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a b s t r a c t

The trans,trans isomers of 2-[2-(4-methylphenyl)ethenyl]-3-(2-phenylethenyl)benzo[b]furan and four
derivatives have been synthesized by a sequence of reactions according to known methods. These new
conjugated compounds have been characterized spectrally and photophysically. They practically do not
react but decay by radiative relaxation. The high fluorescence quantum yields of these photostable com-
pounds make them interesting as good fluorescent probes. The triplet behaviour of the NO2-derivative
has been investigated by laser flash photolysis.
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. Introduction

The furan derivatives play an important role in organic chem-
stry as the building blocks in synthetic chemistry and have been
ound in many naturally occurring compounds [1,2]. Unsaturated
uran derivatives, hetero-arylene compounds containing furylene
ings connected through vinylene links ( CH CH ) are especially
nteresting with regard to their electronic properties [3] and their
otential applications in optoelectronics [4] as well as the starting
aterials for photochemical reactions [5–7]. Some distyryl sub-

tituted 2,3-furan derivatives have lately attracted the interest in
lectrophotographic photoreceptors as charge transporting agents
8–10].
∗ Corresponding author. Tel.: +385 1 4597242; fax: +385 1 4597250.
∗∗ Corresponding author. Tel.: +39 075 5855575; fax: +39 075 5855598.

E-mail addresses: faby@unipg.it (A. Spalletti), marija.sindler@fkit.hr
M. Šindler-Kulyk).

010-6030/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2008.12.002
In continuation of our study on photochemistry of furan conju-
gated system [11–21] with the central double bond placed in the
benzene ring (1) we became interested in the hexatriene system
in which the central double bond is a part of furan ring (2) [7] to
explore the possibility of the synthesis of complicated fused furo-
bicyclo structures. We have observed that this hexatriene system (2)
behaves completely different from the hexatriene system with the
central double bond incorporated in benzene ring (1). Compared
to diheteroaryl systems (1, R = furyl), in which the intramolecu-
lar cycloaddition and cis–trans isomerization were the competitive
processes [12], in the distyryl systems 2 (R = phenyl) no cycload-
dition photoproducts were observed [7]. The only detectable
products were phototransposition products (the same M+ as start-
ing compounds) and stilbenes, presumably obtained by thermal
decomposition of cyclobutane-polymeric structures. We concluded
that because of dienic character of the furan ring and prevailing
conformation of the furan double bonds, the excitation of the hexa-
triene 2 causes the [2 + 2] cycloaddition within the furan ring, rather
than [2 + 2] cycloaddition of ethylenic bonds and formation of the

bicyclic structures condensed with furan ring.

Here we report about the photochemistry of 2,3-distyryl ben-
zofurans (3) in which the central double bond of a hexatriene
system is a part of benzofuran ring. The idea was to prevent the
possibility of intramolecular cycloaddition within the furan ring

http://www.sciencedirect.com/science/journal/10106030
http://www.elsevier.com/locate/jphotochem
mailto:faby@unipg.it
mailto:marija.sindler@fkit.hr
dx.doi.org/10.1016/j.jphotochem.2008.12.002
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nd consequently force the hexatriene in the system 3 to react
ntramolecularly at the ethylenic bonds to obtain new hetero-
olycyclic structures.

. Materials (Experimental)

.1. General

The 1H and 13C NMR spectra were recorded on a Bruker AV-600
pectrometer at 300 or 600 MHz and 75 or 150 MHz, respectively.
ll NMR spectra were measured in CDCl3 using tetramethylsi-

ane as reference. UV spectra were measured on a Varian Cary 50
V–vis Spectrophotometer. The fluorescence measurements were
erformed by a Spex Fluorolog-2 F112AI spectrofluorimeter and by
n Edinburgh Instrument 199S spectrofluorimeter. The triplet state
as investigated by nanosecond laser flash photolysis using a Con-

inuum Surelite II Nd:YAG laser. The mass spectra were obtained
n a GC–MS (Varian CP-3800 GC-Saturn 2200) equipped with FFC
olumn VF-5ms, 30 m × 0.25 mm ID.

