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Abstract

Detailed spectral and photophysical properties of 4-halo-5-phenylisoxazoles in cyclohexane solutions are presented, including mea-
surements of energies of lowest excited singlet and triplet states, fluorescence quantum yields, lifetimes, phosphorescence and triplet–sin-
glet difference absorption spectra. Upon addition of ethanol, loss of vibrational structure is observed in fluorescence spectra and
attributed to formation of isoxazole–ethanol aggregates. The relevance of these properties to the photochemical and thermal reactivity
of these systems is discussed.
� 2005 Elsevier B.V. All rights reserved.
1. Introduction

Isoxazoles are an important series of compounds which
possess interesting pharmacological properties [1]. In addi-
tion, they have real and potential application in areas as di-
verse as agrochemicals [1], electron-transporting materials
for molecular electronics [2] and liquid crystalline materials
[3]. They undergo a variety of thermal and photochemical
reactions, which have been reviewed and discussed [1,4,5].
However, in spite of this interest, only a modest amount of
data has been presented on the UV/visible spectral proper-
ties of isoxazoles (see, for example, [6–8]), a few theoretical
calculations on electronic structure at various levels of
sophistication have been reported [5,8–10] and apart from
a few reported fluorescence spectra [11] very little is known
about their photophysical behaviour. This information is vi-
tal for understanding the reactivity patterns in these systems.

We have chosen the methyl 4-halo-5-phenylisoxazole-3-
carboxylates 1 and 2 as model compounds, Scheme 1, and
presented a detailed photophysical study in cyclohexane
solutions. In addition, results on their interaction with eth-
anol have been studied.
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2. Experimental

The 4-halo-5-phenylisoxazoles were synthesised by ther-
molysis of haloazidoalkenes and 2-halo-2H-azirines. De-
tails of their synthesis and characterisation are given
elsewhere [12]. The solvents were purified by standard
procedures.

Absorption and fluorescence spectra were recorded on a
Shimadzu UV-2100 and a Jobin–Ivon SPEX Fluorolog 3-
22 spectrometer, respectively. All the fluorescence spectra
were corrected for the wavelength response of the system.
Fluorescence quantum yields were measured using bithi-
ophene (/F = 0.014 in cyclohexane) as standard [13].

Fluorescence decays were measured using a home-built
TCSPC apparatus with a N2 filled IBH 5000 coaxial flash
lamp as excitation source, Jobin–Ivon monochromator,
Philips XP2020Q photomultiplier, and Canberra instru-
ments TAC and MCA. The fluorescence decays were ana-
lysed employing the method of modulating functions [14].

Phosphorescence measurements were made in 3-methyl-
pentane glasses at 77 K using a SPEX 1934D phospho-
rimeter accessory with a Fluorolog 3-22 spectrometer.
Attempts were made to obtain information on the nature
of the excited state by polarized excitation spectra. How-
ever, these were inconclusive.
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Scheme 1. Structures of the methyl 4-halo-5-phenylisoxazole-3-carboxy-
lates used in this work.
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Flash photolysis experiments were performed with an
Applied Photophysics laser flash photolysis equipment
pumped by the fourth harmonic (266 nm) of a Nd:YAG
laser (Spectra Physics). Transient spectra were obtained
by monitoring the optical density change at 5–10 nm inter-
vals over the 250–600 nm range and averaging at least 10
decays at each wavelength. First-order kinetics were
observed for the decay of the lowest triplet state in all cases.

3. Results and discussion

Absorption spectra of the isoxazoles 1 and 2 in cyclohex-
ane showed similar intense, broad absorptions around
300 nm, with poorly resolved vibrational structure, and a
weaker band near 250 nm (Fig. 1). Structured fluorescence
spectra (Fig. 1) were observed with the two compounds,
and show a vibronic spacing 1450 ± 200 cm�1, which can
be compared with a series of bands between 1436 and
1530 cm�1 seen in the infrared and Raman spectra of iso-
xazoles, assigned to ring stretching vibrations [15–17]. For
the parent isoxazole, the first absorption band is around
210 nm, and the lowest excited state is suggested to have
1p,p* character [8]. This maximum is slightly red-shifted
on alkyl substitution of the isoxazole ring, but more pro-
nounced shifts are observed with phenyl substituents in
the 3- or 5-positions [18]. From the overlap of absorption
and emission spectra, and the magnitude of the molar
extinction coefficient, both the fluorescence and the lowest
energy absorption band are attributed to a transition
involving a common 1p,p* lowest excited state at
Fig. 1. Absorption (left), fluorescence (right) and phosphorescence (inset)
spectra of isoxazole 2 in cyclohexane solution. Excitation was at the
absorption maximum (307 nm).
30800 cm�1 (3.82 eV). The energy of this was determined
from the intersection of the absorption and emission spec-
tra. The marked red-shift in absorption of 1 and 2 relative
to both isoxazole and phenyl moieties indicates extensive
conjugation between the two rings. Homolytic cleavage of
the N–O bond in isoxazoles to form biradicals has been pro-
posed to explain the formation of 2H-azirines on photolysis
and thermolysis [1]. However, the observation of a bonding
1p,p* lowest excited state for the phenylisoxazoles indicates
that direct photodissociation is unlikely, and suggests that
more than one step must be involved in this case. Further,
the observation of a lowest 1p,p* excited state contrasts
with azabenzenes and other N-heteroaromatic systems,
where the lowest excited state has 1n,p* character [19–21].
Observation of the first 1n,p* state remains elusive [18].

