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Keto-enol tautomerization in 2-alkyl-1,3-diketons having ﬁve-membered rings was studied using steady
state and laser ﬂash photolysis techniques in solution. The alkyl keto-diketones undergo photoinduced
tautomerization mainly in the triplet state to the enol in acetonitrile. The alkyl enol-diketones, thus
formed, undergo thermal tautomerization to the original keto forms in a few days. The alkyl enoldiketones show fast internal conversion from the excited singlet state to the ground state without
yielding the corresponding isomeric forms (rotamer). Based on the computation for state energies of the
keto, enol and isomer forms, a schematic energy diagram for the tautomerization was drawn.
ã 2015 Elsevier B.V. All rights reserved.
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1. Introduction
Keto-enol tautomerizations of aromatic alkenes typically
proceed in solution [1–3]. 1,3-Dibenzoylmethane (DBM), a
representative of the b-dicarbonyl compounds, takes an enol
form as the molecular conﬁguration at room temperature [4–8].
The enol form of DBM has a strong absorption band in the UV-A
wavelength region that originates from the p, p* transition. Most
of DBM derivatives are nonﬂuorescent in solution due to efﬁcient
nonradiative processes from the excited singlet states, which has
been revealed to involve the formation of transient enol isomers
(rotamers) followed by thermal recovery to the chelated enol form.
The tautomerization and isomerization processes of DBM are
shown in Scheme 1.
DBMs are, therefore, applicable to UV-A sunlight screening.
Practically, 4-tert-butyl-40 -methoxydibenzoylmethane (trade
name, Avobenzone, AB) is one of the most widely used UV-A
sunscreens. A number of investigations were performed for
understanding and utilizing photochemical and photophysical
properties of AB [2,4,8–25]. In a previous paper, we reported that
AB in the enol form undergoes tautomerization to the keto upon
photolysis only in acetonitrile, resulting in occurrence of the
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thermal reaction from the keto to the original enol form with a
deﬁnite activation energy [24].
Conversely, it is reported that methylated AB (1,1-(4-tertbutylbenzoyl)(40 -methoxybenzoyl) ethane; MeAB) shows large
absorption in the UV-C region because the methyl group hinders
the keto form of DBM moiety tautomerizing to the enol form in the
ground state [23]. Laser photolysis investigations of MeAB revealed
the efﬁcient formation of the triplet n, p* state via a fast
intersystem crossing from the excited singlet state of the ketoformed MeAB. It seems that methyl keto-DBMs are inert to
tautomerization to the enol form. Changing the methyl group to
the propyl group, we have shown that propylated AB (1,1-(4-tertbutybenzoyl)(40 -methoxybenzoyl) butane) in the keto form
undergoes the Norrish type II reaction in the n, p* triplet state
in solution [26]. It seems that introduction of alkyl groups to the
DBM skeleton allows the formation of n, p* triplets upon
photoexcitation of the keto-formed DBMs.
In the present study, we have synthesized 1,3-diketones bearing
ﬁve membered rings (furan and thiophene) as the chromophores
and the corresponding 2-methyl and 2-propyl 1,3-diketones (Chart
1) in order to ﬁnd new photochemical insights in them. It is found
that the alkyl keto-diketones undergo photoinduced tautomerization mainly in the triplet state to the enol, and that the formed
enols perform thermal reverse reactions to the original keto form.
The tautomerization processes are investigated with the aid of DFT
calculations.
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Scheme 1. Keto–enol tautomerization of DBM and isomerization processes of enol DBM.

included by self-consistent reaction ﬁeld (SCRF) theory using
conductor-like polarizable continuum model (CPCM). It was
conﬁrmed that the estimated structures did not exhibit imaginary
frequency.
3. Results and discussion
3.1. Absorption and emission measurements

Chart 1. Molecular structures and abbreviations of the compounds used in this
study.

Fig. 1 shows absorption and emission spectra of the alkyl-free
(FF, FT and TT) and alkyl diketones (MeFF, PrFF, MeFT, PrFT, MeTT
and PrTT).
The absorption bands of the alkyl-free diketones, are located at
360 nm, indicating that these diketones take the enol form in the
ground state. Conversely, the alkyl diketones show the absorption
maxima at 260–270 nm, indicating that they take the keto form in

2. Experimental
Bis(2-furoyl) methane (FF), (2-furoyl)(2-thenoyl) methane (FT)
and bis(2-thenoyl) methane (TT) were prepared by Claisen
condensation between the corresponding acetylate and ethyl
ester in THF in the presence of NaH. 1,1-Bis(2-furoyl) methane
(MeFF), 1,1-(2-furoyl)(2-thenoyl) methane (MeFT), 1,1-bis(2-thenoyl) methane (MeTT), 1,1-Bis(2-furoyl) butane (PrFF), 1,1-(2furoyl)(2-thenoyl) butane (PrFT) and 1,1-bis(2-thenoyl) butane
(PrTT) were prepared by the reaction of the corresponding
diketone with methyl and propyl iodide, respectively, in acetone
in the presence of K2CO3. The preparation procedures and the NMR
data of FF, FT, TT, MeFF, MeFT, MeTT, PrFF, PrFT and PrTT are
deposited in Supplementary data. Acetonitrile (ACN) was distilled
for puriﬁcation. Ethanol (EtOH, spectroscopic grade from Kishida)
was used without further puriﬁcation.
Absorption spectra were recorded on a U-best 50 (JASCO)
spectrophotometer whereas emission spectra were on a Hitachi
F-4010 ﬂuorescence spectrophotometer. Samples in a quartz cell
with a 1 cm path length were prepared in the dark, and Ar-purged
when necessary. The optical density of the sample solution for
laser ﬂash photolysis was adjusted to be ca. 0.7 at the excitation
wavelength. Steady state photolysis was carried out by using a lowpressure Hg lamp (254 nm) and a high-pressure Hg lamp
(l > 330 nm) at 295 K. Fourth (266 nm) and third (355 nm)
harmonics from a Nd:YAG laser system (LT-2137 from Lotis-TII,
10 mJ/pulse, pulse duration; 18 ns) were used as the excitation
laser light sources. The details of the detection system for the time
proﬁles of the transient absorption have been reported elsewhere
[27]. Transient absorption spectra were obtained using a Unisoku
USP-T1000-MLT system, which provides a transient absorption
spectrum with one laser pulse. The obtained transient spectral data
were analyzed using the least-squares best-ﬁtting method. 1H
NMR spectra were recorded on a JEOL NMR System 400 MHz
spectrometer using Me4Si as an internal standard. DFT calculations
were carried out at the B3LYP/6-31G(d) level, using the Gaussian
09 software package [28]. The solvation effects of acetonitrile were

Fig. 1. Absorption spectra (solid) in ACN at 295 K and ﬂuorescence (blue broken)
and phosphorescence (red) spectra in EtOH at 77 K. The alkyl-free diketones were
excited at 370 nm while the alkyl diketones were at 300 nm. For interpretation of
the references to color in this ﬁgure legend, the reader is referred to the web version
of this article.)
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