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Abstract

Fluorescent derivatives of benzo[b]thiophene were synthesized by CC and C N palladium catalysed cross-couplings of bromobenzenes
with 3-(benzo[b]thienyl)boronic acid and bromo- or aminobenzenes with 7-amino or 7-bromobenzo[b]thiophene, respectively. The photo-
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hysical behaviour of the coupled compounds was investigated in acetonitrile, showing that a delicate balance between the de
f the electronic distribution over the entire molecule and the extent of intramolecular charge transfer interactions controls the ex
elaxation pathway. Some of the new benzo[b]thiophene derivatives were linked to the�-carbon of alanine to obtain quasi-isosteric analog
f naturally occurring fluorescent amino acids.
2004 Elsevier B.V. All rights reserved.
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. Introduction

Thiophene-based compounds have recently renewed inter-
st in their electronic and photophysical properties, inspiring
oth intense research activity[1,2] and technological appli-
ations, as in the case of polythiophenes in the design of op-
oelectronic devices[3,4]. In particular, benzo[b]thiophene
BT) derivatives revealed interesting bioactive properties of
harmacological and medical concern, showing antihyper-
lycemic activity as inhibitors of protein tyrosine phos-
hatase[5] or T-cell suppressor ability in patients affected
y myelopathy spastic paresis[6].

Fluorescent peptides are commonly used for probing bi-
logical structure, function and interactions[7]. Alterations

n emission band position, fluorescence time decay, quan-
um yield or polarization have been all exploited to detect
nd characterize biochemical processes[8]. Charge trans-

∗ Corresponding author. Tel.: +39 06 72594468; fax: +39 06 72594328.
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fer (CT) probes have been frequently employed becau
the high sensitivity of their fluorescence properties to th
cal polarity of the environment. Synthetic fluorescent am
acids with a strong CT character have been used to p
the strength of electrostatic interactions within the pro
[9]. Unfortunately, the interpretation of protein fluoresce
or peptide/protein interaction by fluorescence methods
ten complicated by the presence of several tryptophan
tyrosine residues. A suitable approach is represented b
synthesis of new fluorescent analogues with excitation
emission properties well separated from those of naturall
curring amino acids[10]. Quasi-isosteric replacement of
indole nucleus by BT-based fluorophores has been ach
in a series of compounds of pharmacological interest[11,12].

In the present paper, we characterize the fluoresc
properties of the BT derivatives reported inFig. 1. The
BT-based compounds differ in the type and position
the substituents: in position 3, a phenyl group (Ph
or 4-methylsulfanylphenyl (SPhBT) and in position
an aminophenyl group (PhNBT) or an amino-(4-met
010-6030/$ – see front matter © 2004 Elsevier B.V. All rights reserved.
oi:10.1016/j.jphotochem.2004.08.011
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Fig. 1. Molecular formulae and acronyms of the synthesized benzo[b]-
thiophene derivatives.

sulfanyl)phenyl group (SPhNBT). Sulfanyl-substituted BT
fluorophores were covalently linked to an amino acid tem-
plate, giving rise to the new alanine derivatives reported in
Fig. 2. In the amino acids, a sulfur atom in thepara posi-
tion bridges a 3-phenylbenzo[b]thiophene moiety to an alanyl
scaffold in ASPhBT, a 5-aminophenylbenzo[b]thiophene in
ASPhN5BT and a 7-aminophenylbenzo[b]thiophene in AS-
PhN7BT. Interesting photophysical effects were observed,
where the 3-phenylbenzo[b]thiophene moiety is linked
through the sulfur atom to a dehydroalanine scaffold (dhAS-
PhBT). Dehydroamino acids are biologically active com-
pounds, with important applications in structure–activity
studies due to the high conformational constraints they im-
pose[13].

2. Experimental

2.1. Materials

Acronyms of the compounds investigated are as follows:
PhBT = 3-phenylbenzo[b]thiophene; SPhBT = 3-(4-methyl-
sulfanylphenyl)benzo[b]thiophene; PhNBT = 7-aminophe-
nyl-2,3-dimethylbenzo[b]thiophene; SPhNBT = 7-amino-
(4-methylsulfanylphenyl)-2,3-dimethylbenzo[b]thiophene;

Fig. 2. Molecular formulae and acronyms of the synthesized benzo[b]-
thienylamino acids.

