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The detection of the precursors of the
photorearranged products of 3-hydroxyflavones in
selected solvents from UV-visible spectra in situ†
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Mechanistic studies relating to the photochemistry of 3-hydroxy-2-phenyl-4H-chromen-4-one (3HF)

and 6-chloro-3-hydroxy-2-phenyl-4H-chromen-4-one (Cl-3HF) have been reinvestigated in selected

solvents. The UV-visible spectra of the photoproduct(s) of 3HF and Cl-3HF have been computed in situ

via subtracting the spectra of unreacted substrates, with acetonitrile (ACN) and methanol (MeOH) as sol-

vents. These spectra turn out to be different from the spectra of the corresponding isolated photo-

products: 3-hydroxy-3-phenyl-indan-1,2-dione and 6-chloro-3-hydroxy-3-phenyl-indan-1,2-dione

(referred to as dione ). Analyses of the photoproduct(s) via GC-MS show the formation of a single detect-

able product, i.e., the corresponding dione. On the basis of some experimental observations, it is pro-

posed that the primary photoproduct in situ is 2,3-epoxy-2-hydroxy-1-indanone (referred to as epoxide)

instead of dione as reported in previous years. Earlier, epoxide has been proposed to be the intermediate

in the mechanism for the formation of dione. This is the first report where the formation of epoxide has

been directly detected in the selected solvents. On the other hand, both dione and epoxide (2 : 1) are

shown to be formed with MeOH as solvent. The second important finding is that epoxide and dione inter-

convert in the dark, depending upon the environment. With ACN as solvent, pure dione in the dark is kine-

tically and partially converted to epoxide. With MeOH as solvent, epoxide is instantly and partially con-

verted to dione until both are in equilibrium. However, a solution of dione in MeOH remains stable in the

dark. The photoformation of epoxide is quantitative with ACN as solvent and it is sufficiently stable. It has

been further observed that epoxide solutions of 3HF and Cl-3HF in ACN are quantitatively converted into

3-phenylisobenzofuran-1(3H)-one and 6-chloro-3-phenylisobenzofuran-1(3H)-one, i.e., the corres-

ponding phthalides, through the loss of CO when kept in the dark for some days. A mechanism has been

proposed where epoxide has been shown to give dione and/or phthalide via selective C–O or C–C bond

cleavage in the oxiranyl ring, respectively. The selection of this cleavage depends mainly on the solvent

system and the substituents in the parent flavones.

1. Introduction

Flavonoids belong to a large group of abundant plant second-
ary metabolites that can be found in vascular plants such as
ferns, conifers and flowering plants.1–3 Approximately, 4000
varieties of flavonoids have been identified and many of these
are intense pigments, providing a spectrum of yellow, red and

blue colours in flowers, fruits and leaves.4,5 The basic flavo-
noids have been classified in different families depending
upon the presence of several phenolic hydroxyl functionalities
within the ring, including flavones and flavonols. Flavonols
are characterized by the possession of a 3-hydroxypyran-4-one
ring. 3-Hydroxy-2-phenyl-4H-chromen-4-one (3HF) is the sim-
plest flavonol, and it has attracted strong interest due to its
peculiar photophysical and photochemical properties. Its
unique photophysical properties, involving double emission
peaks attributed to an excited-state intramolecular proton
transfer (ESIPT) reaction upon photo-excitation, which were
discovered by Sengupta and Kasha have been widely
studied.6–10 The wavelengths and intensities of the N* (the
excited state of the normal form) and T* (the excited state of
the tautomeric form) bands are sensitive to many physical pro-
perties of the environment. The photochemistry of 3HF has
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also been studied under aerobic and anaerobic conditions,
and in different solvents, over a long period of time.11–16 The
different routes for its photochemical reactions proposed in
the literature, i.e. photooxygenation and photorearrangement,
and the pathways in different solvents have been well
summarized.17,18 Many reports on the photorearrangement
paths of 3HF, some of them contrasting, have been studied.
Matsuura and co-workers were the first to study this photoreac-
tion, where they identified 3-hydroxy-3-phenyl-indan-1,2-dione
(dione) as the photoproduct, formed through a 2,3-epoxy-2-
hydroxy-1-indanone (epoxide) intermediate.11 There are some
papers on the mechanism of formation with dione as the
major product and 3-phenylisobenzofuran-1-(3H)-one (phtha-
lide) as the minor photoproduct of 3HF, especially with aceto-
nitrile (ACN) as solvent.16,17 Phthalide has been reported to be
formed as a secondary photoproduct of dione.