All preparative irradiation experiments were carried out in
eoxygenated benzene solutions (by bubbling a stream of argon
rior to irradiation) in a pyrex vessel and in a Rayonet reactor
quipped with RPR 3500 Å lamps. Melting points are uncorrected.
lemental analyses were carried out on Perkin-Elmer, Series II,
HNS Analyzer 2400. Silica gel (Merck 0.063–0.2 mm) was used

or chromatographic purifications. Solvents were purified by distil-
ation. Boiling range of petroleum ether, used for chromatographic
eparation, was 40–70 ◦C. Spectroscopic grade solvents from Fluka,
pectrophotometric grade, were used in the fluorimetric determi-
ations.

Furan-2-carbaldehyde and benzo[b]furancarbaldehyde was
btained from a commercial source. Aryltriphenylphosphonium
alts were synthesized from the corresponding bromides and triph-
nylphosphine in benzene solutions according to the described
rocedure [6].

.2. Preparation of 3a–e

The starting compounds 3a–e were prepared by a sequence of
eactions (I–III) according to known methods. In the Wittig reaction
I), from 2-formylbenzofuran and p-tolyltriphenylphosphonium
romide, the 2-styryl derivative 4 was synthesized, formylated
II) using N,N-dimethylformamide and POCl3 producing formyl
erivative 5 which was used for the second Wittig reaction (III)
ith various triphenylphosphonium salts resulting in 2,3-distyryl
erivatives 3a–e (Scheme 1).

.2.1. Preparation of 2-[2-(4-methylphenyl)ethenyl]benzo[b]furan
4)

A solution of sodium ethoxide (0.11 g, 4.8 mmol in 10 mL
thanol) was added dropwise to a stirred solution of 4-

ethylbenzyltriphenylphosphonium bromide (1.72 g, 3.5 mmol)

nd 2-benzo[b]furancarbaldehyde (0.5 g, 3.4 mmol) in absolute
thanol (50 mL). Stirring was continued under a stream of nitro-
en for one day at RT. After removal of the solvent, the residue
as worked up with water and benzene (3 × 20 mL) and dried with

Scheme 1. I (p-MeC6H4CH2P+Ph3Br− , NaOEt/EtOH); II (HCONM
tobiology A: Chemistry 202 (2009) 136–141 137

MgSO4. The crude reaction mixture was chromatographed on sil-
ica gel column using petroleum ether as eluent: yield 77% (0.14 g);
according to 1H NMR spectroscopy, a mixture of 37% cis and 63%
trans isomers (separated by repeated column chromatography).

cis-4: Rf 0.74 (petroleum ether/diethyl ether 10:1); colorless
oil; UV (EtOH) �max (ε) 320 (16480), 234 (12520) nm; 1H NMR
(600 MHz, CDCl3) ıH 7.35–7.47 (m, H-ar, 4H), 7.21–7.23 (m, 1H)
7.15–7.19 (m, H-ar, 4H), 6.65 (d, J = 12.6 Hz, H-et, 1H), 6.62 (s, H-f,
1H), 6.43 (d, J = 12.6 Hz, H-et, 1H), 2.39 ppm (s, CH3, 3H); 13C NMR
(150 MHz, CDCl3) ıC 153.78 (s), 153.61 (s), 137.20 (s), 133.58 (s),
131.7 (d), 128.41 (2d), 128.35 (2d), 128.23 (s), 123.92 (d), 122.28 (d),
120.26 (d), 116.96 (d), 110.55 (d), 105.40 (d), 20.84 ppm (q); MS (EI)
m/z (%) 234 (M+, 100%).

trans-4: Rf 0.78 (petroleum ether/diethyl ether 10:1); colorless
crystals; mp 129–130 ◦C; UV (EtOH) �max (ε) 354 (21760, sh), 337
(32510), 326 (27870, sh) 235 (6690) nm; 1H NMR (600 MHz, CDCl3)
ıH 7.53 (dt, J = 7.5; 1.5 Hz, H-ar, 2H), 7.45 (m, H-ar, 3H), 7.29 (d,
J = 16.2 Hz, H-et, 1H), 7.16–7.27 (m, 3H), 6.96 (d, J = 16.2 Hz, H-et,
1H), 6.65 (s, H-f, 1H), 2.37 ppm (s, CH3, 3H); 13C NMR (150 MHz,
CDCl3) ıC 152.28 (s), 154.84 (s), 138.22 (s), 133.81 (s), 130.26 (d),
129.59 (2d), 126.64 (2d), 124.50 (d), 122.84 (d), 120.76 (d), 115.94
(d), 110.87 (d),104.76 (d), 21.34 ppm (q); MS (EI) m/z (%) 234 (M+,
100%); Anal. Calcd for C17H14O: C, 87.15; H, 6.02. Found: C, 86.98;
H, 5.87.