ASPhBT = Boc-Ala-{N-Boc-�-[4-(benzo[b]thien-3-yl)phe-
nylsulfanyl]}-OMe; dhASPhBT = Boc-(E)-�Ala{�-[4-
(benzo[b]thien-3-yl)phenylsulfanyl]}-OMe; ASPhN5BT =
Boc-Ala{N-Boc-�-[4-amino-(2,3-dimethylbenzo[b]thien-5-
yl)-phenylsulfanyl]}-OMe; ASPhN7BT = Boc-Ala{N-Boc-
� - [4-amino-(2,3-dimethylbenzo[b]thien-7-yl)-phenylsulfa-
nyl]}-OMe. BOC =tert-butoxycarbonyl.

The synthesis of compounds ASPhBT, dhASPhBT, AS-
PhN5BT and ASPhN7BT was already reported elsewhere
[14].

2.1.1. Synthesis of compounds PhBT and SPhBT by
C C palladium catalysed cross-couplings
2.1.1.1. General procedure.To a solution of the brominated
compound (0.05 M) in DME (dimethoxyethane)/H2O (10:1),
3-benzo[b]thienylboronic acid (1.3 equiv.), Pd(PPh3)4
(10 mol%), Na2CO3 (2 equiv.) were added and the mixture
was heated at 90◦C being the reaction monitored by TLC.
The DME was removed under reduced pressure and the
residue was dissolved in ethyl acetate (15 mL). The organic
layer was then washed with water and brine (2× 5 mL),
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dried with MgSO4 and the solvents were evaporated at
reduced pressure.

2.1.1.2. PhBT.The procedure described above was applied
using bromobenzene (0.50 mmol, 0.053 mL) and heating for
1 h. Column chromatography using petroleum ether gave
compound PhBT (0.068 g, 65%) as a colourless oil.1H NMR
(300 MHz, CDCl3): δ 7.39–7.44 (m, 4H, ArH), 7.45–7.53 (m,
2H, ArH), 7.59–7.63 (m, 2H, ArH), 7.92–7.96 (m, 2H, ArH)
ppm.13C NMR (75.4 MHz, CDCl3): δ 122.91 (CH), 123.39
(CH), 124.31 (CH), 124.39 (CH), 127.53 (CH), 128.70 (CH),
128.71 (CH), 136.00 (C), 137.89 (C), 138.08 (C), 140.67 (C)
ppm. MS (IE):m/z (%) = 212 (7) [M+ + 2], 211 (17) [M+ +
1], 210 (100) [M+], 209 (19) [M+ − 1], 208 (15) [M+ − 2],
178 (9) [M+ − 32], 165 (30) [M+ − 45]. HRMS Calcd. for
C14H10S [M+] 210.0503; found 210.0496.

2.1.1.3. SPhBT.The procedure described above was applied
using 4-bromothioanisol (2.0 mmol, 406 mg) and heating for
3 h. Column chromatography using a solvent gradient from
neat petroleum ether to 10% diethyl ether in petroleum ether
gave compound SPhBT (0.287 g, 56%) as a white solid. Crys-
tallization from petroleum ether gave colourless crystals, m.p.
67.8–68.5◦C. 1H NMR (300 MHz, CDCl3): δ 2.56 (s, 3H,
CH3), 7.36–7.42 (m, 5H, ArH), 7.53 (d, 2H,J = 8.7 Hz,
A 13
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1H, NH), 6.93–6.99 (m, 1H, ArH), 7.05–7.08 (m, 2H, ArH),
7.16–7.21 (m, 1H, ArH), 7.26–7.32 (m, 4H, ArH).13C NMR
(75.4 MHz, CDCl3): δ 11.65 (CH3), 13.84 (CH3), 112.65
(CH), 115.36 (CH), 117.88 (CH), 120.95 (CH), 124.94 (CH),
128.16 (C), 129.23 (CH), 129.54 (C), 133.00 (C), 137.17 (C),
142.66 (C), 143.04 (C) ppm. C16H15NS (253.36): Calcd. C
75.85, H 5.97, N 5.53, S 12.65; found C 75.71, H 6.13, N
5.43, S 12.51.