Here, we are reporting first time the detection of epoxide as
the precursor for the formation of dione during the photolysis
of 3HF and 6-chloro-3-hydroxy-2-phenyl-4H-chromen-4-one
(Cl-3HF), via computing the UV-visible spectra of the photopro-
duct(s) in situ with ACN and methanol (MeOH) as solvents.
Some simple experiments carried out after this detection are
likely to have significant implications for already reported
mechanisms and for future studies of the photochemistry of
various 3HF-type compounds.

2. Experimental
2.1. General information

All reagents used for the preparation of 3-hydroxy-2-phenyl-4H-
chromen-4-one (3HF) and 6-chloro-3-hydroxy-2-phenyl-4H-
chromen-4-one (Cl-3HF) were bought from Sigma-Aldrich,
USA, and were used as received without further purification.
The solvents used for the photochemical reactions were of
HPLC grade and were purchased from S. D. Fine and Loba
Chemie. Photoreactions were carried out either in a 4 mL
tightly covered quartz cuvette or in a 50 mL Pyrex glass tube. A
medium pressure mercury lamp (125 W) with a built-in filter
mainly emitting at around 366 nm was powered through a
stabilised power supply. Although the emission band through
the built-in filter is mainly centred at 366 nm, another glass
filter with a cut-off of 348 nm was incorporated in between the
photolysis cell and the lamp, to eliminate any low intensity
emission bands below 348 nm. A special holder was used to
place the photolysis cell (at a distance of 6 cm from the lamp)
in front of the glass filter, so that maximum light falls on its
surface. A shutter was used in between the filter and the cell to
interrupt the light whenever this was desired. The photolysis
cell was shielded from the heat of the lamp with a wooden
screen that had a window for the filter. Most of the experi-
ments were carried out at 20 ± 2 °C. The progress of the reac-
tion was monitored with a double beam UV/vis spectrophoto-
meter (UV-1800, Shimadzu) equipped with UV-probe software
and GC-MS apparatus (GCMS QP-2010 plus, Shimadzu).
IR spectra were recorded using an FTIR spectrometer

(PerkinElmer, Spectrum Two). 1H and 13C{1H} NMR spectra
were recorded with a Bruker Advance 400 MHz spectrometer
using TMS as an internal standard. HRMS data were obtained
using a XEVO G2-XS QTOF mass spectrometer with ion-source
TOF MS ES+ apparatus (1.27e + 008).

2.2. General procedure for the synthesis of the substrates
3HF and Cl-3HF

A previously reported two step method was used for the
synthesis of 3HF and Cl-3HF.19–21 The condensation of
0.001 moles of 2′-hydroxyacetophenone (0.12 mL) for 3HF or of
5′-chloro-2′-hydroxyacetophenone (0.170 g) for Cl-3HF and
0.001 moles (0.1 mL) of benzaldehayde was carried out in an
ethanolic solution of sodium hydroxide at 5 ± 1 °C in the first
step. This reaction mixture was stirred for 6–7 h, and then the
ice-cold mixture was neutralised with dilute HCl to obtain the
chalcone. The corresponding chalcones were further oxidised
from alkaline alcoholic solution, kept as an ice-cold mixture,
via the addition of 2 mL of 30% (w/v) H2O2 every 2 h under
continuous stirring until the reaction was complete (about 8 h).
Then, the final flavones were separated via neutralising the
reaction mixture with dilute HCl and were crystallised from
EtOH : CHCl3 (1 : 1 v/v) to obtain yellow needles of both. All
spectroscopic data obtained here for 3HF is identical with the
reported data.20 This spectroscopic data has also been
obtained from Cl-3HF and is expectedly similar to that of 3HF.

