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Abstract

Photochemical processes of 4-tert-butyl-4’-methoxydibenzoylmethane (avobenzone, AB), 4-
phenylbenzoylbenzoyl-, 4-phenylbenzoyl-2'-furanyl- and 4-phenylbenzoyl-2'-thenoylmethanes
(PB@Ph, PB@F and PB@T, respectively) substituted with Br and Cl at the C2 position were
studied by stationary and laser flash photolyses in solution. The absorption spectral features showed
that the molecular structures of the halogenated diketones are in the keto forms while those of
halogen-free diketones are in the enol forms. The excited singlet and triplet state energies were
determined from the absorption and emission spectra. From the absorption spectral changes upon
steady state photolysis of brominated diketones in ethanol, the corresponding halogen-free diketone
due to Br elimination was found to be the major photochemical process. The determined quantum
yields for the formation of the halogen-free diketones were independent of the amount of the
dissolved oxygen, indicating that the elimination process is the event in the excited singlet (S,) states.
In contrast, from the observed absorption spectra obtained upon photolysis of chlorinated AB and
PB@Ph, it was inferred that Norrish type I is the major photochemical reaction in the S, states in
acetonitrile. Chlorinated PB@F and PB@T were found to undergo Cl elimination in the S, states in
cyclohexane to form the corresponding halogen-free diketones. Laser photolysis studies of
brominated AB in acetonitrile and ethanol provided a transient absorption spectrum ascribable to the

avobenzone radical (ABR) produced by debromination as the initial intermediate, followed by the
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AB formation in ethanol. The quenching rate constant of ABR by ethanol and the quantum yield of
the AB formation via ABR were determined. These observations provided evidence that H-atom
abstraction of ABR from ethanol is responsible for the AB formation. Conversely, laser flash
photolysis of brominated and chlorinated PB@Ph, PB@F and PB@T demonstrated the formation of
the triplet-triplet absorption. No chemical reactions were found to occur in the triplet (T,) states.
Two-color two-laser photolysis studies were carried out on the T, state of chlorinated PB@Ph,
PB@F and PB@T, resulting in the formation of the corresponding halogen-free diketones. These
observations convinced occurrence of Cl elimination in the highly excited triplet (T,, n = 2) states.
Based on the computated bond dissociation energies for the C-halogen and C-C bonds, switching

mechanisms of dehalogenation and a-cleavage were discussed.

* Authors to whom correspondence should be addressed.

1. Introduction

Keto-enol tautomerizations of aromatic alkenes in solution are typical chemical processes in a
thermal equilibrium. 1,3-Dibenzoylmethane (DBM), a typical representative of the [(3-dicarbonyl
compounds, takes an enol form as the molecular configuration at room temperature. Enol forms of
DBMs have strong absorption bands in the UVA region (315-380 nm) originated from the 7t-7t’
transition of the chelated quasi-aromatic s-electron system. As most of DBMs are nonfluorescent in
solution, the presence of efficient nonradiative processes from the excited singlet states is indicative.
In fact, this process has been revealed to involve the formation of transient enol isomers (rotamers)
followed by recovery to the chelated enol form in the dark. The tautomerization and isomerization

processes of DBMs are shown in Scheme 1.
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Scheme 1. Keto-enol tautomerization of DBMs and isomerization processes of enol DBMs.

DBMs are, therefore, applicable to UVA sunlight screening. Practically, 4-fert-butyl-4’-
methoxydibenzoylmethane (trade name, Avobenzone, here abbreviated as AB) is one of the most
widely used UVA sunscreen. There are an amount of reports for understanding and utilizing
photochemical and photophysical properties of AB.'” Because AB has large absorbance at 350 nm,
the molecular structure of AB in the ground state is the enol form. Photochemical behavior of AB is
almost the same as that of DBM (Scheme 1) whereas AB is shown to photodecompose via the

Norrish type I mechanism.*?

We have reported photochemical features of alkylated ABs. Methylated AB (1,1-(4-tert-
butylbenzoyl)(4’-methoxybenzoyl)ethane; MeAB) shows large absorption in the UVC region (200 -
280 nm) because the methyl group hinders the keto form of DBM moiety tautomerizing to the enol
form in the ground state."® Laser photolysis investigations of MeAB revealed the efficient formation
of the triplet state via a fast intersystem crossing from the excited singlet state of the keto-formed
MeAB. Propylated AB (1,1-(4-tert-butybenzoyl)(4’-methoxybenzoyl)butane) in the keto form was
shown to undergo the Norrish type II reaction in the n,t triplet state in solution.”’ These
photophysical features of triplet keto-formed ABs are similar to that of carbonyl aromatic
compounds, such as benzophenone whose electronic character of the triplet state is of an n,7t type.
It seems that introduction of substituent groups to the AB skeleton allows the formation of n,7’
triplets upon photoexcitation of the keto-formed ABs. When the phenyl group of benzophenone is
replaced with larger s-electron systems, such as biphenylyl and naphthyl moieties, it is reported that

the electronic character of the lowest triplet (T,) state changes from nst" to wgt, and the triplet

3
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energy level decreases.” It is of our interest what differences emerge in their photochemical and
photophysical properties when rt-electron moieties different from the phenyl ring are introduced in

the 1,3-diketone backbone.