2.2.2. Preparation of
2-[2-(4-methylphenyl)ethenyl]-3-benzo[b]furancarbaldehyde (5)

To the trans-4 (0.30 g, 1.3 mmol) in dry dimethylformamide
(2.5 mL) at ∼10 ◦C phosphorus oxychloride (0.20 g, 1.3 mmol) was
added and stirred for 15 min. The reaction mixture was allowed
gradually to warm up to room temperature, stirred for six days,
worked up with 10% NaOH solution and the product extracted with
diethyl ether. The ether extracts were washed with water and then
dried with MgSO4. After column chromatography on silica gel using
petroleum ether/diethyl ether (0–5%) as eluent the trans-5 was iso-
lated in 45% yield.

trans-5: Rf 0.36 (petroleum ether/diethyl ether 10:1); yellow
crystals; mp 131–132 ◦C; IR (evaporated film from CHCl3) 1659
(C O), 1626 (C C) cm−1; UV (EtOH) �max (ε) 367 (33660), 281
(13020), 268 (11860, sh) 243 (13380) nm; 1H NMR (600 MHz, CDCl3)
ıH 10.44 (s, CHO, 1H), 8.14 (d, J = 7.4 Hz, H-ar, 1H), 7.67 (d, J = 16.0 Hz,
H-et, 1H), 7.48–7.56 (m, 3H, Har), 7.46 (d, J = 16.0 Hz, H-et, 1H), 7.36
(t, J = 7.7 Hz, H-ar, 1H), 7.35 (t, J = 7.70 Hz, H-ar, 1H), 7.24 (d, J = 7.7 Hz,
H-ar, 2H), 2.40 ppm (s, CH3, 3H); 13C NMR (75 MHz, CDCl3) ıC 183.83
(d, CHO), 164.50 (s), 162.18 (s), 154.08 (s), 140.26 (s), 137.27 (d),
132.66 (s), 129.80 (2d), 127.60 (2d), 126.15 (d), 124.67 (d), 116.66
(s), 111.59 (d), 110.86 (d), 21.51 ppm (q); MS (EI) m/z (%) 262 (M+,
100%); Anal. Calcd for C18H14O2: C, 82.42; H, 5.38. Found: C, 82.77;
H, 5.44.

2.2.3. Preparation of distyrylbenzofurans 3a–e

To the stirred solutions of the corresponding aryltriphenylphos-

phonium salts (0.5 mmol) in absolute ethanol (50 mL) a solution of
sodium ethoxide (0.5 mmol in 5 mL absolute ethanol) was added
dropwise. After stirring the reaction mixture for 30 min the solu-
tion of trans-5 (0.5 mmol) was added. Stirring was continued

e2, POCl3/DMF); III (p-RC6H4CH2P+Ph3Br− , NaOEt/EtOH).
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nder a stream of nitrogen for one day at RT. After removal of
he solvent, water was added to the residue, extracted with ben-
ene and the benzene extracts dried with MgSO4. The products
3a–c, e) were purified by column chromatography on silica gel
sing petroleum ether and petroleum ether/diethyl ether (0–3%)
ixtures as eluent. The 2,3-distyrylbenzofuran 3d was prepared

y some modified procedure: to the prepared ylide from p-
itrophenyltriphenylphosphonium bromide and sodium ethoxide

n benzene the trans-5 was added, stirred overnight and worked
ut as described for 3a–c, e.

