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Benzochalcogendiazole-based conjugated
molecules: investigating the effects of
substituents and heteroatom juggling†
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A convenient and effective synthetic approach for benzochalcogendiazole-based small molecules has

been achieved using polyaniline (PANI)-anchored palladium as a heterogeneous catalyst. The photo-

physical properties of the synthesized benzochalcogendiazole-based small molecules, having different

terminal substituents, have been compared. Moreover, the structural aspects, including the packing pat-

terns and non-bonding interactions of the conjugated molecules, have been investigated using the single

crystal X-ray diffraction (SCXRD) technique.

Introduction

Benzochalcogendiazoles such as 2,1,3-benzoxadiazole (BOD),
2,1,3-benzothiadiazole (BTD) and 2,1,3-benzoselenadiazole
(BSD) have played an important role as acceptor building
blocks1 in the development of donor–acceptor (D–A) organic
conjugated materials for application in organic electronic devices
such as organic light emitting diodes,2 organic field effect
transistors,3,4 and organic solar cells5 and as dyes.6 BOD, BTD
and BSD-based π-conjugated fluorophores exhibit strong and
stable fluorescence along with excellent thermal stabilities.7

Moreover, BSD-based compounds showed red shifts in their
absorption and emission spectra compared with BTD- and
BOD-based compounds, because BSD can more effectively lower
band gaps.7a,8 Also, benzoselenadiazoles can effectively tune the
optical and electronic properties of the resulting conjugated
systems. On the other hand, few studies have proven that ben-
zoxadiazole is a relatively stronger electron acceptor than BTD
and BSD due to its larger electron affinity to oxygen.9 BOD, BTD
and BSD are the typical examples, where the optoelectronic pro-
perties of the resulting organic conjugated system can be ato-
mistically tuned by single atom substitution.8b

The BOD, BTD and BSD derivatives can form well-ordered
crystal structures, and the solid-state packing in such mole-
cules strongly depends on intra- and intermolecular S/Se⋯N
interactions and other non-covalent interactions.10 It is
reported that heavier chalcogen (Se) in chalcogenadiazoles
show a stronger tendency to form head-to-head dimers. Thus,
such non-covalent interactions can be effectively exploited for
the formation of supramolecular self-assemblies.11

Researchers have utilized the Mizoroki–Heck reaction,12

Suzuki–Miyaura reaction13 and Migita–Kosugi–Stille14 reaction
for the synthesis of various benzochalcogendiazole-based con-
jugated molecules. However, these reactions require costly pal-
ladium salts or complexes. Therefore, immobilization of palla-
dium on a solid support for heterogeneous reactions is a cost
efficient alternative for these coupling reactions.15 An impor-
tant aspect of the development of a heterogeneous catalyst
involves the anchoring of the active transition metal salts onto
a solid surface. Due to the ability of PANI to easily undergo ion
exchange when treated with metal salts and its low solubility
in organic solvents and water, this material can be used as a
support in heterogeneous catalysis. PANI supported metal ion-
based catalysts have been used for many organic transform-
ations such as oxidations,16 acylations,17 and coupling reac-
tions,18 and a few other miscellaneous transformations.19 In
our ongoing research, we have been working on the heteroge-
nization of metal ions on polyaniline (PANI) and its appli-
cations in various organic transformations.20 We also report
here the one-pot Wittig–Heck methodology21 for the construc-
tion of a new class of conjugated substituted bis(vinyl arene)-
capped benzothiadiazole derivatives. This strategy has several
advantages, such as short synthesis without separation and
purification of unstable intermediates, minimum waste gene-
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ration, and judicious utilization of time and resources.22 Apart
from a few recent reports, benzochalcogendiazole-based sub-
stituted vinyl arenes have not been explored much.5a,23

