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Abstract—Controlled oxidation of sulfur atoms in benzothiophene rings of a photochromic diarylethene, 1,2-bis(2-methyl-1-benzothio-
phene-3-yl)perfluorocyclopentene (BTF6) by 3-chloroperbenzoic acid afforded various oxidation products such as BTFO1, BTFO2, and
BTFO4. Upon irradiation with UV light, colorless o-BTFO1 and o-BTFO2 turned to red color, whereas colorless o-BTFO4 turned to yellow
color. Theoretical calculation was performed to understand the absorption spectra of closed-ring isomers. All of those compounds returned
back to their open-ring isomers upon irradiation with visible light. The cyclization conversions of BTFOn (n¼1, 2, and 4) at the photosta-
tionary state are higher than that of BTF6. Interestingly, in the case of BTFO1, because of the unsymmetrical environment around the sulf-
oxide subunit in the molecule, the diastereoselective photocyclization was observed in 25% de. In addition, c-BTFO2 and c-BTFO4 also
exhibited a marked fatigue resistance and strong fluorescence, respectively. Oxidation state of sulfur atom in a diarylethene can play an
important role in determining its photophysical and photochromic properties.
� 2007 Elsevier Ltd. All rights reserved.
1. Introduction

Photochromic materials have received a great attention be-
cause of their potentials in various applications including op-
toelectronics such as optical memory, switching, and display
devices.1 Diarylethene is one of the most well-known and
extensively investigated classes of photochromic molecules
because of its excellent thermally stable and fatigue resistant
properties required for optoelectronic applications.2 The
photochromic reaction of diarylethenes is based on the re-
versible ring-closing and ring-opening reactions as shown
in Scheme 1.3 Upon irradiation with UV light, the open-
ring isomer is converted into the closed-ring isomer, which
has a new absorption band in the visible wavelength region.
The closed-ring isomer reverts to the open-ring isomer upon
irradiation with visible light. During the photochromic reac-
tions, various physical properties such as refractive index,4

optical rotation,5 magnetic interaction,6 IR peak intensity,7

redox potential,8 and fluorescence9 as well as the absorption
spectrum are changed. From the viewpoint of the optical
memory and switching applications, the change in the phys-
ical properties can be utilized to achieve a non-destructive
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readout.2a Especially, the fluorescence change is an attrac-
tive method because of its high sensitivity.9b,c To optimize
those physical properties for the purpose of a practical de-
vice application, various types of diarylethenes based on
benzothiophene and thiophene have been synthesized and
characterized. Recently, we reported that monosulfone
(BTFO2) and disulfone (BTFO4) forms of a diarylethene
obtained from an oxidation reaction of BTF6 by mCPBA
showed interesting fatigue and fluorescence properties.10

These results suggest that various properties represented
by a diarylethene are strongly related with the oxidation state
of sulfur atoms in the diarylethene. Thus, we tried to synthe-
size other oxidized forms of BTF6 and succeeded in isolat-
ing the monosulfoxo (BTFO1) form of BTF6 in a partial
oxidation of BTF6 by mCPBA. Here, we would like to report
the characterization of BTFO1 and its diastereoselective
cyclization under light. Further, we want to describe the
detailed photophysical properties of BTFOn (n¼1, 2, and
4) that show an interesting tendency dependent upon the
oxidation state of those diarylethenes.

2. Results and discussion

2.1. Synthesis and characterization of BTFO1

BTF6 [1,2-bis(2-methyl-1-benzothiophene-3-yl)perfluoro-
cyclopentene] was prepared according to the procedure
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Scheme 1. Photochromic reaction of diarylethenes.
described in the literature.4a,11 In the oxidation process of
BTF6 to 1,2-bis(2-methyl-1-benzothiophene-1,1-dioxide-
3-yl)perfluorocyclopentene (BTFO4)10a by 3-chloroperbenz-
oic acid (mCPBA), four different intermediates are expected
as shown in Scheme 2. Among those four intermediates, 1-(2-
methyl-1-benzothiophene-1,1-dioxide-3-yl)-2-(2-methyl-1-
benzothiophene-3-yl)perfluorocyclopentene (BTFO2)10b