2.1.2.3. SPhNBT.The procedure described above was fol-
lowed using 4-methylsulfanylaniline (0.5 mmol, 0.043 mL)
and 7-bromobenzo[b]thiophene (0.5 mmol, 0.121 g). Col-
umn chromatography gave compound SPhNBT (0.060 g,
40%) as an oil. Crystallization from diethyl ether/petroleum
ether gave light yellow crystals, m.p. 130.0–131.7◦C. 1H
NMR (300 MHz, CDCl3): δ 2.32 (s, 3H, CH3), 2.48 (s, 3H,
CH3), 2.50 (s, 3H, CH3), 5.60 (s broad, 1H, NH), 7.00 (d, 2H,
J = 8.7 Hz, ArH), 7.11–7.16 (m, 1H, ArH), 7.26 (d, 2H,J =
8.7 Hz, ArH), 7.27–7.31 (m, 2H, ArH).13C NMR (75.4 MHz,
CDCl3): δ 11.63 (CH3), 13.83 (CH3), 17.82 (SCH3), 112.70
(CH), 115.47 (CH), 118.57 (CH), 124.94 (CH), 128.15 (C),
128.97 (C), 129.51 (C), 129.71 (CH), 133.06 (C), 137.01 (C),
141.29 (C), 142.68 (C) ppm. C17H17NS2 (299.45): Calcd. C
68.19, H 5.72, N 4.68, S 21.41; found C 68.20, H 6.07, N
4.58, S 21.13.
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rH), 7.89–7.94 (m, 2H, ArH) ppm. C NMR (75.4 MHz,
DCl3): δ 15.73 (CH3), 122.73 (CH), 122.88 (CH), 123.1

CH), 124.28 (CH), 124.36 (CH), 126.67 (CH), 128.97 (C
32.66 (C), 137.36 (C), 137.71 (C), 137.79 (C), 140.61
pm. C15H12S2 (256.38): Calcd. C 70.27, H 4.72, S 25.

ound C 70.49, H 4.88, S 25.13.

.1.2. Synthesis of compounds PhNBT and SPhNBT b
N palladium-catalysed cross-couplings

.1.2.1. General procedure.A dried Schlenk tube wa
harged under Ar with dry toluene (2 mL), the bro
ompound was added and the mixture was he
or 10 min at 80◦C. Pd(OAc)2 (10 mol%), BINAP
2,2′-bis(diphenylphosphino)-1,1′-binaphthyl,15 mol%) an
s2CO3 (1.4 equiv.) were added and the mixture was he

or another 10 min at 80◦C. The amino compound was add
n dry toluene (2 mL) and the mixture was heated with
ing at 100◦C under Ar for 20 h. Water and diethyl ether w
dded and the phases were separated. The aqueous ph
ashed with diethyl ether (3× 10 mL) and the organic phas
ere collected, dried (MgSO4), filtered and the solvent w

emoved to give a brownish oil, which was submitted to
mn chromatography. Solvent gradient from neat petro
ther to 20% diethyl ether/petroleum ether was used.

.1.2.2. PhNBT.The procedure described above was
owed using bromobenzene (1.0 mmol, 0.105 mL) an
mino-2,3-dimethyl-benzo[b]thiophene (1 mmol, 0.177 mg
olumn chromatography gave PhNBT (0.153 g, 61%)
hite solid, m.p. 91.1–91.6◦C.1H NMR (300 MHz, CDCl3):
2.32 (s, 3H, ArCH3), 2.50 (s, 3H, ArCH3), 5.60 (s broad
as

Solvents used for spectroscopic studies were all spe
copic grade (Carlo Erba, Italy). Abbreviations: metha
MeOH), acetonitrile (MeCN), propanol-2 (i-PrOH), hexa
Hex), dioxane (Diox).

.2. Methods

Steady-state fluorescence spectra were recorded on
romax spectrofluorimeter (Jobin-Yvon, France), opera

n SPC (single photon counting) mode. Quantum yields w
btained by using naphthalene in cyclohexane as refer
0 = 0.23± 0.02[15]. Nanosecond time decays were m
ured by a CD900 lifetime apparatus with SPC detec
Edinburgh Instruments, UK). Excitation in the UV reg
as achieved by a flashlamp filled with ultrapure hydro

0.3 bar), working at a repetition rate of 30 kHz. Experime
ecay curves were fitted by a nonlinear least-squares a
is to exponential functions by using standard softwar
ensed by Edinburgh Instruments. All fluorescence ex
ents were carried out in quartz cells, using solutions p
usly bubbled for 20 min with ultrapure nitrogen.