To further characterise the excited state behaviour, a de-
tailed photophysical study of compounds 1 and 2 was
made in cyclohexane solutions, including measurements
of fluorescence quantum yields, lifetimes, phosphorescence
and characterisation of triplet state by flash photolysis. The
relatively high fluorescence quantum yield of the chloro
compound is consistent with the lowest singlet state having
p,p* character. The triplet energies were determined from
the onset of the phosphorescence to be 20700 cm�1

(2.57 eV). The S1–T1 splitting is also consistent with both
the singlet and triplet states having p,p* character.

Marked decreases in fluorescence quantum yield and
lifetime were seen on going from the chloro to the bromo
derivative. This is typical of aromatic compounds, and is
due to the larger heavy atom effect of bromo compared
with chloro substituent [22], leading to increased intersys-
tem crossing from the lowest singlet state to the triplet
manifold. A similar effect explains the shorter phospho-
rescence lifetime of 2 compared with 1. Since triplet states
have been proposed as intermediates in the photochemis-
try of various 1,2-benzisoxazoles [23], we have further
characterised these by flash photolysis. We have excited
Fig. 2. Transient absorption spectrum observed following flash photolysis
(kexcitation = 266 nm) of a solution of methyl 4-bromo-5-phenylisoxazole-3-
carboxylate (3.3 · 10�5 moldm�3) in cyclohexane.



Table 1
Photophysical data for methyl 4-halo-5-phenylisoxazole-3-carboxylate in cyclohexane

Compound kmax (abs) (nm) � (mol�1dm3cm�1) kmax (fluor.)
(nm)

S1

(cm�1)
/F sF

(ns)
kF · 109 (s�1) T1

(cm�1)
sph
(ms)

T � Tmax

(nm)

1 307 24200 344 30798 0.368 0.67 0.55 20619 60 330
2 307 20580 344 30798 0.0440 0.49 0.090 20747 3.5 330
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cyclohexane solutions of 1 and 2 with the fourth har-
monic of a pulsed Nd/YAG laser (266 nm), and in both
cases see moderately intense transient absorptions in the
350–600 nm region, with an apparent maximum around
330 nm and a shoulder around 500 nm. These were
accompanied by bleaching of the ground state absorption.
The lifetimes were measured in degassed solutions for
compound 1 at 330 and 500 nm, and, within experimental
error, were identical (2.5 ± 0.3 ls), and matched recovery
of the ground state absorption. When oxygen was admit-
ted to the solutions, the lifetimes decreased (<1 ls). The
transient absorptions with both 1 and 2 are assigned to
the isoxazole triplet state since they follow first-order de-
cay kinetics, they are quenched by oxygen, and on decay
they regenerate the ground state. The triplet–singlet differ-
ence spectra of 2 is given in Fig. 2, while all photophysical
data for the two compounds are given in Table 1. Because
of overlap of the highest energy triplet band with the
strong ground state absorption, the true triplet maximum
is probably <330 nm.

To study the effect of solvent on this transition, the spec-
tra of 1 and 2 were also run in ethanol. However, although
the absorption spectra were similar in cyclohexane and eth-
anol, dramatic differences were observed in the fluorescence
spectra in the two solvents (Fig. 3), with the highly struc-
tured emission in cyclohexane, being completely lost in eth-
anol solution. This change in structure with solvent was
most pronounced over the region 0–1% ethanol. Since only
minor changes in dielectric constant are expected in this re-
Fig. 3. Fluorescence spectra of isoxazole 1 (1.0 · 10�5 moldm�3) in
cyclohexane solution (full line) and with increasing amounts of ethanol:
0.1%, 0.3%, 0.5%, 0.7% and 1%. Excitation was at the absorption
maximum (307 nm). Inset: fluorescence spectrum in ethanol solution.
gion [24], it is unlikely that this is simply due to an effect of
change in solvent polarity on the emission, and we suggest
that this results from a specific interaction between ethanol
and the isoxazoles. The nitrogen–oxygen bond in isoxaz-
oles imparts a bipolar character [18,25], which may favour
ethanol binding to these atoms. In support of this, we note
that complexation between isoxazoles and water has been
indicated from microwave spectroscopy [26], and a bifur-
cated hydrogen bond structure suggested from all-atom
force field calculations [25]. The formation of this complex
is likely to have implications on the photochemistry of
isoxazoles, and may explain the reported differences in
behaviour of these compounds on photolysis in alcohols
and in other solvents [27]. It is also likely to have implica-
tions on the thermal reactivity of these compounds in solu-
tion in hydrogen bond donating solvents. Although the
theoretical studies imply interaction of one hydrogen bond
donor molecule with each isoxazole, from the ratio of eth-
anol to isoxazole concentration several molecules of alco-
hol must be involved. Future studies will attempt to
further characterise these interactions.

4. Conclusion

We have provided a detailed photophysical characterisa-
tion of two 4-halo-5-phenylisoxazoles, which we feel pro-
vides a strong base for understanding the photoreactivity
of these compounds. Both the lowest singlet and triplet
states are suggested to have p,p* character. In the presence
of ethanol, marked changes in the fluorescence spectrum
are observed and attributed to the formation of hydrogen
bonded complexes. These may have implications for the
mechanistic behaviour of isoxazoles in these solvents.
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