxidation of the methyl group leads to an increase in
the absorption by the lasing medium in the region corresponding to
the luminescence of coumarin 1 and the impairment of lasing
parameters. However, in alcohol only 4-carboxy-7-diethylamino-
coumarin (IX) among the photoproducts (VII)—(IX) absorbs
appreciably in the region corresponding to lasing by coumarin 1.!%
The aldehyde (VIII) likewise makes a significant contribution to the
photoinitiated increase in the optical density of the active medium in
the long-wavelength region, but subsequent interaction of compound
(VIII) with the solvent leads to the formation of the hemiacetal (X),
which does not absorb the luminescence radiation, is responsible for
the dark relaxation of the optical density in the lasing region (Fig. 2),
and determines the lasing energy in irradiated alcoholic solutions of
coumarins. !¢

In order to seek ways of increasing the photostability of lasing
media based on 4-methylcoumarins, the mechanism of the photo-
chemical oxidation of these compounds was investigated by several
groups of workers.®*!""120 In ajr-saturated ethanol, the quantum
yield of the photochemical reaction is 5 x 107% is independent of
the dye concentration, and in the range 10™*—102 M the reaction
constitutes the principal photodegradation pathway.!'?  The
efficiency of the photochemical oxidation of the methyl group
increases with enhancement of the electron-donating properties of
the substituent in the 7-position. The process is sensitised by triplet
sensitisers and is almost independent of the energy of the absorbed
quantum in the wavelength range 254—365 nm. The oxidation
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reaction proceeds via a free-radical mechanism and is initiated by the

bimolecular reaction between the excited coumarin and oxygen:!!?

K— CH3* + O —= [K—CH}... O J*——~ K—CHy" + HO?

K—CH, K—CH00° ——— K— CH,00H ——

— K—CH,;0H + K— CHO —— K- COOH,

|
(C,Hs),N (0] 0

The study of the photochemical processes occurring in solutions
of coumarins containing a methyl-group in the 4-position revealed
the following pathways leading to the expansion of the stock of
available active lasing media: removal of oxygen from the solution
by bubbling the latter with an inert gas;'?"'?? the use of coumarins
not containing a CHs group'? or containing the non-oxidisable CF;
group in the 4-position’'® inhibition of the radical oxidation
reactions by photostabilisers;'?® adsorption of 4-carboxy-7-diethyl-
aminocoumarin on the AL,O; filter in the laser pumping system.'!?

where

(c) Photochemical reactions of alkylamino-groups

The most numerous group of coumarin phosphors contain an
amino- or alkylamino-group in the 7-position. 7-Alkylamino-
coumarins are dealkylated under the influence of radiation, the
dealkylation products being formed with a greater or small
probability virtually under any photolytic conditions. They were
first isolated and identified by Winters, et al.!!® after irradiating
coumarin 1 in ethanol. In the latest studies,”’101 it has been shown
that the process is common to all 7-alkylamino-coumarins:

R? R?
| )
X P XN
R‘\ H\
N 00 N 0”0
/7 l/
R! R

R!=CHs, C;Hs; R?=CH;, CH,0H, CFi.

7-Alkylaminocoumarins are dealkylated in accordance with the
same mechanism as other tertiary and secondary amines—via
a-aminoalkyl radicals, which are formed when electron acceptors

abstract a hydrogen atom or an electron and a proton according to
the following most probable scheme:

CH;CH: . CH,CH.
, 2CH3 . 3, 2CH3
K—N_ +A K—N_ —_—
CH,CH; CH,CH;
CH,CH:
P /CHZCH;, R
CHCH; CHCH;
|
oo
CH,CH3 CH,CHj3
7/ v A /
— K=N_ — K=N_
CHCH; H
|
OOH
where
CH,

) 0 4G 60
4

! I 1

4 20 40 60 Npulsc

Figure 2. Variation of the optical density of an ethanol solution of
coumarin 1 (¢ = 10> M, L = 5 cm) in the lasing region at a
wavelength of 460 nm during irradiation by light pulses (Npuise) from
an IFP=2000 lamp at a frequency of 0.3 Hz (curve 1) and during
the subsequent dark process (curve 2).!16

Various oxidants, for example aromatic nitro-compounds,'?® the
solvent,!!! another coumarin molecule in an excited state,**!?7128
and singlet oxygen,****%? can also function as electron (hydrogen
atom) acceptors.