had been isolated and characterized previously. In a continu-
ing effort to obtain other intermediates, we were able to
isolate the monosulfoxo-form of BTF6, 1-(2-methyl-1-benzo-
thiophene-1-oxide-3-yl)-2-(2-methyl-1-benzothiophene-3-yl)-
perfluorocyclopentene (BTFO1) from a reaction between
BTF6 and 3-chloroperbenzoic acid (mCPBA) in relatively
small yield, dependent upon the amount of oxidant used
(Fig. 1). The structure of BTFO1 was confirmed with
1H NMR and HRMS spectrometry. Especially, the crystal of
BTFO1 in its open form state (o-BTFO1) was obtained from
the hexane/ethyl acetate solution. Figure 2 shows the ORTEP
drawing of the molecular structure of o-BTFO1. The ORTEP
drawing indicates that the crystal of o-BTFO1 was unfor-
tunately packed in the parallel (p) conformation that could
not lead to the closed form upon UV irradiation.12 The rela-
tive ratio of BTFO1, BTFO2, and BTFO4 that can be isolated
in the oxidation of BTF6 is varied dependent upon the amount
of mCPBA used as shown in Figure 1. Interestingly, in the
oxidation reaction of BTF6 with 1 equiv of mCPBA, BTFO2
was obtained as a major product, indicating the nucleophilic
character of mCPBA.13 The oxidation rate of sulfoxide
(BTFO1) to sulfone (BTFO2) by mCPBA must be faster than
the oxidation rate of sulfide (BTF6) to sulfoxide (BTFO1).
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2.2. 1H NMR characterization of BTF6 and BTFOn

In the 1H NMR of the open-ring isomer of BTF6 (o-BTF6),
two methyl signals of p- and ap-conformation were observed
at 2.49 and 2.21 ppm, respectively,14 and their relative inten-
sity, which is related to the relative population between
p- and ap-conformer is 35:65. The 1H NMR of the open-
ring isomer of BTFO4 (o-BTFO4) also showed two methyl
signals of p- and ap-conformer at 2.20 and 2.06 ppm, respec-
tively, and their relative population was 50:50. Upon irradi-
ation at 312 nm light, a new singlet peak corresponding to
the ring-closed isomer of BTFO4 (c-BTFO4) was appeared
at 1.85 ppm. In the 1H NMR of o-BTFO2, four methyl sig-
nals with similar intensities were observed at 2.43, 2.30,
2.26, and 1.92 ppm. To characterize the methyl signals,
HSQC experiment of the o-BTFO2 was performed. From
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Figure 1. Distribution of BTFOn in an oxidation reaction of BTF6 by
various amount of mCPBA (BTF6, closed circle; BTFO1, open triangle;
BTFO2, open circle; BTFO4, open square).

Figure 2. ORTEP drawing of o-BTFO1 with 50% probability ellipsoids.
Hydrogen atoms are omitted for clarity.
the correlation obtained from the HSQC experiment of
o-BTFO2, two peaks at 2.43 and 2.30 ppm correspond to
Me1 of p- and ap-conformation, and two peaks at 2.26 and
1.92 ppm correspond to Me2 of p- and ap-conformation, re-
spectively (Scheme 2). The intensities of those peaks were
decreased upon irradiation with 312 nm light along with
the appearance of new peaks of closed-ring isomer,
c-BTFO2 at 1.90 and 1.61 ppm.

Since the open-ring form of BTFO1 (o-BTFO1) has a chiral
center at its sulfoxide subunit, it is a mixture of four different
rotational isomers and their enantiomers as shown in
Scheme 3. Thus, it is expected to observe eight methyl
groups in 1H NMR of o-BTFO1.5c However, 1H NMR of
o-BTFO1 shows only six methyl signals at 2.53, 2.45,
2.31, 2.29, 2.11, and 2.09 ppm as shown in Figure 3A. The
peaks can be assigned from the HSQC experiment as Me1

of p-conformers A and B (2.53 and 2.45 ppm), Me1 of
anti-parallel (ap)-conformers C and D (2.31 and
2.29 ppm), Me2 of p-conformer (2.45 and 2.31), and Me2