In the present study, we prepare AB derivative halogenated at the C2 position (4-tert-butyl-4’-
methoxydibenzoylbromomethane; BrAB and 4-fert-butyl-4’-methoxydibenzoylchloromethane;
CIAB) that is expected to be in keto forms in the ground state. We have also prepared 4-
phenylbenzoyl benzoyl- (PB@Ph), 4-phenylbenzoyl furanyl- (PB@F), and 4-phenylbenzoyl
theonylmethans (PB@T) by replacing the phenyl rings of DBM with biphenyl, furan and thiophene
moieties, and their halogenated derivatives were prepared (see Chart 1 for the molecular structures
and the abbreviations). By using steady state and laser flash photolysis techniques, the photophysical

and photochemical features of halogenated DBM derivatives are investigated in solution.

o o 0 o 0
Y
IYC Y0 Y
By X OMe O O
X = H (AB) X = H (PB@Ph) X =H, Y=
X = Br (BrAB) X = Br (BrPB@Ph) XY =0 BiIPBGF)
X = CI (CIAB) X = CI (CIPB@Ph) X =Cl, Y = O (CIPB@F)
X=H,Y=S§ (PB@T)
X =Br, Y =S (BrPB@T)
X=Cl, Y =S5 (CIPB@T)

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

2. Experimental

Avobenzone (AB; 4-tert-butyl-4’-methoxydibenzoylmethane, >99 % purity) was purchased from
Fluka, and purified by recrystallizations from ethanol before the wuse. 4-Phenylbenzoyl

benzoylmethane (PB@Ph) was prepared according the literature.”

Bromoavobenzone (4-tert-
butylbenzoyl-4’-methoxybenzoylmethane; BrAB) and bromo(4-phenylbenzoyl)benzoylmethane
(BrPB@Ph) were prepared according to the same procedure for dibenzoylbromomethane.”

Chloroavobenzone (4-tert-butylbenzoyl-4’-methoxybenzoylchloromethane; ClIAB) and chloro(4-

phenylbenzoyl)benzoylmethane (C1IPB@Ph) were prepared by the same procedure for 2-chloro-1,3-
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diarylpropan-1,3-diones.” The preparation procedures and the NMR data of BrPB@Ph, CIPB@Ph,
PB@F, PB@T, BrPB@F, BrPB@T, CIPB@F and CIPB@T are deposited in the electronic
Supplementary Information (ESI). N-Methyldiphenylamine (MDPA) from Tokyo Kasei (TCI) was
distilled under reduced pressure for purification before the use. Acetonitrile (ACN) was distilled for
purification. Ethanol (EtOH, spectroscopic grade from Kishida), cyclohexane (CH, spectroscopic
grade from Wako) and methylcyclohexane (MCH, photometric grade from Aldrich) were 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 or degassed by several freeze-pump-thaw
cycles on a high vacuum line when necessary. Steady state photolysis was carried out by using a
low-pressure Hg lamp (254 nm) and a high-pressure Hg lamp with an cut-off filter at 295 K unless
noted. The photon flux at 254 nm was determined by using N-methyldiphenylamine in aerated
methylcyclohexane as a chemical actinometer. The quantum yield for the formation of N-
methylcarbazole from N-methyldiphenylamine has been established as 0.42.*° The procedure for
determining quantum yields with the use of absorption spectrum changes was the same as that
described in the literature.”” Fourth harmonics (266 nm) from a Nd:YAG laser system (12 mJ / pulse,
Lotis-TII, LT-2137), 430 nm (10 mJ / pulse) and 440 nm (7 mJ / pulse) laser pulses from a
Ti:Sapphire laser system (Lotis-TII, LT-2211) pumped with second harmonics (532 nm) from the
Nd:YAG laser system and a XeCl excimer laser (308 nm, 17 mJ /pulse, Lextra 50 from Lambda
Physik) 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.” 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. The temporal data of absorbance changes were analyzed by using the
least-squares best-fitting method. Density functional theory (DFT) calculations for heats of

formation were performed using the Gaussian 09 program.*’
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3. Results and Discussion

3.1 Absorption and emission measurements

Figure 1 shows absorption and emission spectra of AB, PB@Ph and the halogenated compounds in

solution.
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Figure 1. Absorption spectra (solid) in ACN at 295 K and phosphorescence spectra
(res) in EtOH at 77 K for AB (a), BrAB (b), CIAB (c), PB@Ph (d), BrPB@Ph (e) and
CIPB@Ph (f). Fluorescence (blue) was observed for AB in ACN at 295 K (a) and
PB@Ph in EtOH at 77 K (d) while that from BrAB, CIAB, BrPB@Ph and CIPB@Ph
was not observed at 295 K and 77 K.