Theoretical calculations were performed by obtaining
ost stable conformations of the molecules in aceton

olutions via molecular mechanics calculations. Solven
ects were accounted for by introducing in the electros
erm of the potential energy function the corresponding
ielectric constant[16]. The SPARTAN program was us

o find the electronic energies and distributions associat
he most stable conformers by ab initio RHF methods, u
STO 31G** basis set[17].
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3. Results and discussion

3.1. Benzo[b]thiophene derivatives: PhBT, SPhBT,
PhNBT, SPhNBT

3.1.1. Absorption experiments
The UV spectral features of benzo[b]thiophene are char-

acterized by two absorption bands in the 230–250 nm (� →
�*, 1B transition, logε = 3.7–4.8) and 270–320 nm (� →
�*, 1La and1Lb transitions, logε = 3.1–4.5) wavelength re-
gions[18]. Following the assignments made by Meech et al.
[19] on the absorption bands of the analogous indole chro-
mophore, the longer wavelength band (300–330 nm) can be
ascribed to the1Lb transition and the absorption between
270 and 300 nm to the1La transition. It was observed that the
whole BT low-energy band system, spanning between 220
and 325 nm, is unaffected in energy position when the sol-
vent polarity is largely changed on going fromn-heptane (εs
= 1.9) to acetonitrile (εs = 37.5)[20].

The data reported inTable 1and the absorption spec-
tra shown inFig. 3 for PhBT and SPhBT in acetonitrile
reveal that the alkylsulfanyl substitution only slightly per-
turbs the absorption spectral features of the phenylbenzoth-
iophene chromophore. Larger effects are measured in the
case of the phenylaminobenzo[b]thiophene compounds, the
l dly
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Fig. 3. Absorption and fluorescence spectra of PhBT (continuous lines) and
SPhBT (dotted lines) in acetonitrile. Absorption spectra are normalized with
respect to the lowest energy absorption maximum. Fluorescence spectra are
normalized to unit area.

the oligomer[21]. A red shift of the LE transition of diphenyl-
sulfide was also observed when an amino group substituted
one of the phenyl units at theparaposition[22]. In this case,
the formation of a highly dipolar quinoid mesomeric structure
was made possible by the�-conjugation of the two phenyl
groups through the sulfide bridge. These results suggest that
the sulfanylphenyl group in SPhNBT participate to the stabi-
lization of charge-transfer intramolecular interactions from
the amino group to benzothiophene.

F lines)
a e nor-
m ores-
c

owest energy (LE) transitions of SPhNBT being marke
hifted to longer wavelengths with respect to PhNBT
learly shown by the absorption spectra in acetonitrile
orted inFig. 4. The presence in the same molecular fram
n electron-rich sulfanyl group (MeS–), interacting thro
phenyl moiety with a strong electron-donor substitu

–NH–) directly linked to benzo[b]thiophene, capable to ful
oth electron-accepting or -donating functions, markedl

ects the LE Franck–Condon transition of the substituted
hromophore. The electronic coupling between a dime
amino group and the thiophene units of derivatized o
thiophenes has been exploited in the design of push
hromophores[21]. The charge-transfer process, origina
rom the dimethylamino group and propagated through th�-
onjugated spacers, gives rise to a considerable bathoch
hift of the thiophene transitions. This effect is associated
ramatic enhancement of the nonlinear optical properti

able 1
bsorption (λmax(Abs)) and emission (λmax(Em)) maximum wavelength
nd fluorescence quantum yield (Φ) in acetonitrile

ample λmax(Abs) (nm) λmax(Em) (nm) Φa

hBT 302, 293, 262, 231 337 0.02
PhBT 303, 293,276, 234 365 0.05
hNBT 293, 262, 230 364 0.01
PhNBT 302, 269, 230 413 0.03