In the present paper, benzochalcogendiazole-based small
conjugated molecules are synthesized by the Suzuki–Miyaura
reaction with phenyl and thiophene boronic acid (06 examples)
as well as by the Mizoroki–Heck reaction with styrene,
4-methylstyrene and vinylpyridine (07 examples) using palla-
dium immobilized on the polyaniline (PANI) solid support as a
cost-efficient heterogeneous catalyst. The molecules synthesized
by the Suzuki–Miyaura reaction and Mizoroki–Heck reaction are
designed and studied to obtain very effective and useful infor-
mation about the photophysical and structural effects arising
from the heteroatom juggling (O/S/Se) in the benzochalcogen-
diazole unit. Using the one-pot Wittig–Heck methodology, we
have synthesized conjugated bis(vinyl arene)-capped benzothia-
diazole derivatives, by varying different substituted aldehydes
from electron releasing (–OCH3, 1,3-dioxolyl, –CH3) to electron
withdrawing (–Cl, –F, –CN, –NO2) groups using the heteroge-
nous catalyst PANI-Pd, which are further tested for the effects of
substitution on their photophysical properties.

Results and discussion
Synthesis

Polyaniline (PANI) was prepared from aniline hydrochloride by
a chemical oxidation protocol using ammonium persulfate fol-
lowed by neutralization with aqueous ammonia.24 Palladium was
immobilized on the sample of PANI by treating it with a solution
of PdCl2 in acetonitrile. The catalyst PANI-Pd was characterized
by XRD, BET and ICP-AES.20a Two signals at 2θ values of 40° and
46° in the X-ray diffraction (XRD) analysis indicate the presence
of Pd ions (Fig. S1†). ICP-AES analysis of the catalyst sample indi-
cates a 3.86% loading of palladium metal.20a

The catalyst system was applied for the Suzuki–Miyaura
coupling reaction. The standard reaction conditions are shown
in Scheme 1, where dibromobenzochalcogendiazoles 1–3 were

treated with phenyl/thiophene boronic acid in the presence of
the PANI-Pd catalyst and K2CO3 as a base. The biaryl products
7–9 were isolated in high yields and characterized by spectro-
scopic techniques.

The PANI-Pd catalyst was further explored for the standard
Mizoroki–Heck coupling reaction. The dibromobenzochalco-
gendiazoles 1–3 were subjected to the Mizoroki–Heck coupling
reaction with vinyl arenes 10–12 in the presence of the
PANI-Pd catalyst and a mild base, K2CO3 (Scheme 2). Products
13–19 of the Mizoroki–Heck reaction were obtained in good
yields and isolated as the E-isomer as shown in Scheme 2. All
the synthesized compounds were characterized by the usual
spectroscopic techniques.

Many substituted vinyl arenes are costly, not readily avail-
able, and tend to polymerize at a higher temperature. Here, a
one-pot Wittig–Heck reaction methodology was adopted to
overcome these difficulties.20a Vinyl arenes were prepared
in situ by the Wittig reaction of an aldehyde and Ph3PCH3I and
then subjected to the Mizoroki–Heck reaction (Fig. 1). The
easy availability of aromatic aldehydes compared to the substi-
tuted vinyl arenes makes the one-pot methodology more
favourable for the construction of bis(vinylarene)-capped
benzochalcogendiazoles. A series of substituted benzaldehydes
having different electron releasing/withdrawing groups were
used to form substituted vinyl arenes in situ, which sub-
sequently reacted with 4,7-dibromo-2,1,3-benzochalcogendia-
zole in the presence of PANI-Pd catalysts affording the final
products in a single pot (Scheme 3).

Since the Wittig reaction was performed with aromatic alde-
hydes and Ph3PCH3I, the intermediate vinyl arenes immedi-
ately underwent the Mizoroki–Heck reaction with aryl halides

Scheme 1 PANI-Pd catalyzed Suzuki–Miyaura reaction. Scheme 2 PANI-Pd catalyzed Mizoroki–Heck reaction.
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in the presence of PANI-Pd. Their stereochemistry is deter-
mined in the second step, which favours the formation of the
E-isomer. A series of compounds 14, 17, and 20–25 were syn-
thesized and isolated in good yields (56–71%) as shown in
Scheme 3.