The absorption band of AB is located at 356 nm indicating that AB takes the enol form in the ground
state.® Conversely, BrAB and CIAB show the absorption maxima at 260 - 270 nm, indicating that
they take the keto form in the ground state. Very weak fluorescence from AB was recorded at 295 K
while that from BrAB and CIAB was not observed under the same conditions. Similarly, from the
wavelength region of the absorption bands, it is inferred that PB@Ph and the halogenated
compounds take the enol and the keto forms, respectively, The absorption and emission features of
PB@F, PB@T and the halogenated derivatives, whose spectra are deposited in the ESI (Figure S1),
are very similar to those of PB@Phs. The observation and absence of fluorescence from the studied
compounds indicate that the electronic character of the lowest excited singlet (S,) state of the
halogenated derivatives is of n,t while that of the enol-formed compounds is of no. It was
confirmed that the excitation spectra of the emission agree well with the corresponding absorption

spectra. Phosphorescence spectra of the studied compounds show vibrational structures due to the

6
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carbonyl progression. The phosphorescence shapes of the enol forms and the halogenated diketones
having biphenyl moiety are, respectively, similar irrespective of the other chromophores, indicating
that the triplet energy is mainly localized on the biphenyl moiety and that the electronic character of
the triplets is of 7,7t . The energy levels of the T, states were determined from the 0-0 origins of the

phosphorescence spectra. The spectroscopic data of the used compounds are summarized in Table 1.
3.2.1 Photochemical features of brominated diketones in solution

Figure 2 shows absorption spectral changes upon photolysis of BrAB and BrPB@Ph in solution.
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Figure 2. Absorption spectral changes upon photolysis of BrAB in degassed EtOH (a) and ACN
(b), and BrPB@Ph in degassed CH (c) and ACN (d).

With an increase of 254 nm irradiation time, the intensity of the absorption band of BrAB at 270 nm
decreased in EtOH while that at 356 nm increased with isosbestic points (Figure 2a). The emerged
absorption band at 356 nm agrees with that of AB, indicating occurrence of photodebromination
from BrAB forming the 4-fert-butyl-4’-methoxydibenzoylmethyl radical (ABR) that would undergo
H-abstraction from EtOH. The conformations of ABR may be in either a methyl-radical or an oxy-
radical form (denoted as mABR and oABR, respectively) both of which are mesomeric structures

(Scheme 2).
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Scheme 2. Photochemical formation of AB via ABR from photoexcited BrAB in EtOH.

Interestingly, photochemical features of BrAB in ACN were found to differ from that in EtOH. The
absorption band of AB did not appear upon 254 nm photolysis of BrAB in ACN (Figure 2b) while a
new absorption band appeared at 266 nm. We were unable to identify the photoproduct having the
absorption at 266 nm. Similarly, upon photolysis (A >280 nm) of BrPB@Ph in CH, the absorption
band at 295 nm diminishes with isosbestic points accompanying a developing absorption band at
354 nm (Figure 2c), which is similar to that of PB@Ph. These observations also demonstrate
debromination in the excited state of BrPB@Ph. The quantum yields of the AB formation in EtOH
and the PB@Ph formation on CH were determined to be 0.08 £ 0.01 and 0.10 + 0.01, respectively.
Since these quantum yields were independent of the amount of dissolved oxygen, the debromination
of BrAB and BrPB@Ph is considered to proceed in the S, state. Photolysis of BrPB@Ph in ACN
provided definite absorption spectral changes with isosbestic points (Figure 2d) although the final
absorption band at 268 nm were unable to be identified. We also investigated absorption spectral
changes upon stationary photolysis (A>280 nm) of BrPB@F and BrPB@T in EtOH and CH (Figures
S2 and 3 in the ESI). We have recognized that BrPB@T undergoes photodebromination in EtOH
producing PB@T with a quantum yield of 0.10 + 0.01 whereas BrPB@F showed strange absorption
spectral changes in EtOH. Since absorption spectrum of BrPB@F in EtOH consisted of the
absorption bands of the keto and the enol, we were unable to explain the photochemical reactions in
EtOH. In CH, BrPB@F and BrPB@T seemed to decompose showing isosbestic points in the
absorption spectral changes although the appeared absorption spectra were different from those of
the corresponding enol forms. Photochemical reaction of BrPB@F and BrPB@T are strongly
dependent on the variety of the solvent. In short, we have confirmed debromination in the S, states
of BrAB in EtOH, BrPB@Ph in CH and BrPB@T in EtOH by observing the growth of absorption

spectra of the corresponding enol forms.
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3.2.2 Photochemical features of chlorinated diketones in solution

Figure 3 shows absorption spectral changes upon 254 nm photolysis of CIAB in EtOH and ACN.

Absorbance

Nornalized
Absorbance
o ek
i S

Wavelength / nm

Figure 3. Absorption spectral changes upon 254 nm photolysis of CIAB in aerated EtOH (a)
and ACN (b). (c) Reference absorption spectra of AB (solid), p-tert-butylbenzaldehyde (red)
and a photoproduct (PP,,, blue) of p-methoxyphenacyl chloride in ACN.