SPhBT 303, 277, 231 356 0.08
hASPhBT 306, 230 408 <0.001
SPhN7BT 303, 269, 230 390 0.02
SPhN5BT 305, 280, 230 395 0.01
a With respect to naphthalene in cyclohexane (Φ0 = 0.23).
ig. 4. Absorption and fluorescence spectra of PhNBT (continuous
nd SPhNBT (dotted lines) in acetonitrile. The absorption spectra ar
alized with respect to the lowest energy absorption maximum. Flu

ence spectra are normalized to unit area.
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Table 2
Fluorescence time decay (τ), radiative (kr) and non-radiative (knr) rate con-
stants in acetonitrile

Sample τ (ns) kr (10−8 s−1) knr (10−9 s−1)

PhBT 0.17 1.2 5.8
SPhBT 0.36 1.4 2.6
PhNBT 0.30 0.3 3.3
SPhNBT 1.47 0.2 0.7

ASPhBT 0.35 2.3 2.6
ASPhN7BT 0.88 0.2 1.1
ASPhN5BT 0.68 0.1 1.4

3.1.2. Steady-state and time-resolved fluorescence
experiments

The fluorescence properties of benzo[b]thiophene were
measured in ethanol at 77 K, showing a 0–0 emission band
at 304 nm and emission quantum yields comprised between
0.035 and 0.02[23,24]. The fluorescence spectra of PhBT and
SPhBT in acetonitrile at room temperature (Fig. 3) show a sin-
gle band peaked at 337 and 362 nm, respectively. The alkyl-
sulfanyl substitution on the phenyl group deeply affects the
photophysics of the phenylbenzo[b]thiophene fluorophore, as
can be evinced by the data reported inTable 1for steady-state
andTable 2for time-resolved fluorescence measurements in
acetonitrile: (i) the SPhBT emission spectrum shifts to longer
wavelengths by 25 nm, corresponding to lower the S1–S0 en-
ergy gap by 0.26 eV; (ii) the SPhBT quantum yield doubles
the quantum yield of PhBT and (iii) the SPhBT time decay
parallels the quantum yield increase.

Radiative (kr) and non-radiative (knr) rate constants can be
obtained from the measured quantum yield and time decay
by the following equation:

kr = Φ

τ
, knr = 1

τ
− kr (1)

whereknr denotes the sum of the rate constants associated
to the different radiationless processes (internal conversion,
i etc.).
F
c gly
d s, let-
t con-
s ed by
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titu-
t res-
c rate
c re ob

Fig. 5. Difference between the absorption and emission maxima (wavenum-
bers) vs. the orientation polarizability (�f) of different solvents (Hex:�f =
−0.0312; Diox: 0.0205; i-PrOH: 0.273; MeOH: 0.304; MeCN: 0.310). Full
circles: SPhNBT; empty circles: PhNBT.

served in the case of the aminobenzo[b]thiophene derivatives
(Tables 1 and 2,Fig. 4). The introduction of an electron–donor
NH group bridging the phenyl and the BT aromatic moieties,
gives rise to interesting differences in the photophysical prop-
erties of PhNBT and SPhNBT, that can be characterized by
measuring their absorption and emission spectral features in
solvents of different polarity. The experimental results can be
described in terms of the Lippert–Mataga equation, relating
the energy difference between the absorption and emission
maxima to the different orientation polarizability of the flu-
orophore (�f) in a given solvent[8]:

ν̄A − ν̄F = 2(µE − µG)2

hca3
�f + constant (2)

In Eq. (2), µG andµE represent the ground- and excited-state
dipole moments, respectively, anda the radius of the cavity
hosting the fluorophore.�f can be approximately obtained
by the static dielectric constant (ε) and refractive index (n) of
the bulk solvent:

�f = ε − 1

2ε + 1
− n2 − 1

2n2 + 1
(3)

The corresponding Lippert–Mataga plot (ν̄abs− ν̄fl versus
�f), shown inFig. 5, exhibits a fairly linear correlation for
both compounds, with similar intercepts, but very different
s
F ra-
d
(
2 peri-
m te
d
=

ntersystem crossing, intramolecular charge transfer,
rom the rate constants values, also reported inTable 2, it
learly appears that the alkylsulfanyl substitution stron
ecreases the efficiency of the non-radiative processe

ing almost unchanged the corresponding radiative rate
tants. The photophysics of benzothiophene is dominat
he triplet formation quantum yield (ΦT=0.98)[24], as con
rmed by the large values of the non-radiative rate cons
n Table 2. The alkylsulfanyl substitution perturbs the excit
tate electronic distribution of benzothiophene, decrea
he efficiency of the intersystem crossing to the triplet s
nd shifting the emission to longer wavelengths. This fin
uggests the contribution of polar structures to the SPhB
ited state, favoured by partial electronic delocalization f
he sulfanylphenyl group to the benzo[b]thiophene moiety.