of ap-conformer (2.11 and 2.09 ppm). From the NMR
analysis, the relative population between the p- and ap-
conformer was found to be 43:57. In order to have an idea
about the major rotational isomer of o-BTFO1, the heat of
formations of conformers A, B, C, and D were calculated
using an AM1 program of MOPAC Ver. 7.0 (parentheses
in Scheme 3). From these calculations, p-conformer A is
favored over another p-conformer B, and ap-conformer C
is more stable than another ap-conformer D of o-BTFO1.
Based on the result, methyl signals of each isomers in the
1H NMR could be assigned and the relative populations
were determined to be 24, 19, 34, and 23 for A, B, C, and
D, respectively. Upon illumination with 312 nm light to
the o-BTFO1 in ethyl acetate, four new peaks appeared
at 2.00, 1.80, 1.49, and 1.40 ppm (Fig. 3B), that may be
related with the photocyclization of o-BTFO1 by the light.
Since the closed-ring isomer of BTFO1 (c-BTFO1) is a mix-
ture of two diastereomers such as syn-c-BTFO1 [(R,S,S)-
and (S,R,R)-c-BTFO1] and anti-c-BTFO1 [(S,S,S)- and
(R,R,R)-c-BTFO1] as shown in Scheme 3 and each diaste-
reomer may show two methyl peaks in 1H NMR, four singlet
peaks in 1H NMR must be the resonances of four methyl
protons of those two diastereomers. From the peak intensity
difference, it is expected that the diastereomer with methyl
resonances at 1.80 and 1.49 ppm may be more stable than
the isomer with those at 2.00 and 1.40 ppm. Based on the
calculation of heat of formation, syn-c-BTFO1 is expected
to be the major closed-ring diastereomer of c-BTFO1.
Thus, the photocyclization of o-BTFO1 with 312 nm light
resulted in the diastereoselective formation of syn-c-
BTFO1 with 25% de calculated from the intensities of the
1H NMR. Since the diastereoselective electrocyclization of
polyene system containing a chiral sulfoxide has not been
well studied, more studies are needed to improve the
selectivity.

2.3. Photochromism of BTFOn

The absorption spectra of BTFO1, BTFO2, and BTFO4 in
ethyl acetate (1.0�10�5 M) at room temperature are shown
in Figure 4. For comparison, absorption spectrum of BTF6
reported previously is also included in Figure 4.6c Upon irra-
diation with 312 nm light, the colorless solutions of o-BTF6,
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Scheme 3. Conformational isomers of o-BTFO1 and stereoisomers of c-BTFO1; those in parentheses are the heat of formation of isomers calculated using the
AM1 program of MOPAC Ver 7.0.
o-BTFO1, and o-BTFO2 turned to red color solutions of
their closed-ring isomers. On the other hand, colorless
o-BTFO4 solution turned to yellow c-BTFO4 solution
upon 312 nm lamp illumination. Upon irradiation with a vis-
ible light, those colors of closed-ring isomers were disap-
peared and reverted to their colorless open-ring isomers.
The absorption maxima of open- and closed-ring isomers
are summarized in Table 1. Interestingly, as the number of
oxygen atom of the diarylethene increased, the lowest elec-
tronic absorption bands of the closed-ring isomers are blue-
shifted from that of unoxidized BTF6 [523 (c-BTF6)/502
(c-BTFO1), 505 (c-BTFO2)/398 nm (c-BTFO4)]. Theo-
retical approach to explain the peak shift will be discussed
later. The photoisomerization process was examined using
HPLC analysis (silica gel column, HIQ sil C-18, eluant
2% isopropyl alcohol in hexane) to analyze the conversion
ratio at the photostationary state (PSS) and the molar absorp-
tion coefficient (3) at lmax of the closed-ring isomer. HPLC
chromatogram of o-BTFO1, o-BTFO2, and o-BTFO4 mon-
itored at their isosbestic points15 of 320, 324, and 327 nm,
respectively, showed only one peak. After irradiation with
a 312-nm light, BTFO2 and BTFO4 showed a new single
peak. On the other hand, BTFO1 showed two new peaks
because of two diastereomers of the closed-ring isomer as
we discussed earlier. From the peak integration, those cycli-
zation conversions were determined to be 0.75, 0.83, and
0.80 for BTFO1, BTFO2, and BTFO4, respectively (Table
2). It is worth noting that the conversions of BTFOn (n¼1,
2.5 2.0 1.5
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Figure 3. 1H NMR (300 MHz in CDCl3) of BTFO1; methyl resonances of (A) the open-ring isomer and (B) the photostationary state.
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Figure 4. Absorption spectra of (A) BTF6, (B) BTFO1, (C) BTFO2, and (D) BTFO4 in ethyl acetate solution (1.0�10�5 M) at room temperature; open-ring
isomer (dotted line) and photostationary state (dashed line) under irradiation at 312 nm, and closed-ring isomer (solid line) expected from Eq. 1.
2, and 4) at the PSS are about two times higher than that of
BTF6.6c,10 From these conversions, the absorption extinc-
tion coefficient, 3, of the closed-ring isomers at lmax can
be calculated using Eq. 1.16