In Figure 3a, with a lapse of irradiation time, the absorption band of CIAB at 274 nm decreases in
EtOH with an increase of absorbance at 356 nm where AB in the enol form shows the characteristic
absorption band (see Figure 3c). The AB formation indicates that dehalogenation is the major
photochemical reaction of CIAB in EtOH as well as BrAB in EtOH. The quantum yield for the AB
formation from CIAB in EtOH was determined to be 0.065 + 0.01. By contrast, features of
absorption spectral changes upon photolysis of CIAB in ACN were different from those in EtOH
(Figure 3b). With increasing irradiation time, the absorbance of CIAB in ACN decreases and a new
absorption band was seen at 256 nm. AB formation upon photolysis of CIAB in ACN seemed to be a
minor process. The quantum yield for the photodecomposition of CIAB in ACN was determined to
be 0.18 + 0.02. Since this value was not affected by the amount of dissolved oxygen, the
decomposition is the event in the S, state. The absorption spectrum at 180 s in Figure 3b was similar

to the superposed ones of p-tert-butylbenzaldehyde and a photoproduct (PP,,, A, = 220 nm) of p-
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methoxyphenacyl chloride. Absorption spectral changes upon photolysis of p-methoxyphenacyl
chloride in ACN are displayed in the ESI (Figure S4). From these absorption spectra, it is inferred
that the major photochemical reaction of CIAB in ACN is a-bond cleavage of the carbonyl (Norrish

Type I) in CIAB. The plausible photochemical processes of CIAB in ACN are shown in Scheme 3.
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Scheme 3. Plausible photochemical processes of CIAB.

The observed photochemical reactions are found to depend on the solvent. The H-bonding of the
EtOH molecules to the carbonyl groups of CIAB may induce a-bond cleavage or prevent the C-Cl
bond dissociation. KoSmrlj et al. have shown that Cl-substituted DBM derivatives undergo
photocyclization to form the corresponding flavones in solution via the C-Cl bond cleavage.” The
quantum yield of flavone formation from 2-chloro-1,3-dibenzoylmethane was reported to be 0.022.
This report is worth to be compared with our results that photocyclization from CIAB to flavone is

absent in ACN instead of finding a variety of the photoproducts due to a-cleavage.

Figure 4 shows absorption spectral changes upon photolysis of CIPB@Ph in CH and ACN.

10
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Figure 4. Absorption spectral changes upon photolysis (A > 280 nm)
of CIPB@Ph in aerated CH (a) and ACN (b).

As increasing the irradiation time, the absorption intensity of CIPB@Ph in CH decreases with
isosbestic points, creating an absorption band at 275 nm (Figure 4a). The absorption spectrum
obtained at 105 s agreed with the superposed ones of benzaldehyde and a photoproduct (PP,5 A, =
275 nm) of p-phenylphenacyl chloride (See Figures S5b and c in the ESI). From these observations,
the plausible primary photochemical reaction of CIPB@Ph in ACN is also suggested to be Norrish

Type I depicted in Scheme 4.

0o Q. 0
a-cleavage O CH + K©
—_— |
O O Cl O O Cl

Scheme 4. Plausible photochemical processes of CIPB@Ph in CH.

Photochemical reactions of CIPB@Ph in ACN (Figure 4b) were different from those in CH. The
absorption spectral changes in ACN showed isosbestic points, providing a new absorption band at

253 nm, which is not due to the photoproduct (A, = 282 nm) of p-phenylphenacyl chloride in ACN

max
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(Figure S5d in the ESI). We were succeeded in isolating the photoproducts (PP,s; and PP,g;) having
the absorption peaks at 253 nm and 283 nm using a home-made microflow photoreactor.”” The
absorption spectra of PP,s; and PP,g, are deposited in the ESI as Figure S6. Unfortunately, we were
unable to identify them although we have measured the mass spectra of PP,s; and PP,g; being M* =
307 and 273, respectively. However, from the absence of the absorption spectrum of PB@Ph (enol
form) after photolysis of CIPB@Ph in CH and ACN, it is unambiguous that occurrence of the C-Cl
bond cleavage is a negligible event in the S, state. Conversely, We have confirmed that CIPB@F
and CIPB@T undergo C-Cl bond cleavage in the S, state in CH and ACN. The spectral data are
deposited in the ESI as Figures S7 and 8. It is interesting that the photochemical reactivity in the C-
Cl bond dissociation in the diketones having the biphenyl moiety strictly depends on the counter

aromatic rings (Ph, T and F).

3.3 Transient absorption measurements using laser photolysis techniques

For the purpose of understanding the photoreaction intermediates of BrAB, 266nm laser flash
photolysis was performed. Figure 5a shows a transient absorption spectrum obtained upon 266 nm

laser pulsing in degassed ACN solution of BrAB.

12
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Figure 5. (a) Transient absorption spectra at 100 ns (red) and 200 ps (blue) upon 266 nm laser
pulsing in ACN solution of BrAB. Insets; a temporal absorbance change at 345 nm. (b)
Transient absorption spectra at 100 ns (red) and 25 ps (blue) upon 266 nm laser pulsing in
EtOH solution of BrAB. Insets; a temporal absorbance change at 356 nm. (c) Transient
absorption spectra at 50 ns (red) and 25 ps (blue) upon 266 nm laser pulsing in ACN solution
of CIAB. Insets; temporal absorbance changes at 350 nm in degassed (solid) and aerated (red)
ACN. (d) Transient absorption spectra at 50 ns (red) and 25 us (blue) upon 266 nm laser
pulsing in EtOH solution of CIAB. Insets; a temporal absorbance change at 345 nm.