The physical data of the separated trans,trans isomers of distyryl-
enzofurans 3a–e: trans,trans-2-[2-(4-methylphenyl)ethenyl]-3-
2-phenylethenyl)benzo[b]furan (trans,trans-3a): Yield 75%; Rf 0.66
petroleum ether/diethyl ether 10:1); yellow-green crystals; mp
50–151 ◦C; UV (EtOH) �max (ε) 392 (29450, sh), 373 (37750), 358
32440, sh), 312 (22960, sh), 304 (25540), 286 (25510), 278 (23360,
h), 242 (10890) nm; 1H NMR (600 MHz, CDCl3) ıH 7.91 (d, J = 7.8 Hz,
H), 7.58 (d, J = 7.8 Hz, 2H), 7.49 (dd, J = 7.9; 1.5 Hz, 3H), 7.40 (m, 2H),
.32–7.37 (m, 3H), 7.29–7.31 (m, 2H), 7.28 (d, J = 16.2 Hz, H-et, 1H),
.22 (d, J = 16.2 Hz, H-et, 1H), 7.20 (d, J = 7.9 Hz, H-et, 2H), 2.38 (s, CH3,
H); 13C NMR (150 MHz, CDCl3) ıC 154.14 (s), 152.34 (s), 137.94 (s),
37.32 (s), 133.45 (s), 130.36 (d), 129.63 (d), 129.06 (2d), 128.27 (2d),
27.12 (d), 126.87 (s), 126.32 (2d), 125.76 (2d), 124.68 (d), 122.62 (d),
20.41 (d), 118.10 (d), 112.47 (d), 110.55 (d), 20.86 ppm (q, CH3); MS
ESI) m/z (%) 337 (MH+, 100%); Anal. Calcd for C25H20O: C, 89.25; H,
.99. Found: C, 89.46; H, 5.98.

trans,trans-2-[2-(4-methylphenyl)ethenyl]-3-[2-(4-
hlorophenyl)ethenyl]benzo[b]furan (trans,trans-3b): Yield 43%;
f 0.77 (petroleum ether/diethyl ether 10:0.2); yellow-green
rystals; mp 168 ◦C; UV (EtOH) �max (ε) 376 (35940), 306 (26350),
87 (24250) nm; 1H NMR (300 MHz, CDCl3) ıH 7.89 (dd, J = 7.2;
.0 Hz, 1H), 7.50 (m, 5H), 7.38 (d, J = 16.0 Hz, 1H), 7.29–7.37 (m,
H), 7.22–7.25 (m, 3H), 7.21 (d, J = 16.0 Hz, 1H), 2.39 ppm (s, CH3,
H); 13C NMR (75 MHz, CDCl3) ıC 154.62 (s), 153.10 (s), 138.58 (s),
36.32 (s), 133.84 (s), 133.14 (s), 131.17 (d), 129.59 (2d), 128.92
2d), 128.59 (d), 127.39 (2d), 127.17 (s), 126.85 (2d), 125.27 (d),
23.19 (d), 120.85 (d), 119.21 (d), 115.60 (s), 112.75 (d), 111.11 (d),
1.38 ppm (q); MS (ESI) m/z (%) 370 (M+, 100%), 141 (12), 188 (10);
nal. Calcd for C25H19ClO: C, 80.96; H, 5.16. Found: C, 80.83; H,
.27.

trans,trans-2-[2-(4-methylphenyl)ethenyl]-3-[2-(4-
ethoxyphenyl)ethenyl]benzo[b]furan (trans,trans-3c): Yield

6%; Rf 0.69 (petroleum ether/diethyl ether 10:0.2); yellow-green
rystals; mp 145–146 ◦C; UV (EtOH) �max (ε) 378 (36770), 306
32200), 290 (29730, sh) nm; 1H NMR (300 MHz, CDCl3) ıH 7.90
d, 1H, = 7.8 Hz), 7.55–7.45 (m, 5H), 7.38–7.27 (m, 4H), 7.25–7.17 (m,
H), 6.95 (d, 2H, J = 8.1 Hz), 3.86 (s, 3H, OCH3), 2.38 ppm (s, 3H,
H3); 13C NMR (75 MHz, CDCl3) ıC 159.36 (s), 154.61 (s), 152.34 (s),
38.32 (s), 134.03 (s), 130.63 (s), 130.42 (d), 129.76 (d), 129.55 (2d),
27.47 (2d), 127.45 (s), 126.77 (2d), 125.11 (d), 123.01 (d), 120.92
d), 116.50 (d), 116.15 (s), 114.23 (2d), 113.08 (d), 111.01 (d), 55.38
q), 21.36 ppm (q); MS (ESI) m/z (%) 366 (M+, 100%), 141 (12), 188
10); Anal. Calcd for C26H22O2: C, 85.22; H, 6.05. Found: C, 85.21;
, 6.12.