3-Hydroxy-2-phenyl-4H-chromen-4-one (3HF). M.p: 171–172 °C;
FTIR (neat, cm−1) νmax: 3196 (OH), 1604 (CvO); GC-MS reten-
tion time (tr) = 18.25 min, m/z = 237 [M]+; 1H NMR (400 MHz,
DMSO-d6) δ: 9.65 (s, OH exchangeable with D2O), 8.23 (d, J =
7.40 Hz, 2H), 8.13 (dd, J = 8.04, 1.12 Hz, 1H), 7.82–7.76 (m,
2H), 7.60–7.56 (m, 2H), 7.53–7.46 (m, 2H); 13C{1H} NMR
(100 MHz, DMSO-d6) δ: 172.9, 154.5, 145.1, 139.0, 133.7, 131.2,
129.8, 128.5, 127.6, 124.7, 124.4, 121.2, 118.4.

6-Chloro-3-hydroxy-2-phenyl-4H-chromen-4-one (Cl-3HF).
M.p.: 168–169 °C; FTIR (neat, cm−1) νmax: 3273 (OH), 3057
(C–H Ar), 1602 (CvO); GC-MS tr = 20.40 min, m/z = 273 [M]+;
1H NMR (400 MHz, CDCl3) δ: 8.25–8.22 (m, 3H), 7.65 (dd, J =
8.96, 2.52 Hz, IH), 7.57–7.49 (m, 4H), 7.00 (s, OH exchangeable
with D2O);

13C{1H} NMR (100 MHz, DMSO-d6) δ: 171.9, 153.0,
145.6, 139.2, 133.5, 130.9, 130.0, 128.9, 128.5, 127.6, 123.5,
122.4, 120.9; HRMS calcd for C15H10O3Cl ([M + H]+): 273.0318,
found: 273.0316.

2.3. Characterisation data of the separated photoproducts

There were two major photoproducts, dione and phthalide,
formed in the photolysis of both 3HF and Cl-3HF with ACN
and dichloromethane as solvents. These photoproducts were
separated via passing the photolysed samples through a silica
gel column (60–120 mesh) using 5% ethylacetate in hexane
(v/v) as the eluting solvent. Both diones were separated and
obtained in the form of white amorphous solids, and both
phthalides were in the form of grey needles. The 3HF dione
was identified via comparing its GC-MS, IR and UV-visible
spectra with the reported data.11,12,15 The Cl-3HF dione was
identified via comparing the GC-MS, IR and UV-visible spectra
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with those of the 3HF dione. The data from both are similar,
as is expected. The 3HF phthalide was identified via compar-
ing its GC-MS, UV-visible, IR, 1H and 13C{1H} NMR spectra
with the reported data.12,17 The data from the Cl-3HF phtha-
lide are also similar to those from the 3HF phthalide.

3-Hydroxy-3-phenyl-indan-1,2-dione (3HF dione). IR (neat,
cm−1) νmax: 3423 (OH), 3063 (C–H Ar), 1763, 1722 (CvO);
GC-MS tr = 16.58 min, m/z = 238 [M]+.

3-Phenylisobenzofuran-1(3H)-one (3HF phthalide). IR (neat,
cm−1) νmax: 2925, 2853 (C–H aliphatic), 1756 (CvO); GC-MS
tr = 14.37 min; m/z = 210 [M]+; 1H NMR (400 MHz, DMSO-d6) δ:
7.93 (d, J = 7.6 Hz, 1H), 7.77 (dt, J = 7.56, 1.04 Hz, 1H), 7.64 (t,
J = 7.44 Hz, 1H), 7.48–7.39 (m, 4H), 7.33–7.31 (m, 2H), 6.74 (s,
1H); 13C{1H} NMR (100 MHz, DMSO-d6) δ: 169.9, 149.9, 136.8,
134.7, 129.5, 129.0, 128.9, 126.7, 125.0, 124.5, 123.2, 81.8; twin
peaks in the UV-visible spectrum at around 271 and 278 nm.