APSS ¼ Aopenð1� conversionÞ þAclosedðconversionÞ ð1Þ

where APSS, Aopen, and Aclosed represent the absorbance of
photostationary state, open-ring isomer, and closed-ring iso-
mer, respectively. Table 1 shows the absorption maxima and
their extinction coefficients (3) of the open-ring isomer
and the closed-ring isomer of BTF6, BTFO1, BTFO2, and
BTFO4 in ethyl acetate. The quantum yields of the cycliza-
tion and ring opening of the diarylethenes at 312 nm and

Table 1. Absorption maxima and extinction coefficients of BTF6, BTFO1,
BTFO2, and BTFO4 in ethyl acetate, and computed absorption maxima of
closed-ring forms

lmax (nm)/3 (10�3 M�1 cm�1) Computed lmax (nm)

Open-ring isomer Closed-ring isomera Closed-ring isomer

BTF6b 258/16.0 276/14.0 533
290/6.2 352/12.0
299/6.8 523/10.0

BTFO1 263/9.9 270/13.2 520
290/4.5 372/13.0
298/4.3 502/10.0

BTFO2 263/10.0 271/12.3 515
289/5.0 375/13.8
299/4.9 505/10.0

BTFO4 276/3.7 262/9.1 419
308/4.1 398/21.0

a Calculated from UV spectra and conversion by using Eq. 1.
b Taken from Ref. 6c.
their absorption maxima were determined according to the
literature10c,17 and summarized in Table 2. The cyclization
quantum yields of o-BTFO1 (0.39) and o-BTFO2 (0.46)
were slightly higher than that of o-BTF6 (0.31). The ring-
opening quantum yield of c-BTFO1, c-BTFO2, and
c-BTFO4 was determined to be similar in the range of
0.061–0.074.

2.4. Theoretical calculations

To understand the electronic transition of closed-ring isomer
of BTFOn, theoretical calculations were performed.18 The
computed absorption wavelengths for the closed-ring iso-
mers of BTF6, BTFO1, BTFO2, and BTFO4 are listed in
Table 1. The calculations clearly demonstrate that the pres-
ence of oxygen atoms in the benzothiophene unit of the
diarylethenes causes a blue shift of the first absorption max-
ima of the closed-ring isomer. The HOMOs and LUMOs for
c-BTF6, c-BTFO1, c-BTFO2, and c-BTFO4 are plotted in
Figure 5. The electron density of HOMO in c-BTF6 is

Table 2. Photochromic properties of BTF6, BTFO1, BTFO2, and BTFO4 in
ethyl acetate (1.0�10�5 M)

Ratio
of p:apa

Cyclization
conversionb,c

Cyclization
quantum
yield

Ring-opening
quantum
yield

Fatigue
time
(min)

BTF6d 35:65 0.43 0.31 0.28 1300
BTFO1 43:57 0.75 0.39 0.072 400
BTFO2 50:50 0.83 0.46 0.074 7400
BTFO4 50:50 0.80 0.22 0.061 900

a Calculated from 1H NMR spectra in CDCl3.
b For all compounds, the conversion for the ring opening was 1.
c Calculated from HPLC.
d Taken from Ref. 6c.
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Figure 5. HOMO (bottom), LUMO (top), and energy difference between two orbitals; (A) c-BTF6, (B) c-BTFO1, (C) c-BTFO2, and (D) c-BTFO4.
well-distributed over the whole molecule including two
benzothiophene rings. In the HOMO of c-BTFO1, the elec-
tron density was removed from the sulfur atom in the benzo-
thiophene ring by oxygen. The same trend occurred in the
HOMO of c-BTFO2. In c-BTFO4, since two oxygen atoms
were attached to each sulfur atom of the benzothiophene
rings, it is likely that only a very slight electron density
remained on the sulfur atoms. However, no such change oc-
curred in the LUMOs of these diarylethenes. Since there was
only a very slight electron density on the sulfur atom in the
LUMO of c-BTF6 in the beginning, it could not be removed
or shifted by oxygen atoms attached to the sulfur. Interest-
ingly, a lone-pair electron on the sulfur atom in the HOMO
of c-BTF6 had an opposite sign from the neighboring elec-
trons indicating that nodes in the electron density might
be located between the sulfur and the neighboring atoms.
The reduction of the electron density in the HOMO of the
sulfur atom by oxidizing it to the sulfoxide or sulfone may
eliminate the nodes to stabilize the HOMO. There were no
such changes in the LUMOs. Thus, the stabilization of
c-BTFOn’s HOMO can increase the energy difference be-
tween the HOMO and the LUMO, which requires more
energy for electronic transition, and results in the blue-shift
of the absorption bands of c-BTFOn as was observed exper-
imentally.