The same effects induced by the alkylsulfanyl subs
ion on PhBT, i.e. red-shifted emission, increased fluo
ence quantum yield and lifetime, unchanged radiative
onstant and decreased non-radiative rate constant, a
 -

lopes (9339 cm−1 for SPhNBT and 2174 cm−1 for PhNBT).
rom theoretical calculations, we estimated the cavity
ius a and the ground-state dipole momentµG for PhNBT
a = 3.7Å; µG = 2.60 Da) and SPhNBT (a = 3.9Å; µG =
.91 Da). From these computed quantities and the ex
ental results reported inFig. 5, we obtained the excited-sta
ipole moment for PhNBT (µE = 5.1 Da) and SPhNBT (µE
10.3 Da). The latterµE value is typical of planar S1 (�*)
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Fig. 6. Absorption and emission spectra of SPhBT (a, dotted lines), ASPhBT
(b, continuous lines) and dhASPhNBT (c, dashed-dotted lines) in acetoni-
trile. The fluorescence spectrum of dhASPhNBT is multiplied by a factor 20
for clarity. The absorption spectra are normalized with respect to the lowest
energy absorption maximum. Fluorescence spectra (a,b) are normalized to
unit area.

state with partial contributions of polar structures, giving rise
to planar intramolecular charge transfer (PICT) states[25].
Twisted intramolecular charge-transfer (TICT) states, usually
detected in secondary aromatic amines, generally show much
higher excited-state dipole moments (20–30 Da). These find-
ings suggest that planar quinoid mesomeric structures, made
possible by the delocalization of the sulfanyl electronic dis-
tribution through the phenyl group, contribute to increase the
polar character of the SPhNBT excited state.

3.2. Benzo[b]thienylalanine derivatives: ASPhBT,
dhASPhBT, ASPhN7BT, ASPhN5BT compounds

3.2.1. ASPhBT and dhASPhBT
The linkage of SPhBT to alanine does not perturb the

ground-state electronic properties of the benzo[b]thiophene
chromophore, as shown by the fine overlap of the absorption
spectra of ASPhBT and SPhBT in acetonitrile reported in
Fig. 6. On the contrary, the benzothiophene emission in AS-
PhBT is shifted to shorter wavelengths by 9 nm with respect
to the SPhBT emission, while its fluorescence quantum yield
remarkably increases (Table 1). By comparing the photophys-
ical rate constants of the two compounds (Table 2), it appears
that the inclusion in the amino acid scaffold does not affect
the efficiency of the intramolecular quenching processes, but
i gges
t state
e and
t t of
c hBT.

Fig. 7. LUMO (upper) and HOMO (lower) electronic wavefunctions of AS-
PhBT.

The optical properties of ASPhBT are strongly perturbed
by dehydrogenating the alanine C� C� bond. The LE absorp-
tion band of the dehydrogenated amino acid dhASPhBT ap-
pears to be significantly red-shifted and structureless (Fig. 6),
suggesting a large delocalization of the BT electronic distri-
bution over the entire molecular scaffold. Furthermore, the
fluorescence emission of dhASPhBT is almost completely
quenched and the barely detectable band, centered at 411 nm,
is shifted by more than 50 nm with respect to the ASPhBT
emission in acetonitrile (Fig. 6).

Quantum mechanical calculations were performed on AS-
PhBT and dhASPhBT to investigate the ground- and excited-
state electronic properties of the two compounds.Figs. 7 and 8
report the HOMO and LUMO wavefunctions of ASPhBT
and dhASPhBT, respectively. It clearly appears that both the
ground and excited states of the former compound are lo-
calized on the phenylbenzo[b]thiophene moiety, while in the
dehydrogenated amino acid the HOMO and, with a greater
extent, the LUMO electronic distributions are largely delocal-
ized through the amino acid backbone. Most likely, the elec-
tronic coupling of the BT chromophore to the dehydroalanine
residue opens non-radiative relaxation channels, that almost
completely deplete the fluorescence emission.