6-Chloro-3-hydroxy-3-phenyl-indan-1,2-dione (Cl-3HF dione).
IR (neat, cm−1) νmax: 3414 (OH), 3066 (C–H Ar), 1769, 1741
(CvO); GC-MS tr = 18.26 min, m/z = 272 [M]+.

6-Chloro-3-phenylisobenzofuran-1(3H)-one (Cl-3HF phtha-
lide). IR (neat, cm−1) νmax: 2957, 2927 (C–H aliphatic), 1749
(CvO); GC-MS tr = 16.49 min, m/z = 244 [M]+; 1H NMR
(400 MHz, DMSO-d6) δ: 8.00 (d, J = 1.84 Hz, 1H), 7.82 (dd, J =
8.16, 1.92 Hz, 1H), 7.50 (d, J = 8.24 Hz, 1H), 7.43–7.40 (m, 3H),
7.35–7.32 (m, 2H), 6.75 (s, 1H). 13C{1H} NMR (125 MHz,
CDCl3) δ: 169.0, 147.8, 135.9, 134.6, 129.5, 129.1, 128.6, 128.3,
127.5, 126.9, 125.5, 124.1, 82.6; HRMS calcd for C14H10O2Cl
([M + H]+): 245.0369, found: 245.0349; twin peaks in the UV-
visible spectrum at around 284 and 292 nm.

3. Results and Discussion
3.1. The detection of 2,3-epoxy-2-hydroxy-1-indanone (epoxide)
in situ during the photolysis of 3-hydroxy-2-phenyl-4H-chromen-
4-one (3HF) and 6-chloro-3-hydroxy-2-phenyl-4H-chromen-4-one
(Cl-3HF)

4 mL of 3HF solution (4 × 10−5 M) with acetonitrile (ACN) as
the solvent was taken in an air-tight quartz cuvette and this
was photolysed for different lengths of time.

Fig. 1 shows the electronic absorption spectra of the solu-
tions photolysed for various intervals of time. The spectral
changes in this figure show that the absorbance is continu-
ously increasing between 285 and 270 nm and decreasing
between 270 and 228 nm. There are three isobestic points, at
287.4, 264.5, and 224.8 nm. The decreasing absorbance at
higher wavelengths and the increasing absorbance at selected
wavelengths in the UV region clearly show that reactant is dis-
appearing and products, which absorb only at lower wave-
lengths in the UV region, are being formed.

3.1.1. UV-visible absorption spectra of photoproduct(s)
in situ. In a separate experiment, the photolysis product has
been analysed to be 3-phenyl-3-hydroxy-1,2-indandione
(dione). The UV-visible spectrum of dione shows that it does
not absorb beyond 300 nm, while 3HF has a peak at 339.4 nm
and a shoulder at 354.2 nm. Therefore, it appears that in the

photolysed mixture spectra, absorbance beyond 300 nm is due
to reactant only. Pure reactant spectra after various photolysis
times were constructed, considering that absorbance at
355 nm of the photolysed mixture is due to reactant only. It
was noticed that the so-constructed spectra of the reactant
overlapped (from 330 to 390 nm) with the photolysed mixture
spectra at different times. The reactant also follows the Beer–
Lambert law at all wavelengths. Thereafter, the photoproduct
(s) spectra were obtained through subtracting the corres-
ponding constructed spectra of unreacted reactant from the
photolysed mixture spectra at different photolysis times, and
these are shown in Fig. 2. We tried this method in our earlier
paper also.22

The spectra of the photoproduct(s) shown in Fig. 2 show
one shoulder at around 220.2 nm, one peak with a λmax value
of 280.2 nm and one hump at around 325 nm, growing as the
photolysis time increases.