2.5. Fluorescence properties

Figure 6 shows the steady-state fluorescence spectra of
BTF6, BTFO1, BTFO2, and BTFO4 in ethyl acetate
(1.0�10�5 M) at room temperature. Upon excitation with
a 315 nm light, the emission bands of the open-ring isomer
and the photostationary state (PSS) were observed. In all
cases, the fluorescence intensity of each PSS was lower
than that of the open-ring isomer. The open-ring isomer of
BTF6 (o-BTF6) showed weak fluorescence with a band cen-
tered at 436 nm, and its PSS also showed a similar band at the
same region with lower intensity (0.6 times of o-BTF6),
which originates from the unreacted o-BTF6.9d While the
fluorescence intensities of o-BTFO1 and o-BTFO2 were
significantly weaker than that of o-BTF6, its intensity of
o-BTFO4 was about two-fold than that of o-BTF6 when ex-
cited at 315 nm. The fluorescence spectra of BTFO4 showed
that the fluorescence maxima of o-BTFO4 and its PSS were
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Figure 6. Emission spectra of the open-ring isomer (photoexcitation at 315 nm, solid line) and the PSS [photoexcitation at 315 nm (dashed line) and photo-
excitation at the absorption maximum of each closed-ring isomer in the visible region (dotted line)] in ethyl acetate (1.0�10�5 M) at room temperature;
(A) BTF6, (B) BTFO1, (C) BTFO2, and (D) BTFO4.
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observed at 464 and 470 nm in a ratio of 100:55, respec-
tively. Since this ratio differs from the conversion ratio at
the PSS, the fluorescence emission at the PSS of BTFO4 un-
der 315 nm irradiation could be attributed to both unreacted
o-BTFO4 and c-BTFO4.

The emission spectra of the closed-ring isomers with the
excitation at their absorption maximum in the visible region
are shown in Figure 6 as dotted lines. The fluorescence
spectra of c-BTFO1 and c-BTFO2 exhibit the same general
characteristics as the c-BTF6 and other diarylethenes. Sur-
prisingly, a strong emission at 492 nm was observed for
c-BTFO4 upon 400 nm light excitation.10a However, the
fluorescence of its open-ring isomer (o-BTFO4) was not
observed upon excitation with 400 nm light because of no
absorption band of o-BTFO4 at this wavelength. The results
of these fluorescence studies are summarized in Table 3.
The fluorescence quantum yield (VF) of o-BTFO4 (0.025)
was higher than that of o-BTF6 (0.012) upon 315 nm light ex-
citation. Moreover, the fluorescence intensity of c-BTFO4
(11, lex¼400 nm) was much higher than that of o-BTF6
(1.7, lex¼315 nm). There are only a few examples of diaryl-
ethenes that showed a strong emission by itself without
emitter at its closed-ring state.19 Figure 7 illustrates the pho-
tochromically driven fluorescence modulation of BTFO4
in ethyl acetate solution (1.0�10�5 M) recorded at 492 nm

Table 3. Fluorescence properties of BTF6, BTFO1, BTFO2, and BTFO4 in
ethyl acetate (1.0�10�5 M)

State of diarylethene lex (nm)a
lem (nm)b

VF
c

BTF6 Open 315 436 0.012
BTF6 Close 540 640 —d

BTFO1 Open 315 486 0.0034
BTFO1 Close 502 602 —d

BTFO2 Open 315 510 0.0068
BTFO2 Close 505 614 —d

BTFO4 Open 315 464 0.025
BTFO4 Close 400 492 0.011

a Excitation wavelength.
b lmax of emission band.
c Determined using fluoranthene (0.30:315 nm photoexcitation in cyclo-

hexane) and 3-amino fluoranthene (0.53:400 nm photoexcitation in cyclo-
hexane) as the reference.