trans,trans-2-[2-(4-methylphenyl)ethenyl]-3-[2-(4-
itrophenyl)ethenyl]benzo[b]furan (trans,trans-3d): Yield 37%;
f 0.47 (petroleum ether/diethyl ether 10:0.5); orange crystals; mp
79 ◦C; UV (EtOH) �max (ε) 398 (29360), 328 (38860) nm; 1H NMR
300 MHz, CDCl3) ıH 8.26 (d, J = 8.4 Hz, 2H), 7.91 (dd, J = 7.2; 1.8 Hz,
H), 7.70 (d, J = 8.4 Hz, 2H), 7.53 (d, J = 16.1 Hz, 1H), 7.54–7.48 (m,
H), 7.44 (d, J = 15.9 Hz, 1H), 7.42–7.30 (m, 2H), 7.29 (d, J = 15.9 Hz,

H), 7.22 (d, J = 16.1 Hz, 1H), 7.21 (m, 1H), 2.40 ppm (s, CH3, 3H); 13C
MR (150 MHz, CDCl3) ıC 154.76 (s), 154.46 (s), 144.33 (s), 139.00

s), 133.55 (s), 133.53 (s), 132.39 (d), 129.65 (2d), 128.00 (s), 127.12
2d), 126.49 (2d), 125.60 (d), 124.25 (2d), 123.54 (d), 123.28 (d),
20.84 (d), 115.14 (s), 112.24 (d), 111.26 (d), 21.41 ppm (q); MS (ESI)
tobiology A: Chemistry 202 (2009) 136–141

m/z (%) 382 (MH+, 100%); Anal. Calcd for C25H19NO3: C, 78.72; H,
5.02. Found: C, 78.81; H, 5.04.

trans,trans-2-[2-(4-methylphenyl)ethenyl]-3-[2-(2-
furyl)ethenyl]benzo[b]furan (trans,trans-3e): Yield 67%; Rf 0.78
(petroleum ether/diethyl ether 10:0.5); yellow-orange crystals;
mp 141–142 ◦C; UV (EtOH) �max (ε) 405 (19010, sh), 385 (30940),
368 (32480), 35 (26150, sh), 310 (34780), 293 (29670, sh), 247
(11490) nm; 1H NMR (300 MHz, CDCl3) ıH 7.86 (dd, J = 7.5; 1.5 Hz,
H-ar, 1H), 7.49 (m, 4H), 7.36 (d, J = 16.2, H-et, 1H), 7.18–7.37 (m, 6H),
7.04 (d, J = 16.2 Hz, H-et, 1H), 6.47 (dd, J = 3.3; 1.8 Hz, 1H), 6.40 (d,
J = 1.8 Hz, 1H), 2.38 ppm (s, CH3, 3H); 13C NMR (150 MHz, CDCl3) ıC
154.15 (s), 153.04 (s), 152.46 (s), 141.61 (d), 137.92 (s), 137.62 (s),
133.47 (s), 130.32 (d), 129.06 (2d), 126.65 (s), 126.36 (2d), 124.68
(d), 122.61 (d), 120.32 (d), 117.03 (d), 116.48 (d), 112.39 (d), 111.31
(d), 110.57 (d), 107.88 (d), 20.87 ppm (q); MS (EI) m/z (%) 326 (M+,
100%), 285 (15), 257 (30), 115 (15); Anal. Calcd for C23H18O2: C,
84.64; H, 5.56. Found: C, 84.19; H, 5.62.