The role of the photochemical oxidation by singlet oxygen, which
is extremely common in organic photochemistry, in the photo-
degradation of coumarins has been investigated in fair detail. It has
been established®®®? that the interaction of 7-alkylaminocoumarins
with 10, leads to the oxidative photo-N-dealkylation and does not
usually involve the 3,4-bond in the pyrone fragment. With the
exception of the 4-hydroxy-derivative,'®® coumarins without amino-
groups do not react on treatment with 'O,.
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On direct photolysis in a number of solvents, the photo-
N-dealkylation proceeds according to the self-sensitised photo-
chemical oxidation mechanism, which consists in the initial
activation of oxygen by the transfer to the latter of the excitation
energy from the triplet level of coumarin and the formation of
singlet oxygen, which oxidises the dye in the electronic ground state:

K -~~~ 3K¥,
31(“l + 302 K+ lOz,
K +10; — N-dealkylation products.

For example, in benzene the photo-N-dealkylation of coumarin 1
(the main photochemical reaction) via the mechanism of the self-
sensitised photochemical oxidation by singlet oxygen proceeds to an
extent greater than 70% for a 'O, generation quantum yield of ~0.1
and an overall rate constant for the physical and chemical quenching
of singlet oxygen by coumarin of 10° litre mol™ s.% The
formation of the clathrate complex between coumarin 1 and f-cyclo-
dextrin increases the stability of the dye as regards the action of 'O,
in aqueous solutions by an order of magnitude.'?®

On passing from dilute to concentrated (¢ > 1072 M) solutions,
the mechanism of the photo-N-dealkylation changes to a bimolecular
mechanism, which includes the abstraction of an electron (hydrogen
atom) by an excited coumarin molecule from an unexcited one (k =
107 litre mol™ s in ethanol'?®). In this connection, one should
note that in alcoholic solutions at low concentrations the main
photochemical reaction of 7-dialkylamino-4-methylcoumarins is the
photochemical oxidation of the methyl group, whereas at high
concentrations the bimolecular photo-N-dealkylation predominates.

The formation of amides in the photochemical oxidation of alkyl-
aminocoumarins has been reported in a number of communi-
cations.”'%!  Thus two isomeric amides are formed on irradiation of
coumarin 153 in air-saturated acetonitrile:'®2

CF3 (':Fg
1
~N hv ~N
= +

CF;

|
~N
—
N 0~ 0
0}

Evidently amides are formed as products of photo-N-dealkylation on
oxidation of the intermediate a-aminoalkyl radicals by oxygen.

In deoxygenated solutions, the radicals undergo other dark
reactions— they recombine with solvent molecules'?® and give rise to
oligomers.**1°!  The role of radicals in the photodegradation of
deoxygenated solutions has been confirmed by the inhibition of the
reaction by divalent sulphur compounds.'?’

The heterocyclisation of alkylamino-groups in the 6- and
8-position in the coumarin ring is of interest. On photoirradiation in
the presence of olefins containing more than one electron-accepting
substituents, 7-aminocoumarins do not give rise to adducts resulting

from the [2 + 2]cycloaddition to the 3,4-bond, but in the presence of
acetophenone, a triplet sensitiser, they afford heterocyclisation
products in a quantum yield of 0.01:'%°

CHs
|

AN R - ®?
CoHOMN 0 Np % 0xCCOCH;
2115 )2,

CHs R? CHy
| R! |
N
N 0”0 CH;3 I;I 0”0
2
CH; R CoHs
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The mechanism of the photochemical reaction proposed by
Kirpichenok, et al.'® involves the participation of acetophenone in
the T, state as the oxidant in the formation of the a-aminoalkyl
radical and the addition of the latter to the olefin.

It follows from the data presented in this Section of the review
that the photochemical reactions involving the alkylamino-group are
initiated by the formation of o-aminoalkyl radicals, the different
dark reactions of which determine the nature of the final product.

---000---

The results considered show that during the last decade our
knowledge about the photochemical reactions of coumarin
derivatives has greatly expanded. Various photochemical reactions
of compounds of this class have been investigated, but the available
information about certain aspects of the photolysis, for example,
about the irreversible photodegradation of the chromophore, is
inadequate. Nevertheless, on the basis of the known values it is
possible in many instances to predict the behaviour of coumarin
derivatives on photoirradiation. The results described determine to a
large extent the course of future studies, which will have to be
carried out in the search for effective ways of increasing the
photostability of the organic phosphors in this important class.
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