d Not determined due to weak intensity.
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Figure 7. Modulated emission signals of BTFO4 (1.0�10�5 M in ethyl ace-
tate) during alternating irradiation with 312 nm (un-shaded) and visible light
(shaded). Closed circle: Ex: 315 nm, Em: 470 nm; open circle: Ex: 400 nm,
Em: 492 nm.
with 400 nm photoexcitation (open circle) and 470 nm with
315 nm photoexcitation (closed circle) as a function of time
at room temperature. Under the excitation with 315 nm light,
the fluorescence intensity of the solution was decreased to the
half of o-BTFO4 during irradiation with UV light and re-
verted to the original intensity upon irradiation with visible
light. However, under the excitation with 400 nm light, the
fluorescence intensity was increased about 20 times upon
UV irradiation. Even under the prolonged excitation at
400 nm for 1 h, c-BTFO4 was not converted into o-
BTFO4.10a These results demonstrate that BTFO4 is stable
under this fluorescence reading condition with a high fluores-
cence intensity compared with other BTF6 derivatives.

2.6. Fatigue properties and thermal stabilities

The fatigue properties of BTF6, BTFO1, BTFO2, and
BTFO4 were investigated in ethyl acetate (1.0�10�5 M) at
room temperature using UV light irradiation. Figure 8 illus-
trates the absorbance changes of BTF6 (closed square),
BTFO1 (closed circle), BTFO2 (open circle), and BTFO4
(open square) monitored at the lmax of each closed-ring iso-
mer as a function of the UV illumination time under air. Ini-
tially, each solution containing those diarylethenes reached
the PSS (A0) upon irradiation of UV light. Then, the absor-
bance of the closed-ring isomer was begun to decrease
because undesirable side reactions10b,20 were taking place
to some extent under the extended irradiation with UV light.
Interestingly, as shown in Figure 8, c-BTFO2 showed an ex-
cellent fatigue property compared with other BTFOn includ-
ing BTF6 suggesting that BTFO2 is one of the most stable
diarylethenes under UV light.10b On the other hand, partial
oxidized BTFO1 has rather poor photostability compared
with other BTFOn. These findings indicate that oxidation
state of diarylethene is a key factor in determining the
fatigue properties. The thermal stability of the closed-ring
isomers was also investigated by storing the solutions of
these diarylethenes in decaline at 80 �C under darkness.
None of these materials showed any detectable change in
the UV–vis spectra within a day.
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Figure 8. Absorbance changes of BTF6 (closed square), BTFO1 (closed
circle), BTFO2 (open circle), and BTFO4 (open square) at the absorption
maximum of each closed-ring isomer as a function of UV illumination
time in ethyl acetate (1.0�10�5 M). The data were fitted with exponential
decay (line), and the fitted data (fatigue time) represent the time in which
37% of its initial absorbance is reached under UV illumination.
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3. Conclusion

The partial oxidation of BTF6 by mCPBA produced mono-
sulfoxo-BTFO1 along with previously reported BTFO2 and
BTFO4.10 The compound was characterized using 1H NMR,
HSQC NMR, X-ray crystallography, and HRMS. We have
investigated photophysical and photochromic properties of
BTFOn including BTF6. Interestingly, the visible absorption
maximum of the closed-ring isomer of BTFOn was shifted to
the short wavelength in general as the number of oxygen was
increased. Theoretical calculation suggests that this result
may be explained based on the stabilization of HOMO. In
the case of BTFO1, diastereoselective photocyclization
was observed in 25% de, unexpectedly. More studies are
needed to improve the selectivity. Oxidation state of sulfur
atom in a diarylethene can play an important role in deter-
mining the photophysical and photochromic properties of
photochromic materials.