Similar experiments were carried out with Cl-3HF, and
Fig. 3 shows the photoproduct(s) spectra obtained from the
photolysed mixtures, as was done in the case of 3HF.

Fig. 2 The electronic absorption spectra of the photoproduct(s) after
subtracting the unreacted reactant spectra from the photolysed solution
spectra of 3HF in ACN after 10, 20, 30, 40, 50, and 60 min (cf. Fig. 1).

Fig. 1 The electronic absorption spectra of 3HF in ACN photolysed
after 0, 10, 20, 30, 40, 50, and 60 min.
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3.1.2. Analysis via GC-MS. 25 mL of 3HF solution in ACN
(8.40 × 10−4 M) in a Pyrex tube was photolysed for a total of
8 h. GC-MS analyses of these photolysed solutions carried out
after 3, 6 and 8 h of photolysis show that the amount of a
single product with a molecular mass of 238 g mol−1 grows as
the photolysis time increases. This product, which has the
same mass but a different retention time (tr) to the reactant,
should be the photorearranged product. Representative GC-MS
analysis data from photolysed solutions of 3HF in ACN
(Fig. 4a) and from a separated sample of pure dione (Fig. 4b)
are given in Fig. 4.

It is clear from Fig. 4a that a single detectable product,
dione, is formed during photolysis. The retention time, mole-
cular mass and fragmentation pattern of this product are iden-
tical to pure dione (Fig. 4b). The UV-visible spectrum of dione
shows two peaks at 246.7 and 291.1 nm. On the other hand,
the subtracted photoproduct spectra (Fig. 2) obtained in situ
show peaks not only at different positions than those of dione
but with a minimum around λ245 nm, whereas dione has a
maximum. This indicates that, in situ, there is some other
product from which dione is formed during GC-MS analysis.

To look into this, conversion spectral changes were ana-
lysed via a set of four spectra in ACN (Fig. 5).

On comparing spectrum II with the spectrum of the separ-
ated sample of dione (spectrum IV), it is apparent that upon
removing the solvent, the primary product is partly changed to
dione. Spectrum IV becomes more interesting because dione
formed partly in spectrum II appears to go back to the product
seen in spectrum I. Obviously, during recording the GC-MS
data, a stable dione product is formed from the primary
product. Now the question arises; which is the primary product?

The photorearrangement of 3HF was studied first in the
1970s by Matsuura and co-workers in benzene : isopropyl
alcohol under N2.

11 The only photoproduct obtained under
these conditions was dione, and they proposed the formation
of this product via a 2,3-epoxy-2-hydroxy-1-indanone (epoxide)

intermediate from the (σ2 + π2) cycloaddition of the substrate
in its triplet state (Scheme 1).

In the same period, a similar rearrangement was reported
in the photolysis of 2,6-dimethyl-3-hydroxy-4H-pyrane-4-one.23

Here it was proposed that both 2 and 3 were formed, but the
former could not be isolated (Scheme 2).

Matsuura and co-workers did not verify whether dione (1) is
formed in one step, like that of 3, or in two steps. On the basis
of these reports it can be surmised that, in our case, it is most
likely that the primary product is epoxide (A).

3.2. The formation and conversion of the epoxide
intermediate

3.2.1. Detection of epoxide through IR spectroscopy. It has
been observed that epoxide formed in the photolysis of Cl-3HF
is relatively more stable than in the case of 3HF. It has a pink
colour in ACN that, upon evaporation, is immediately con-
verted to yellow at room temperature. However, when the
solvent (ACN) was distilled off at low temperature (10–12 °C)
under rotary evaporation, the pink colour could be retained for
some time. An attempt has been made to record its IR spec-
trum immediately (Fig. 6). This shows a single absorption
band at 1732 cm−1 in the keto group region, instead of twin
bands at 1768 and 1741 cm−1 due to the expected dione
product. Also, the IR spectrum of epoxide is different from
that of 6-chloro-3-phenylisobenzofuran-1(3H)-one (phthalide),
where the bands observed due to C–H stretching at 2957, 2927
and 2872 cm−1 in phthalide are missing in the case of
epoxide, as expected.