2.3. Irradiation experiments

2.3.1. Photochemical experiments
A solution of trans,trans-3a–e in benzene (e.g. 7 × 10−2 M) was

purged with argon for 30 min and irradiated in a Rayonet reac-
tor at 350 nm. The reaction course was followed combining NMR
and GC–MS. GC operating conditions for all experiments: column
temperature programmed from 110 to 300 ◦C (3 min isothermal) at
a rate of 33 ◦C min−1; carrier gas: helium; flow rate: 1 mL min−1;
injector temperature: 300 ◦C; volume injected: 5 �L.

After complete conversion (16 h) of starting compounds 3a–e
the following chromatograms (tret. (min), M+, %comp.) were
obtained: 3a: 5.06′, M+ 180 (5% 8a); 5.42′, M+ 208 (5% 6); 5.80′,
M+ 194 (7% 7a); 6.07′, M+ 208 (83% 6). 3b: 5.42′, M+ 208 (14% 6);
5.77′, M+ 228 (11% 7b); 6.10′, M+ 208 (32% 6); 6.52′, M+ 228 (42%
7b); 7.01′, M+ 248 (1% 8b). 3c: 5.42′, M+ 208 (4% 6); 6.01′, M+ 224
(9% 7c); 6.08′, M+ 208 (63% 6); 6.75′, M+ 224 (24% 7c). 3d: 5.42′,
M+ 208 (13% 6); 6.10′, M+ 208 (56% 6); 6.55′, M+ 239 (31% 7d). 3e:
5.33′, M+ 160 (3% 8e); 5.41′, M+ 208 (3% 6); 5.71′, M+ 184 (21% 7e);
6.09′, M+ 208 (73% 6). (Two same mass signals at different retention
times represent cis and trans isomers.)

The irradiation of deaerated (by bubbling pure nitrogen) solu-
tions of 3a–e in n-hexane and acetonitrile was also performed
in mild conditions (∼10−4 M, low dose of the monochromatic
excitation light). The excitation wavelength, corresponding to the
maximum of the first band of the absorption spectrum of the stud-
ied compounds, was isolated from a 150 W high pressure Xenon
lamp by a monochromator. The photoreaction was monitored by
HPLC using a Waters apparatus equipped with analytical Prontosil
200-3-C30 (3�, 250 × 4 mm) column and UV diode-array detec-
tor, acetonitrile (sometimes containing small percentages of water)
being used as eluent. The photoconversion percentages were deter-
mined on the basis of the isosbestic points between the absorption
spectra of the different isomers.

2.3.2. Fluorescence measurements
The fluorescence spectra of 3a–e were measured by a

Spex Fluorolog-2 F112AI spectrofluorimeter. Dilute solutions
(absorbance <0.1 at the excitation wavelength, �exc) were used.
The emission quantum yields were determined at �exc corre-
sponding to the maximum of the first absorption band (�max).
9,10-diphenylanthracene in cyclohexane was used as fluorimetric
standard (�F = 0.90 in de-aerated solvent [22]).
Fluorescence lifetimes were measured by an Edinburgh Instru-
ment 199S spectrofluorimeter, using the single photon counting
method (resolution time ∼=0.3 ns). For the very short-living 3d a
Spex Fluorolog-�2 apparatus, based on the phase modulation tech-
nique, was used (resolution time up to tens of ps).
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.3.3. Transient experiments
The triplet state was investigated by nanosecond laser flash

hotolysis (�exc = 355 nm) using a Continuum Surelite II Nd:YAG
aser. The quantum yield of singlet oxygen production (��) in the
resence of air was obtained by measuring its phosphorescence in
-hexane with a germanium diode using phenalenone as standard
�� = 0.95 [23]).

Further details on spectrophotometric, fluorimetric and laser
ash photolysis measurements are reported elsewhere [24].