The absorption spectrum at 100 ns has the absorption maximum at 345 nm, and the absorbance
decreased with a rate of 2.4 x 10* s (see inset in Figure 5a), providing an absorption spectrum
having the maximum at 345 nm at 200 us. We were unable to assign the species for the absorption
spectrum seen at 200 ps. The shape of the incipient transient absorption spectrum at 100 ns in ACN
was very similar to that obtained at 100 ns upon 266 nm laser pulsing in degassed EtOH solution of
BrAB (Figure 5b). The transient absorption spectrum at 100 ns in EtOH decreases with a rate of 4.1
x 10° s™', giving an absorption band at 356 nm at 10 us, which is ascribable to AB on the basis of the
shape and the peak wavelength. The decay rate was not affected by the amount of the dissolved
oxygen. Since we have shown that stationary photolysis of BrAB in EtOH provides AB due to
debromination, the absorption band at 345 nm seen at 100 ns in ACN and EtOH is probably be due
to the ABR produced by debromination in the excited state of BrAB. These absorption spectrum
changes of BrAB in EtOH indicate that ABR undergoes H-atom abstraction from EtOH, resulting in

the formation of AB.

We have observed photochemical reactions of CIAB depending on the solvent (Scheme 3). In

ACN, o-cleavage with the C-C bond predominates with a quantum yield of 0.18 whereas the

13
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formation of AB due to the C-Cl bond dissociation proceeds in the S, state with a quantum yield of
0.06 in EtOH. Figure S5c shows transient absorption spectra upon laser photolysis of CIAB in ACN.
The transient absorption spectrum at 350 nm decreases with a rate of 2.4 x 10* s, which was
accelerated in the presence of the dissolved oxygen (see inset in Figure 5c¢). This observation
indicates the presence of triplet manifold in the early stage upon photoexcitation of CIAB in ACN.
The absorption of triplet CIAB may locate in the wavelength region, 320-420 nm. The absorption
spectrum at 25 ps after depletion of triplet CIAB may be due to the radicals as formed by a-cleavage
shown in Scheme 3. In Figure 5d, absorption spectrum obtained at 50 ns upon 266 nm laser pulsing
in CIAB in EtOH resembles that obtained at 50 ns for laser photolysis of BrAB in EtOH (Figure 5b),
and decayed with a rate of 3.6 x 10° s, giving absorption spectrum at 25 ps due to AB. The
obtained decay rate for CIAB in EtOH was independent of the dissolved oxygen, and close to that
(4.1 x 10° s™") obtained for H-atom abstraction for BrAB in EtOH. From these observations, the
transient absorption changes in Figure 5d demonstrate that ABR generated by photodechlorination
of CIAB undergoes H-atom abstraction from EtOH. It is notable that intersystem crossing to the
triplet state of CIAB is controlled by photochemical reaction in the S, states influenced by H-
bonding of the solvent molecules. In EtOH, dechlorination governs the S, state deactivation whereas

intersystem crossing to the triplet competes with a-cleavage in the S, state in ACN.

A quantum yield, @, for the formation of AB upon 266 nm laser photolysis of BrAB in EtOH
was determined as follows. Based on the absorbance change, AA for the formation of AB seen in the

transient absorption at 356 nm (see inset in Figure 5c), ®,; is formulated by eqn 1.

D, =AA &' ' (1-1042e6) [0 (1)

where €, [, Ay and I, are, respectively, the molar absorption coefficient of AB at 356 nm (32400
dm’ mol™ cm™), the optical path length (1 cm), the absorbance of BrAB at 266 nm and fluence of the
incident laser pulse. The quantity of /, can be determined by using eqn 2 based on the quantum yield
(®yc) of photoconversion from N-methyldiphenylamine (MDPA) to N-methylcarbazole (MC) in

MCH (0.42)* and the absorbance change due to the formation of MC.

14
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Iy= My 6 1 (111074887 T T (2)

Here, AA,,;, &y, | and AYPPA are, respectively, the absorbance change at 343 nm due to the
formation of MC, the molar absorption coefficient of MC at 343 nm (5800 dm’ mol" cm™)*, the
optical path length (1 cm) and the absorbance of MDPA at 266 nm. The actual data for AA and the
term, 1 — 1074266 can be seen in the ESI as Figure S9. By using the slopes of these lines and eqns 1
and 2, the value of ®,; in EtOH was determined to be 0.07 + 0.01 independent of the amount of the
dissolved oxygen, which indicates that the C-Br bond cleaves in the S, state of BrAB. The ®,; value
obtained upon laser flash photolysis is in a good agreement with that (0.08) obtained upon steady
state photolysis of BrAB in EtOH. We have observed no transient absorption due to triplet BrAB in
fluid solution upon laser flash photolysis. This observation convinces the efficient C-Br bond
dissociation in the S, state, which may reduce the intersystem crossing yield to the triplet state. The
similar procedure was applied to CIAB in EtOH for determining the AB formation, obtaining ®,; =

0.05 £0.01, which is closed to that (0.06) obtained by stationary photolysis techniques.