The photolysis of 3HF has also been carried with methanol
(MeOH) as solvent, in a similar fashion to that of with
ACN experiments. Fig. 7 shows the photoproduct(s) spectra
obtained in situ via subtracting the unreacted 3HF from the
photolysed solution.

There are two λmax values at around 245 and 290 nm, which
are close to those obtained from the spectrum of pure dione in
MeOH (Fig. 5). However, the finer details of these spectra have
been compared with pure dione in MeOH and epoxide in ACN.
It is observed that these subtracted spectra correspond to mix-
tures of epoxide and dione. The ratio of the concentration of
dione to epoxide is about 2. Clearly, this result is different
from the results obtained in ACN (Fig. 2). As explained above,
the primary product in ACN is epoxide; it appears that in
MeOH, the primarily formed epoxide is instantly partially con-
verted to dione. In another experiment, the effects of adding
MeOH to a solution of epoxide in ACN were studied. A solution
(30 mL) of 3HF with ACN as solvent (0.7 × 10−6 M) was photo-
lysed for 110 min. The UV spectrum of the photolysed solution
shown in Fig. 8 shows epoxide only, i.e., the reactant appears
to be quantitatively converted into the product (epoxide).
When MeOH was added to this photolysed solution, the initial
UV spectrum instantly changed and shows two shoulders at
about 246 and 295 nm, which correspond to the absorption
bands of dione. This shows that upon adding MeOH, epoxide
is instantly partially changed to dione. This supports the
above-mentioned photolysis results with MeOH as solvent.

Fig. 3 The electronic absorption spectra of the photoproduct(s) after
subtracting the unreacted reactant spectra from the photolysed solution
spectra of Cl-3HF in ACN after 10, 20, 30, 40, 50, and 60 min.
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M. Kubinyi and co-workers in recent reports have carried
out theoretical studies on photoreactions of 3HF.18 They have
suggested the formation of an intermediate with a 1-indanone
skeleton (B) instead of an epoxide intermediate in the photo-
rearrangement reaction of 3HF to form dione (Scheme 3).
However, the stability of the intermediate in ACN as reported
in the present work suggests that it cannot be a biradical (B)
rather than epoxide, as suggested by M. Kubinyi and co-
workers. However, they admit that epoxide may be formed via

another route involving T1–S0 conical intersection, which they
have not studied.

3.2.2. The interconversion of epoxide and dione. As
suggested by the results of Fig. 5, epoxide formed during the
photolysis of 3HF is reversibly changed into dione. Therefore,
the stability of dione was studied with ACN as solvent. It has
been observed that the electronic absorption spectrum of
dione changes continuously, even if it is kept in the dark, as
shown in Fig. 9a. The changes in the spectra, i.e., the decreas-

Fig. 4 GC-MS analysis of the photoproduct(s) of 3HF: (a) photolysed solution (6 h) of 3HF with ACN as solvent (top panel). Second and third panels
are for the first component and fourth and fifth panels are for second component of top panel; and (b) a separated sample of 3HF dione.
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ing absorbance at around 245 nm and the increasing absor-
bance at around 280 nm, suggest that dione is kinetically con-
verting to epoxide. Unchanged dione spectra over time could
be constructed (Fig. 9b), and upon subtracting these spectra
from the corresponding spectra in Fig. 9a, the converted
product spectra (Fig. 9c) are obtained. These spectra are identi-
cal to those of epoxide as observed for the product formed

Fig. 5 The electronic absorption spectra of photolysed samples of 3HF
under various conditions and of dione: (I) a freshly photolysed solution;
(II) after evaporating ACN from solution (I) and then adding the same
amount of ACN; (III) when solution (II) was kept overnight; and (IV) the
spectrum of a separated sample of 3HF dione.

Scheme 1 The photorearrangement of 3HF as proposed by Matsuura
et al.