Photophysical studies

The absorption and emission spectra of all the compounds
were studied in chloroform solution. The absorption spectra of
compounds 4–9 exhibit absorption bands between 300 and
550 nm which are assigned to π → π* and charge transfer (CT)
transitions (Fig. 2a). The absorption spectra of compounds 7–9
were red-shifted compared to compounds 4–6 owing to the

planar structures of 7–9 and the presence of more electron
donating thienyl groups compared to the phenyl groups. The
emission spectra of compounds 4–9 (Fig. 2b) exhibited emis-
sion maxima between 484 and 620 nm with Stokes shift values
in the range of 102–140 nm (Table 1). Compound 4 showed
emission maximum at 484 nm, whereas compound 9 showed
emission maximum at 620 nm, exhibiting a red-shift of
136 nm. It is noteworthy that compounds 4 and 5 exhibited
a single higher energy emission band, while compound 6
showed relatively red shifted typical broad CT emission at
514 nm. However, replacement of the terminal phenyl group
with a thienyl group resulted in a red shift of emission
maxima as well as dual band emission for compounds 7 and 8
while compound 9 showed much red shifted typical broad CT
emission at 620 nm.

The photophysical properties of compounds 13–19 were
studied by UV-visible spectroscopy in chloroform solutions
(Fig. 3a). Compounds 13–19 exhibit a characteristic dual band
nature, and the higher energy bands (250–350 nm) can be
ascribed to the π → π* transition of the conjugated backbone,
while the lower energy bands correspond to the charge transfer
transitions (Fig. 3a). Introduction of a vinyl spacer between the
central BOD/BTD/BSD unit and the terminal phenyl group
resulted in the bathochromic shifting of the absorption
maxima as well as lowering of the optical band-gaps of com-
pounds 13–15 compared to those of compounds 4–6.
Moreover, the effect of the presence of the electron donating
substituent (methyl group) has been established by the batho-
chromic shift of the absorption maxima (λabsmax) of compounds

Fig. 1 One-pot Wittig–Heck approach.

Scheme 3 PANI-Pd catalyzed one-pot Wittig–Heck reaction.
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16–18 compared to those of compounds 13–15 (see Table 1).
The steady-state fluorescence spectroscopy of compounds
13–19 showed that the emission maxima (λemmax) varied in the
range of 103 nm, that is, from 521 nm for compound 19 to
624 nm for compound 18 and the corresponding Stokes shift
values range between 90 and 135 as shown in Fig. 3b and
Table 1.

Also, the effects of the insertion of vinyl spacers were evi-
denced by the dual band emission spectra of compounds
13–15 (Fig. 3b) compared to those observed for compounds
4–6 (Fig. 2b). Also, compounds 16 and 17 exhibited dual band
emission spectra (Fig. 3b). Compound 18 with a central BSD-
unit showed a much less intense and red shifted typical broad
CT band at 624 nm. Compound 19, with electron withdrawing

Fig. 2 (a) Absorption spectra and (b) emission spectra of compounds 4–9 in chloroform solution (10−5 M).

Table 1 Photophysical properties of synthesized benzochalcogendiazole-based conjugated molecules (compounds 4–9 and 13–25); literature
values are given in the parentheses

Sr. no Compounds λabsmax (nm) λemmax (nm) λonset (nm) Stokes shifts (nm) Log ε Eoptg (eV)

1 4 266, 378 484 444 106 4.14 2.79
2 5 269, 316, 380(380)27 488(490)27 456 108 3.90 2.72
3 6 260, 333, 399(408)28 514(505)28 480 113 3.63 2.58
4 7 294, 440(441)14 548, 581 506 108 4.10 2.45
5 8 255, 307, 447(466)29 549, 582 521 102 4.08 2.38
6 9 262, 317, 480(478)28 620(597)28 555 140 4.00 2.23
7 13 318, 444 548, 578 506 104 4.48 2.45
8 14 329, 449 548(552),23a 583 520 99 4.25 2.34
9 15 310, 338, 451 549, 588 540 134 3.80 2.30
10 16 322, 453 549, 583 534 90 4.49 2.32
11 17 329, 459 552, 591 536 132 4.50 2.25
12 18 343, 489 624 582 135 4.11 2.13
13 19 329(329),5a 421(428)5a 521(510)5a 479 100 4.34 2.59
14 20 330(326),23b 472(460)23b 554, 601(595)23b 555 129 4.30 2.16
15 21 323, 460 554, 596 568 136 4.28 2.14
16 22 328, 445 543, 582 527 98 4.32 2.31
17 23 328, 448 547, 582 523 98 4.28 2.32
18 24 333, 440 529 503 88 4.47 2.48
19 25 331, 376, 446 513, 533 516 67 4.37 2.39

Fig. 3 (a) Absorption spectra and (b) emission spectra of compounds 13–19 in chloroform solution (10−5 M).
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terminal pyridyl units, exhibited blue shifted emission at
521 nm.