. Results and discussion

.1. Photochemical experiments

The irradiation experiments were performed in benzene solu-
ions of lower (10−3 M) and higher (10−1 M) concentrations. After
horter time of irradiation only the starting compounds, trans,trans-
istyryl derivates 3a–e, were detected in their NMR spectra. Neither
rans–cis isomerization nor an intramolecular cycloaddition reac-
ion was seen besides the formation of high-molecular-weight
arry material which on purification by column chromatography
emained on silica gel. After prolonged irradiation time (over
ight) only small quantities of stilbenes (6–8) (Scheme 2) were
etected in photo mixtures by GC–MS, presumably obtained
rom thermal decomposition of polymeric cyclobutane struc-
ures. In the photomixtures of higher concentrations (10−1 M)

he stilbenes were detected after shorter irradiation time. It is
nteresting to emphasize that in all irradiation experiments of
hese asymmetrically disubstituted benzofurans 3a–e the stilbene

was one of the most prominent signal in the chromatogram.
his 4,4′-dimethylstilbene (6) could not be formed by thermal

Scheme 2. Photochemistry of 3a–e in benze
Scheme 3. Geometrical isomers involved in the photoreactions of 3a and 3b.

decomposition of the intramolecular adducts but only from the
intermolecular processes. A similar mechanism has been reported
for analogous compounds [5,19]. These results imply that the
2,3-distyrylbenzofurans are photostable and do not give the
intramolecular products.

As a matter of fact, the irradiation of the trans,trans (E,E) isomers
of these asymmetric compounds, in mild conditions (see Section

2.3.1) and in a polar solvent (acetonitrile), produced only isomer-
ization towards the trans,cis (E,Z) and cis,trans (Z,E) geometrical
isomers (see Scheme 3) with very low yield (in the case of 3a and
3b only, Table 1). An even lower (practically undetectable) reactivity
was observed for the same compounds in n-hexane.

ne at high concentrations (≥10−3 M).
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Table 1
Photoreaction quantum yields for 3a and 3b in acetonitrile at room temperature
(�exc = 370 nm).

Compound �EE→ZE �EE→EZ

3a 0.01 0.06
3b 0.03 0.03
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ig. 1. Absorption spectra of EE, EZ and ZE isomers of 3b in acetonitrile at room
emperature, normalized at the isosbestic points, as obtained by the HPLC analyses.

The two photoproducts, separated by HPLC, reconverted to EE
y irradiation in acetonitrile giving the possibility to determine
he isosbestic points between the photoproducts and EE absorp-
ion spectra. The UV–vis spectra of the EE, EZ and ZE isomers of 3b,
ecorded in the same solvent, are reported in Fig. 1 as an example
an assignment of the dashed and dotted spectra to EZ and ZE is not
ossible at this stage). As usually observed in analogous compounds
20,25], the presence of a double bond in cis configuration leads to
hypochromic absorption spectrum, blue shifted with respect to

hat of EE.
In the case of the unsubstituted compound (3a), the two pho-

oproducts assigned to the geometrical isomers (EZ and ZE), where
ne or the other double bond isomerizes, were produced with dif-
erent quantum yields. In analogy with the findings reported for a
elated compound (2,3-distyrylfuran) where the presence of oxy-
en in the ortho position with respect to the double bond was found
o inhibit the rotation [26], the larger value of the photoisomeriza-
ion quantum yield could be assigned to the rotation of the double
ond attached at the 3 position of the benzofuran ring (isomer EZ).

.2. Photophysics of 3a–e
The EE-distyryl derivatives 3a–e showed in non-polar sol-
ents an intense structured fluorescence band whose maxima are
eported in Table 2 together with the emission quantum yields
nd lifetimes. The absorption and emission spectra showed, as

able 2
pectral and fluorimetric parameters for 3a–e compounds in n-hexane at room temperat

ompound �max
abs

(nm) �max
F (nm)b �F

3a 371 424, 452, 483 0.67
b 375 426, 454, 486 0.71

3c 376 430, 459, 491 0.73
d 414 450, 480, 514 0.04

3e 370 445, 476, 511 0.64

Aerated solutions; bthe main maximum is underlined; and cmeasured by shift-phase me
Fig. 2. Transient absorption spectra of 3d in n-hexane recorded at different delay
times (�s) after the laser excitation at room temperature.

expected, a red shift on going from the Cl- to OCH3- and to NO2-
derivative if compared with the unsubstituted 3a. An important red
shift was also observed by replacing the benzene ring of 3a with a 2-
furyl group (3e), as previously observed for analogues compounds
[20].