Scheme 2 The photoreaction of 2,6-dimethyl-3-hydroxy-4H-pyrane-
4-one in MeOH.

Fig. 7 The electronic absorption spectra of the photoproduct(s) after
subtracting the unreacted reactant from photolysed solutions of 3HF in
MeOH after 10, 20, 30, 40, and 50 min.

Fig. 8 The effect of adding MeOH into a solution of the primary photo-
product (epoxide) in ACN: (a) is the photolysed solution spectrum of
3HF in ACN and (b) is the spectrum of (a) after MeOH (0.5 mL to a total
of 4 mL of (a)) was added.

Scheme 3 The structure of intermediate B proposed by M. Kubinyi
et al. from theoretical studies.

Fig. 6 The IR spectrum of 4-chloro-2,3-epoxy-2-hydroxy-1-indanone
(epoxide).
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in situ. This conversion is also temperature dependent. Similar
results are also obtained with Cl-3HF. However, there are no
changes in the dione spectra of 3HF with MeOH as solvent.
Detailed kinetics studies of these processes are being carried
out and they will be reported later on.

Similar processes have been reported in the rearrangement
of an oxiranyl carbinyl radical (C) into an allyloxy radical (D)
via C–O bond cleavage and/or in the formation of E via C–C
bond cleavage, depending upon the natures of R3 and R4

(Scheme 4).24

Evidence for reversibility between C and D has been
reported in different cases. The mechanistic and kinetic
aspects of this mechanism have been widely studied.25–29

S. Tommasini and co-workers have studied the photoreac-
tions of 3HF with ACN as solvent.14 They analysed the photo-
lysed solutions after selected irradiation times via reversed-
phase liquid chromatography. Multistep gradient elution was
carried out using MeOH/H2O (with 10% glacial acetic acid) as
solvent. The amounts of a number of products are shown in
the chromatogram to grow with increasing irradiation time.
The absorption spectra of four products appearing at different
retention times have been recorded but no interpretation of
these spectra has been made. With the help of our findings
here, these results can be easily analysed. First, two of these
spectra should be due to dione and two should be due to
epoxide. Under the solvent system conditions used, the
epoxide formed in the primary reaction is partly converted to
dione, along with the formation of many side products.

3.2.3. The formation of 3-phenylisobenzofuran-1(3H)-one
(3HF phthalide) and 6-chloro-3-phenylisobenzofuran-1-(3H)-
one (Cl-3HF phthalide). There are a number of reports on the
photochemical reactions of 3HF under aerobic and anaerobic

conditions, and in different solvent systems.11–16 A common
feature is that dione is the photorearranged product, along
with the formation of phthalide. Phthalide has been shown to
be formed from dione following long-term photolysis. Here,
after the detection of epoxide as the primary product, it has
been observed that phthalide is formed directly from epoxide
instead of through dione. As explained above, dione in ACN is
converted to epoxide kinetically. It has been found that if
epoxide solutions of both 3HF and Cl-3HF in ACN are kept in
the dark for some days, the corresponding epoxides are quanti-
tatively converted to the corresponding phthalides. Phthalides
have been identified via their 1H NMR, 13C{1H} NMR, IR,
GC-MS and UV-visible spectra. It has also been verified that a
solution of dione in MeOH remains stable when placed in the
dark, unlike with ACN as solvent (see the above discussion). It
is neither converted to epoxide nor decomposed to phthalide,
as revealed by the UV-visible spectrum and GC-MS data. On
the basis of the above-mentioned observations, results, and
detection of epoxide as the primary product, the following
basic steps shown in Scheme 5 are proposed.

The formation of epoxide has been earlier suggested to
occur via (σ2 + π2) cycloaddition of the substrate in its triplet
state.11 In the present work, we have inferred that the for-
mation, stability and further conversion of epoxide into dione,
phthalide and other minor products depend mainly upon the
solvent system and the substrate structure. The role of ACN in
the formation of epoxide and the interconversion of dione in
this solvent appears to be significant.