The decay rate (4.1 x 10° s™") of ABR observed for BrAB in EtOH was found to be greater than
that (k, = 2.3 x 10* s™") in ACN. The quenching rate constant, k, of ABR by EtOH was determined by
obtaining decay rates, k., at various concentrations of EtOH, [EtOH] in ACN. Figure 6 shows plots

of k., as a function of [EtOH].

-1

kg /10 s

0 10 20
[EtOH] / mol dm

Figure 6. Decay rates (k) of the ABR formed upon 266
nm laser pulsing in BrAB in ACN plotted as a function of
[EtOH].
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Since the plots show a straight line, &, is expressed as,
kobsa = ko + k[EtOH]  (3)

From the slope of the line, the k, value was determined to be 2.3 x 10* dm’ mol" s'. Since the
obtained rate constant is smaller than that of the diffusion limit of ACN (2.0 x 10" dm’ mol™ s™ at

20 °C)", it is obvious that H-abstraction of ABR proceeds in a diffusion process. Regrettably as for

CIAB, because the initial photochemical reaction depended on the solvent, it was impossible to

determine the rate constant for H-atom abstraction from EtOH in ACN.

We have observed that the photochemical reactions of BrPB@Ph and CIPB@Ph in CH are,
respectively, debromination and a-cleavage in the S, states. According to these photochemical
reactions, the initial species produced are to be the 4-phenylbenzoylbenzoylmethyl radical from
BrPB@Ph and the 4-phenyphenacylchloromethyl and benzoyl radicals from CIPB@Ph. Laser flash
photolysis was carried out to investigate the competitive reactions and formed species in these S,
states. Figure 7 shows transient absorption spectra obtained upon 308 nm laser pulsing in the CH

solution.

0.05f

400 500 600 700
Wavelength / nm

Figure 7. Transient absorption spectra obtained at 50 ns upon
308 nm laser pulsing in degassed CH solution of BrPB@Ph
(a) and CIPB@Ph (b).

Transient absorption spectra having the maxima at 445 nm for BrPB@Ph and at 438 nm for

CIPB@Ph were obtained. The lifetimes of these transient absorption spectra for BrPB@Ph and
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CIPB@Ph in CH were, respectively, 4.7 us and 250 ns, and reduced by the presence of the dissolved
oxygen, indicating that these transient species are ascribable to the corresponding triplet states. After
depletion of the triplet-triplet (T-T) absorption spectra, no residual absorption was seen in the
wavelength region of 400- 730 nm. The expected radicals formed in the S, states were not observed
in this wavelength region, probably, located in the shorter wavelength region. It seems that no

chemical reactions proceed in the T, states of BrPB@Ph and CIPB@Ph.

Similarly, we have obtained transient absorption spectra for BrPB@F, BrPB@F, CIPB@F and
CIPB@T deposited in the ESI as Figures S10-13. The T-T absorption spectra of these compounds
were observed in the wavelength region, 440- 470 nm, having the similar spectrum features to those
of triplet BrPB@Ph and CIPB@Ph. The similarity in the T-T absorption spectra may be originated
from the biphenyl moiety of these compounds. As with these compounds, no chemical reactions

occur in the T, states.

3.4 Dechlorination in a highly excited triplet state studied by two-color two-laser photolysis

techniques

Recently, we have been studying photochemical reactions in a highly excited triplet state of aromatic
compounds using two-color two-laser photolysis techniques.””® Even if the T, state is free of
chemical reactions, successive excitation of the T, state could open channel to chemical reactions in
a highly excited triplet state (T,, n = 2 ) because of the higher triplet energy than that of the T, state.
In the present work, we have observed that the T, states of the studied diketones are inert to
dehalogenation and a-cleavage, both of which were revealed to proceed in the S, states. We,
therefore, carried out two-color (308 nm and 430 nm) two-laser flash photolysis of the diketones
having the biphenyl moiety because they are found to show large absorptivities in the T-T
absorption in the wavelength region, 420 - 450 nm. The first excitation of the diketone with a 308
nm laser pulse produces the T, state that efficiently absorbs the second laser pulse (430 nm) within

the triplet lifetime. The 430 nm laser pulse is, thus, absorbed only by the triplet because the diketone
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has no absorbance at 430 nm in the ground state. Figures 8a and b show absorption spectral changes

after one- and two-color laser pulsing in degassed CH solution of CIPB@Ph, respectively.

0
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° 60 pulses
g A (a)
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2 l 60 pul
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< 40
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(b)
0
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0.1} 40
A 20
E 0.05 (©)
0
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Figure 8. Absorption spectral changes upon 308 nm (a) and 308 nm plus 100 ns delayed 430 nm
(b) laser pulsing in degassed CH solution of CIPB@Ph. (c) Differential absorption spectra
between those in Figure 8a and b at the same number of laser pulses. The blue absorption
spectrum is of PB@Ph in CH.