3.2.2. Probing the electronic conjugation through the
a
c

e of
S e of
e ino
a c-
ncreases the radiative rate constant. These findings su
hat the linkage to the amino acid weakens the excited-
lectronic coupling between the phenylsulfanyl group

he benzo[b]thiophene fluorophore, decreasing the weigh
harge-transfer contributions to the excited state of ASP
t
mino acid side chain: ASPhN7BT and ASPhN5BT
ompounds

The charge-transfer interaction revealed in the cas
PhNBT can be usefully exploited to probe the degre
lectronic conjugation of the BT chromophore to the am
cid scaffold. As clearly shown inFig. 9, the absorption spe
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Fig. 8. LUMO (upper) and HOMO (lower) electronic wavefunctions of
dhASPhBT.

Fig. 9. Absorption and emission spectra of SPhNBT (a, dotted lines), AS-
PhN7BT (b, continuous lines) in acetonitrile. The absorption spectra are
normalized with respect to the lowest energy absorption maximum. Fluo-
rescence spectra are normalized to unit area.

Fig. 10. Fluorescence spectra in methanol of PhNBT (a), ASPhN5BT (b),
ASPhN7BT (c) and SPhNBT (d). Fluorescence spectra are all normalized
to unit area.

trum of ASPhN7BT is not perturbed by linking the aminoben-
zothiophene group to the amino acid side chain, in contrast
with the relaxed excited state responsible for the fluorescence
emission. Since solvent relaxation effects are determined by
the fluorophore excited-state polarity, the significant blue
shift of the ASPhN7BT emission in acetonitrile, indicates
a minor CT contribution to its excited state with respect to
the SPhNBT compound. The possibility to use solvent effects
to characterize the polarity and, hence, the weight of CT con-
tributions to the excited state electronic distribution of BT-
based compounds, is clearly demonstrated inFig. 10, where
we report the fluorescence spectra in methanol of PhNBT
(smallest contribution of CT interaction,λmax = 366 nm),
SPhNBT (maximum CT interaction,λmax = 421 nm) and of
the two alanine-BT derivatives ASPhN7BT (λmax = 384 nm)
and ASPhN5BT (λmax = 386 nm). The latter compounds
differ only in the position of the amino substituent on the
benzo[b]thiophene ring (Fig. 2). The substitution pattern af-
fects the BT electronic distribution and, consequently, the
delocalization through the amino acid scaffold and the extent
of CT interactions. Remarkably, the width of the emission
band increases on going from PhNBT to SPhNBT, denot-
ing that the interaction between the solvent molecules and
the chromophore excited state gives rise to an heterogeneous
population of fluorophores characterized by a continuous dis-
t caf-
f the
B lec-
u anyl
a rate
c me-
d NBT
a g
ribution of relaxed states. The linkage to the amino acid s
old perturbs the excited-state electronic distribution of
T-based derivatives, reducing the extent of the intramo
lar CT interaction propagated through the phenylsulf
nd the amino groups. Accordingly, the non-radiative
onstants of ASPhN7BT and ASPhN5BT show inter
iate values with respect to those measured for Ph
nd SPhNBT (Table 2). The chemical motif determinin
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the photophysics of the compounds investigated is the elec-
tronic coupling of the sulfanyl group to the amino acid
residue and the extent of the CT interaction within the sul-
fanyl/phenyl/aminobenzo[b]thiophene moiety.

4. Conclusions

Benzo[b]thiophene demonstrates a molecular scaffold
featuring optical properties capable of interesting applica-
tions: (i) it is easily endowed with different chemical func-
tions and (ii) its spectroscopic properties can be modulated
by proper substitution on the aromatic ring. The delicate bal-
ance between the delocalization of the aromatic electronic
distribution through the molecular frame and the extent of
intramolecular charge-transfer interactions in the ground and
excited electronic states can be controlled by careful selection
of the nature and position of the BT substituents. As a result,
the excitation and emission energy range of the chromophore
and its sensitivity to the chemical environment polarity can
be suitably tuned.

We explored the possibility to use BT-based compounds as
synthetic analogues of naturally occurring fluorescent amino
acids by covalently linking several sulfanyl-substituted BT
derivatives to the side chain of alanine. It is shown that it
is possible to control the emission properties of the probe
b his
fi he
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