In a report by R. Diller and co-workers, they obtained mid-
IR vibrational spectra of 3HF excited states in solution using
acetonitrile-d3.

30 On the basis of vibrational frequencies, struc-
tural information about the intermediate states was obtained.

Fig. 9 (a) The changing spectra of dione in the dark with ACN as solvent, (b) the spectra of unchanged dione after different time intervals, and
(c) the remaining spectra upon subtracting the spectra of (b) from the corresponding spectra of (a).

Scheme 4 The reversibility and modes of the ring opening of the oxiranyl carbinyl radical (C).
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It was predicted that 3HF has two structures in the ground
state: one possessing intact intramolecular hydrogen bonds,
and another in the form of a 3HF-ACN aggregate with inserted
ACN. Aggregation weakens the intramolecular hydrogen
bonding in 3HF. It has also been reported that a small pro-
portion of 3HF exists in the anionic form.31 The anionic form
proportion is relatively higher with MeOH as solvent, com-
pared to ACN. The formation, stability, etc. of epoxide in ACN
could be due to these properties of 3HF, i.e. special kinds of
solute-solvent interactions.

The quality of 3HF photoreactions also depends upon the
substitution at the phenyl ring in the second position. In a
report on the photoreactions of 4′-diethylamino-3-hydroxy-
flavone, it was found that it was oxidised into O-4-diethyl-
aminobenzoyl salicylic acid differently from 3HF, which under-
goes photorearrangement with ACN as solvent.16

We have also reported the photoreactions of 2-(furan-2-yl)-
3-hydroxy-4H-chromen-4-one (FHC) and 3-hydroxy-2-(thio-
phene2-yl)-4H-chromen-4-one (THC) with ACN as solvent.22 In
those cases, it was observed that the photochemical reactions
of two similar looking flavones, FHC and THC, are different in
the same solvent (ACN), while the same flavone behaves differ-
ently in different solvents. FHC in aerated ACN gives a dimer
(an oxidised product) and its dione upon photolysis, while in
de-oxygenated ACN, its dione and phthalide are formed. In the
case of THC, only dimer is formed in aerated ACN. It has been
explained that this kind of flavone behaviour is because of
complexity added by excited state intramolecular charge trans-
fer (ESICT) to the already complex behaviour resulting from
ESIPT reactions in excited states.

Furthermore, the results of the present work suggest that
phthalide is formed via the decomposition of epoxide, instead
of dione as reported earlier.12,17 It is proposed that the for-
mation of dione from epoxide takes place via C–O bond clea-
vage, and the formation of phthalide takes place via the C–C
bond cleavage of the oxiranyl ring of epoxide along the same
lines as suggested in the case of oxiranyl carbinyl radical C
(Scheme 4).24 These selective bond cleavages depend upon the
nature of the substituents in the rings of the substrate and,
most importantly, on the nature of the solvent in which the

epoxide is kept. The conversion of epoxide into dione with
MeOH as solvent is favoured because of the hydroxyl group in
MeOH, which helps in the transfer of H from OH to the O
atom of the oxiranyl ring of epoxide during C–O bond
cleavage.

The detection of epoxide as the primary product, especially
in ACN, here will definitely help in explaining the mechanisms
of the photorearrangement reactions of 3HF-type molecules
that have already been studied or are being studied.

4. Conclusions

Epoxide as a precursor for the formation of dione has been
detected in the photorearrangements of 3HF and Cl-3HF from
the photoproduct spectra in situ. It has been found that
epoxide and dione are interconvertible, depending upon the
environment. Phthalide has been shown to be formed from
epoxide in the solution phase in the dark instead of from the
secondary photolysis of dione, in contrast to some reports
from previous years. Thus, it can be said that epoxide is the
photoproduct in the photorearrangement reactions of 3HF
molecules, at least in the selected solvents. To date, in all
reports from previous years, dione and phthalide have been
reported as the photoproducts in these reactions; however,
they actually appear to be formed from the epoxide photo-
product in the dark, especially with ACN as solvent.
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