When one-color (308 nm) laser pulses are irradiated in the solution (Figure 8a), the absorption band
at 350 nm displays very small changes in the absorbance. In the presence of the 100 ns-delayed
second laser (430 nm) pulses, definite increases in absorbance at 350 nm can be seen as increasing
the number of the laser pulse. Figure 8c shows the difference absorption spectra between ones in the
absence and the presence of the second laser pulsing, The shape of the absorption spectrum at 350
nm exactly agreed with that of PB@Ph in CH, indicating that the second laser excitation caused
dechlorination in a T, state of CIPB@Ph. Unfortunately, quantum yields for dechlorination in a T,
state were too small to determine with laser photolysis techniques. Similar dechlorination in a T,
state was found for CIPB@F and CIPB@T in CH using two-color two-laser photolysis techniques.
The spectral data are shown in Figures S14 and 15 in the ESI. We tried to examine debromination in
T, states of BrPB@Ph, BrPB@F and BrPB@T in CH. However, because of small absorbance of the
T, states, we were unable to obtain definite increases in absorbance for the debrominated enols in the
difference spectra such as Figure 8c. The reaction mechanism for CI elimination in the T, states is

discussed in the next section.
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3.5 Bond dissociation energies based on the heats of formation calculated by DFT computation

The bond dissociation energies, BDE(C-X) of the C-X (X = Br and CI) bond in the studied diketones
were evaluated on the basis of the heat of formation (A;H) for halide diketones (XDK), diketone
radicals (DKR) and halide atoms (X) evaluated by the DFT calculations at the UB3LYP/6-31G(d)
level. It is plausible that the molecular configuration of DKR is of a methyl-radical type immediately

after C-X bone dissociation. The BDE(C-X) value was estimated by using eqn 4.

AH (XDK) = A;H (DKR) + A\H (X) - BDE(C-X)  (4)
The estimated BDE values are listed in Table 2. The calculated AH values are deposited in Tables
S1 and 2 in the ESI. The BDE(C-CI) value of the XDK is greater than that of BDE(C-Br) by 3 - 5
kcal mol”. We have recognized debromination of BrDK in the S, state from the absorption spectral
changes as well as dechlorination in the S, states of CIDK except CIPB@Ph. It is obvious that the
calculated BDE(C-X) values are substantially smaller than the S, state energies of XDK. Thus, the
dehalogenation processes possibly proceed in the S, states depending on the variety of the solvent.
Conversely, no dehalogenation in the triplet state of XDK having the biphenyl moiety was found in
the present study. From the energetic viewpoint, it is understandable that the triplet state is inactive
to dehalogenation because the triplet energies (ca. 60 kcal mol™') of these XDKs are close to or
smaller than the BDE(C-X) values. On the other hand, we have demonstrated by two-color two-laser
photolysis techniques that excitation of the T, state to the T, state enables to dissociate the C-Cl
bond of CIDK having the biphenyl moiety. Since absorbing the second laser pulse (430 nm) in the T,
state will elevate the triplet state energy by ca. 66 kcalmol”, the T, state will locate at ca. 126
kcalmol™. Internal conversion from the T, state will form a highly excited triplet state, T, that is
allowed to have interaction with a dissociative potential for the C-Cl bond via avoided crossing,”’

leading to CI elimination.

As with CIAB and CIPB@Ph, occurrence of a-cleavage (C-C bond dissociation) in the S, states
was found based on the absorption spectrum observations. The dissociated C-C bonds were

identified as shown in Schemes 3 and 4 although the keto-formed diketones have two cleavable a-C-
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C bonds by Norrish Type I reaction. Possible reaction processes providing C-radicals (Rad1, Rad23,

Rad12 and Rad3) as the primary products by a-cleavage in CIAB and CIPB@Ph are depicted in

Scheme 5.
; :
SRR IR O
|
Ry Cl Ro
0 C Rad1 Rad23
Ci_ _GCs a-cleavage
SO O}
R I
! o] Re
O o]
CIAB ; Ry ='Bu, R, =OMe C1\6/H + . Cl)ls
CIPB@Ph; Ry =Ph, Ry=H RO & Q
! Cl R2
Rad12 Rad3

Scheme 5. Possible pathways of a-cleavage in CIAB and CIPB@Ph with numbered carbon
atoms.

The BDE(C-C) for the a-C-C bond was evaluated using eqns 5 and 6, and the AH values for the C-

radicals calculated with DFT computation.

AH (XDK) = AH (Rad1) + A;H (Rad23) - BDE(C,-C,)  (5)

AH (XDK) = AH (Rad12) + AH (Rad3) - BDE(C,-Cy)  (6)

The calculated AH values are deposited in Table S3 in the ESI along with those for CIPB@F and
CIPB@T where we have not recognized a-cleavage in CH, but CI elimination from the absorption
spectral changes (Figure S8). The imaginary pathways for a-cleavage of CIPB@T and CIPB@F are
shown in Scheme S1 in the ESI. The estimated BDE(C-C) values are listed in Table 3. The
difference in the evaluated BDE(C-C) values for CIAB and CIPB@Ph is very small and similar. The
BDE(C,-C,) (= 61.8 kcal mol™") for the actually cleavable bond in CIAB is very close to the BDE(C-
Cl) (= 61.7 kcal mol"). The small difference between these BDEs enables to alter the photochemical
reactions, a-cleavage and dechlorination by the solvent properties, probably the ability of H-bonding
to the carbonyl groups of CIAB. By contrast, the BDE(C-C) (= 59.8 kcal mol™) is appreciably small

20



Page 21 of 27 Photochemical & Photobiological Sciences
enough to predominate a-cleavage in the S, state of CIPB@Ph, resulting the absence of
dechlorination with BDE(C-CI) (= 62.9 kcal mol"). As with CIPB@F and CIPB@T, both or either
of the BDE(C-C) values are smaller than the BDE(C-CI) although we have observed Cl elimination
in the S, state. We are unable to predict photochemical reactions of CIPB@F and CIPB@T from the

energetic viewpoint.