In principle, these flexible molecules could exist in fluid solu-
tion as a mixture of different conformations (originating by rotation
around the quasi-single bonds between the double bonds and the
aryl groups) in dynamic equilibrium among them, with different
spectral, photophysical and photochemical properties. On the other
hand, the absence of �exc effect on the emission spectra and the
mono-exponential decays (Table 2) pointed to the presence of a
prevalent conformation in solutions of non-polar solvents at room
temperature [27].

The measured fluorescence quantum yields are quite high (with
the exception of 3d) and the emission quenching by oxygen is mod-
est in agreement with relatively short singlet lifetimes (few ns). For
all these compounds the emission is the main deactivation path-
way and the absence of photoisomerization could be due to high
torsional barriers in the singlet manifold. In the case of 3d, �F and
�F are reduced more than one order of magnitude. Experiments
by ns laser flash photolysis on 3d evidenced the production of a
transient (not observed for the other compounds) whose absorp-
tion spectrum at different delay times with respect to the excitation
pulse is shown in Fig. 2.

This transient was assigned to the lowest triplet state of 3d
on the base of its decay kinetics and the quenching by oxygen
(kox ∼= 2 × 109 M−1 s−1). The reduction of fluorescence and a parallel
strong induction of intersystem crossing (ISC) by introducing NO2
group is expected and well documented in similar compounds [28].
However, ISC leads to a non reactive (trans,trans) triplet state with

a relative long lifetime (14.7 �s, the longest lifetime recorded in
different experiments) pointing to the presence of a high torsional
barrier also in this state.

Since T1 is efficiently quenched by oxygen with the formation of
singlet oxygen [O2(1�g)], an indirect and rough estimation of the

ure.

�a
F �F/�a

F �F (ns) �a
F (ns) �F/�a

F

0.54 1.2 3.1 2.6 1.2
0.57 1.2 3.1 2.4 1.3
0.56 1.3 3.1 2.4 1.3
0.036 1.1 0.2c

0.45 1.4 4.3 3.2 1.3

thod.
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riplet yield for 3d in aerated n-hexane was carried out by mea-
uring the quantum yield of singlet oxygen production (�� = 0.55),
hich reflects the minimum value of the T1 produced by ISC.

Preliminary results in acetonitrile showed that the photophysi-
al parameters are little affected by the solvent polarity. The small
ncrease of photoisomerization found in the case of 3a and 3b, is
robably caused by a smaller activation energy in this solvent as
reviously reported for analogous compounds [29].

. Conclusion

These new conjugated hexatriene derivatives were found of
otential interest for fluorescent probes because of their high sta-
ility and high fluorescence quantum yields.

The non-reactivity of the trans,trans-2,3-distyrylbenzofurans
ould be explained by the high efficiency of the radiative relax-
tion pathway which prevails on the isomerization process, which
robably is strongly activated. High torsional barriers are expected
lso in the triplet state because considering that 3d does not react
ven if a substantial population of the triplet state was observed by
ash photolysis.

On the other hand, the absence of formation of intramolecu-
ar cycloaddition photoproducts could be due to conformational
quilibria shifted to non suitable species.

Further experimental work (solvent and temperature effects)
nd MO calculations on these and related compounds are in
rogress [30] to better understand the role of the substituents on
he nature of the excited states and to investigate the possible
nvolvement of intramolecular charge transfer processes in their
elaxation.

cknowledgements

This work was supported by grants from the Ministry of Sci-
nce, Education and Sports of the Republic of Croatia (grant no.
25-0982933-2926).
eferences

[1] Th.L. Gilchrist, Heterocyclic Chemistry, Longman, Singapore, 1997.
[2] A.F. Pozharskii, A.T. Soldatenkov, A.R. Katritzky, Heterocycles in Life and Society,

Wiley, Chichester, 1997.

[

[

[

tobiology A: Chemistry 202 (2009) 136–141 141

[3] I. Baraldi, G. Ginocchetti, U. Mazzucato, A. Spalletti, Chem. Phys. 337 (2007)
168–176.

[4] J.L. Segura, N. Martin, J. Mater. Chem. 10 (2000) 2403–2435.
[5] W.H. Horspool (Ed.), CRC Handbook of Organic Photochemistry and Photobiol-

ogy, CRC, Boca Raton, 1995.
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