From the absorption and emission spectra of 4–18, we
observed that λabsmax and λemmax exhibited a bathochromic shift
when heavier chalcogen atoms were introduced into the benzo-
chalcogendiazole unit. This could be attributed to the increase
in the electron density and atomic radius of the heteroatom
(from oxygen to selenium) resulting in an improved intra-
molecular charge transfer (ICT).9c Apart from this, decreased
log ε values of BSD-based compounds (compounds 6, 9, 15
and 18; Fig. 2a and 3a) compared to those of the BTD and
BOD-based compounds (compounds 4, 5, 7, 8, 13, 14, 16 and
17) can be ascribed to the decrease in the electronegativity of
the heteroatom and increased size of the atom, as moving
from oxygen to sulphur to selenium.4b The presence of a larger
selenium atom reduces the oscillator strength for S0 to S1 tran-
sitions drastically, which in turn results in reduced log ε
values.25 Selenium derivatives (compounds 6, 9, 15 and 18)
exhibited relatively large Stokes shifts compared to their
corresponding oxygen and sulphur derivatives, which can be
ascribed to the dipole–dipole interactions owing to the gene-
ration of a polar excited state, thereby giving rise to typical
broad CT emissions.5a

Compounds synthesized by the one-pot Wittig–Heck reac-
tion were studied for their photophysical properties by UV-
visible spectroscopy and steady-state fluorescence spectroscopy
in chloroform solutions (Fig. 4a and b and Fig. S2†). As shown
in Fig. 4a, compound 20 with an electron releasing methoxy
group shows absorption maxima (λabsmax) at 472 nm whereas
compound 24 with an electron withdrawing cyano group
shows absorption maxima (λabsmax) at 440 nm, exhibiting a blue
shift of 32 nm as shown in Table 1. Steady-state fluorescence
studies of compounds 14, 17, and 20–25 showed dual emission
band spectra and the λemmax for the compounds varied in the
range of 88 nm, that is, from 513 nm for compound 25 which
has an electron-withdrawing nitro group to 601 nm for com-
pound 20 with an electron-releasing methoxy group as shown
in Fig. 4b and Table 1, exhibiting a red shift of the emission
maxima while moving from compounds with electron with-
drawing to electron releasing substituents. Moreover, the dual
band emission spectra of compounds 7, 8, 13–17 and 20–23

(Fig. 2b, 3b and 4b) can be ascribed to the vibronic progression
due to distinct transitions associated with typical C–C stretch-
ing motions within the rigid conjugated structure and the
energy difference between these two emissions ranges between
0.12 and 0.16 eV.26

The interaction of the basic nitrogen of terminal pyridine
units with mineral acid is also studied as protonation results
in significantly altered absorption and emission character-
istics. Compound 19 was spectroscopically studied for its pro-
tonation behavior. The absorption spectrum of compound 19
exhibited strong absorption in the range of 280–500 nm,
whereas the first absorption band near 300 nm can be
assigned to π → π* electronic transitions and the second
absorption band near 450 nm can be attributed to charge
transfer transition. Upon addition of dilute methanolic HCl
(0.2 mL; 0.625 mM solution), the intensity of the first absorp-
tion band at 326 nm decreases and shifts to 331 nm, while
that of the second band at 421 nm increases and shifts to
427 nm as shown in Fig. 5.

The emission spectrum of compound 19 exhibited strong
emission at 521 nm upon excitation at 421 nm as shown in
Fig. 5b, which shifts to 483 nm with an additional shoulder
peak at 509 nm after protonation. In other words, the fluo-
rescence of compound 19 in the neutral state is quenched
upon addition of an acid. Quenching is observed in the pres-
ence of dilute HCl and is regenerated by the addition of
ammonia, making the process reversible, which can be attribu-
ted to the protonation–deprotonation process of the terminal
pyridine groups, allowing reversible inter-conversion between
the cationic and neutral forms of compound 19.