4. Conclusion

Six halogenated diketones were prepared, and the photophysical and photochemical processes in
various solvents were studied by stationary and laser flash photolyses. From the absorption spectral
features, the molecular structures of the prepared halogenated diketones were revealed to be in the
keto form in the solvents except for BrPB@F and CIPB@F in EtOH where the enol form may be to
a small extent in equilibrium with the keto form. The excited singlet and triplet state energies were
determined from the absorption and emission spectra. From the absorption spectral changes upon
steady state photolysis of brominated diketones in EtOH, Br elimination was found to be the major
primary photochemical process to form the corresponding halogen-free diketones. The determined
quantum yields for the formation of the halogen-free diketones were independent of the amount of
the dissolved oxygen, indicating that the C-Br bond cleavage occurs in the S, states. The estimated
BDE(C-Br) values based on the DFT calculation were smaller than the S, energies. Conversely,
from the absorption spectra of photoproducts upon photolysis of CIAB and CIPB@Ph, it was
inferred that Norrish type I is the primary major photochemical reaction in the S, states in ACN.
CIPB@F and CIPB@T were found to undergo dechlorination in the S, states in CH because the
formation of PB@F and PB@T was, respectively, observed in the absorption spectral changes. Laser
photolysis studies of BrAB in ACN and EtOH provided a transient absorption spectrum ascribable to
ABR as the initial intermediate due to the Br elimination, followed by the AB formation in EtOH.
These observations provide evidence that H-atom abstraction of ABR from EtOH is responsible for

the AB formation. The determined quenching rate constant of ABR by EtOH was smaller than the
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diffusion limit of ACN. Conversely, laser flash photolysis of brominated and chlorinated PB@Ph,
PB@F and PB@T showed the T-T absorption. No chemical reactions in these T, states were found.
The great absorptivities of triplet CIPB@Ph, CIPB@F and CIPB@T allowed us to carry out two-
color two-laser photolysis studies, resulting in the formation of the corresponding halogen-free
diketones in CH in the presence of the second laser pulsing. These observations convinced
occurrence of Cl elimination in the T, (n = 2) states. The reaction mechanism for Cl elimination in
the T, states is discussed. Unfortunately, we were unable to determine the quantum yields for the C-
Cl bond dissociation in the T, state. We conclude that the photochemical reactions of the studied
XDKs are strongly dependent on the varieties of the halogen atom, aromatic rings, solvents and the

spin multiplicities of the excited states.
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Table 1. Absorption properties and excited state energies of aromatic 1,3-
diketones used in the present work.

Compound e/ di;l“;”‘ni ori?cm") E¢* / kcal mol E."/kcal mol’
AB 356 (32400)° 72.6 584
BrAB 270 (22100) ¢ ~T7 68.3
CIAB 270 (23500) ¢ ~T7 68.5
PB@Ph 354 (33600)° 73.8 579
BrPB@Ph 295 (25500) ¢ ~15 59.5
CIPB@Ph 295 (25400) ¢ ~15 59.7
PB@F 366 (32600) ¢ 719 -
363 (40700) ¢
BrPB@F 287 (32500) ¢ ~15 59.5
CIPB@F 288 (132600) ¢ ~75 59.2
PB@T 368 (34400) ¢ 71.3 56.0
362 (36300) ¢
BrPB@T 298 (28000) ¢ ~76 62.2
CIPB@T 296 (31000) ¢ ~76 62.2

a) For AB, PB@Ph, PB@F and PB@T, estimated as an averaged energy
based on the 0-0 origins of the absorption and fluorescence spectra in ACN
at 295 K while for the others, from the onset wavelength of the absorption
spectrum. b) Determined from the 0-O origin of the corresponding
phosphorescence spectrum in EtOH at 77 K. c¢) In acetonitrile. d) In
cyclohexane.
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Table 2. Bond dissociation energies, BDE (C-X)".

XDK BDE (C-Br) BDE (C-Cl)

XAB 574 61.7
XPB@Ph 58.6 62.9
XPB@F 60.1 65.0
XPB@T 58.9 62.3

a) In kcal mol™'. Evaluated by eqn 4.

Table 3. Bond dissociation energies, BDE (C-C)".

CIDK BDE (C,-C,)  BDE (C,-C))
CIAB 61.8 (61.4)
CIPB@Ph (59.8) 59.8
CIPB@F (62.1) (61.8)
CIPB@T (60.5) (128.0)

a) In kcal mol”'. Evaluated by eqns 5 and 6.

The values in parentheses are for imaginary cleavage.
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Photoreactions of 1,3-diketones having halogen atoms at the C2 position are investigated by
steady state, one- and two-color laser photolyses and DFT calculation.