4. Experimental

4.1. General methods

Octafluorocyclopentene was purchased from TCI. All other
reagents were purchased from Aldrich. Melting points were
taken on a Laboratory Devices Mel-Temp 3.0 melting point
apparatus. The 1H, 13C, and HSQC NMR spectra were ob-
tained using Jeol JNM-AL300 spectrometer at 300 and
75 MHz, and Varian AS-400 at 100 MHz, respectively,
with tetramethylsilane as the internal reference. FTIR spec-
tra were obtained using a JASCO FTIR-430. HRMS spectra
were obtained on a Jeol JMS-700 spectrometer. HPLC was
performed on a Young Lin SP-930D liquid chromatography
coupled with a Young Lin UV-730D spectrophotometric de-
tector. UV absorption spectra were recorded on a Shimadzu
UV-3100 spectrophotometer in spectrograde ethyl acetate.
Fluorescence emission spectra were recorded in spectro-
grade ethyl acetate on a Fluoro Max-2 spectrophotometer
equipped with a 150 W ozone-free xenon lamp. UV and vis-
ible irradiations were performed with standard lamps used
for visualizing TLC plates (VL6L; 312 nm, 8 mW cm�2)
and a 400-W tungsten lamp at room temperature. The quan-
tum yields were measured using a 500 W Xe lamp (Newport
74000) combined with a monochromator (Newport 66921).
Flash column chromatography was performed with Merck
silica gel 60 (70–230 mesh). X-ray crystallographic analysis
of single crystals was performed with a Bruker Smart Apex
II X-ray diffractometer with Mo Ka radiation and a graphite
monochromator. Crystal cell constants were calculated by
global refinement. The structure was solved by direct
method with SHELXS8621a and refined by full least squares
on F2 with SHELXL-97.21b CCDC-623638 (BTFO1) con-
tained the supplementary crystallographic data for this
paper. This data can be obtained free of charge from The
Cambridge Crystallographic Data Center via www.ccdc.
cam.ac.uk/data_request/cif.

4.2. Computational details

The Gaussian 03 program packages22 were used for the elec-
tronic structure calculations. Geometries of BTF6, BTFO1,
BTFO2, and BTFO4 were optimized at the B3LYP/
6-31G(d) level. The electron density surfaces of highest oc-
cupied and lowest unoccupied molecular orbitals (HOMO
and LUMO) were calculated based on these structures.
The wavelengths for electronic transition were also calcu-
lated using the time-dependent density functional theory23

(TD-DFT) at the same level.

4.3. Synthesis of 1-(2-methyl-1-benzothiophene-1-oxide-
3-yl)-2-(2-methyl-1-benzothiophene-3-yl)hexafluoro-
cyclopentene (BTFO1)

BTF6 (1.0 g, 2.1 mmol) was dissolved in CH2Cl2 (50 mL).
The oxidant, mCPBA (70%, 0.70 g, 2.9 mmol) was added
and stirred for 24 h at room temperature. The reaction mix-
ture was extracted with CH2Cl2 (2�50 mL) and washed with
aqueous Na2SO4 (2�50 mL). The organic layer was dried
over MgSO4, filtered, and the solvent was removed. The resi-
due was purified by chromatography on silica gel to obtain
BTF6 (0.26 g, 26%), BTFO1 (0.25 g, 25%), and BTFO2
(0.43 g, 41%). BTFO1, mp: 176 �C. 1H NMR (CDCl3,
300 MHz): d¼7.86–7.13 (m, 8H, Ar), 2.53 (s, 0.6H, p of
Me1), 2.45 (s, 1.4H, p of Me1 and Me2), 2.31 (s, 1.5H, p of
Me2, ap of Me1), 2.29 (s, 0.9H, ap of Me1), 2.11 (s, 0.7H,
ap of Me2), 2.09 (s, 0.9H, ap of Me2). 1H NMR (CDCl3,
400 MHz): d¼7.83–7.12 (m, 8H, Ar), 2.52 (s, 0.6H, p of
Me1), 2.44 (s, 1.4H, p of Me1 and Me2), 2.32 (s, 0.8H, p of
Me2), 2.31 (s, 0.7H, ap of Me1), 2.28 (s, 0.9H, ap of Me1),
2.11 (s, 0.7H, ap of Me2), 2.10 ppm (s, 0.9H, ap of Me2).
1H NMR (300 MHz, CDCl3) of c-BTFO1: d¼8.27–7.13
(m, 8H), 2.00 (s, 1.1H, CH3 of anti-), 1.80 (s, 1.9H, CH3

of syn-), 1.49 (s, 1.9H, CH3 of syn-), 1.40 ppm (s, 1.1H,
CH3 of anti-) (see Scheme 3 for Me1, Me2, syn- and anti-).
FTIR (KBr cast): 3063, 3000, 2925, 2854, 1734, 1579,
1534, 1459, 1434, 1379, 1339, 1314, 1274, 1255, 1239,
1196, 1176, 1145, 1113, 1083, 1064, 1043, 995, 958, 861,
835, 825, 813, 809. HRMS (m/z) calcd for C23H14F6OS2:
484.0390, found: 484.0398.
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