Single crystal X-ray diffraction (SCXRD) analysis

Suitable single crystals of compounds 13–15, 18, 19, 21 and 23
were obtained by slow evaporation of the saturated solution in
petroleum ether/chloroform of the corresponding compounds.
The thermal ellipsoid plots (at 50% probability) for each
crystal structure are given in the ESI (Fig. S3–S10†).
Crystallographic data and structure refinement parameters are
listed in Table S1† in the ESI. A single crystal X-ray study con-
firmed the E,E-orientations along the vinyl group (Fig. 6) and
revealed important information about the heteroatom (O, S and

Fig. 4 Normalized (a) absorption and (b) emission spectra of benzothiadiazole-based conjugated molecules (compounds 14, 17, 20–25) in chloro-
form solution (10−5 M).
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Se) juggling in compounds 13–15. However, orientation of the
styryl group with respect to the chalcogendiazole ring is
different for compound 13 compared to compounds 14 and
15. Compounds 13–15 crystallize in a monoclinic crystal
system with the space group Pn for 13 and P21/c for 14 and 15.
The crystal structure of compound 13 is almost coplanar (see
Table S2†), whereas the styryl groups in 14 and 15 deviate sig-
nificantly from the central BTD and BSD units (Fig. 6b and c).
Similarly, compounds 13–15 showed distinct variations in
bond angles N–O–N (111.40°), N–S–N (100.60°) and N–Se–N
(94.68°) for five-membered benzochalcogendiazole rings. The
effects of heteroatom juggling in compounds 13–15 are also
pronounced in terms of crystal packing.

Compound 13 is packed as a layered structure with slip-
stacked parallel 1-D chains with π–π stacking (3.39 Å; Fig. 7a
and b, Fig. S11a†). Compound 14 shows C–H⋯π interaction
(2.85 Å, between carbon C22 and hydrogen H17; Fig. S11b†)
promoted crystal packing with a 2-D interlocking pattern
(Fig. S11c†). Moreover, the central BTD units of the adjacent
molecules are oppositely cross-aligned with a distance of
3.72 Å. The absence of effective π–π stacking can be ascribed to
the increased torsional angles (Table S2†). Also, as an effect of
reduced planarity, the log ε value of compound 14 (4.25, see
Table 1) is much lower compared to that of compound 13.

Furthermore, the replacement of S with Se within the five-
membered benzochalcogendiazole rings increased the torsion
angles in compound 15 (Fig. 6c and Table S2†). Compound 15
exhibited C–H⋯π interaction (2.81 Å, between carbons C23

Fig. 6 ORTEP diagram of crystal structures of compounds (a) 13, (b) 14
and (c) 15; ellipsoids are at 50% thermal probability.

Fig. 5 (a) Absorption and (b) emission spectra of compound 19 before and after the addition of methanolic HCl.

Fig. 7 (a) π–π stacking between the molecules of compound 13; (b) herringbone type crystal packing of compound 13 along the ac-axis.
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and C24 and hydrogen H13) and Se⋯Se interaction (3.78 Å)
promoted crystal packing with a 2-D interlocking pattern
(Fig. S11d and e†). Moreover, the central BSD units of the adja-
cent molecules are oppositely cross-aligned with a shorter dis-
tance of 3.67 Å, compared to that of 3.72 Å for compound 14,
owing to an additional Se⋯Se non-bonding interaction
(Fig. S11d†). Again, the absence of effective π–π stacking and
loss of planarity within the molecules further decreased the
log ε value of compound 15 (3.80, see Table 1) compared to
that of compounds 13 and 14.

Introduction of the p-methyl substituent on terminal
phenyl rings substantially decreased the torsional angles in
compound 18 (Fig. 8a and Table S2†). Compared to compound
15, compound 18 exhibited significant numbers of non-
bonding interactions involving C–H⋯π (ranging from 2.78 to
2.88 Å), C–H⋯Se (3.05 Å; between selenium Se4 and hydrogen
H38), Se⋯N (ranging from 3.00 to 3.43 Å) and Se⋯Se (3.79 Å)
interactions. In the crystal structure of compound 18, four
molecules of 18 form 3 pairs of Se⋯N interactions, which are
further connected to the dimer via Se⋯N interactions
(Fig. S11f†). These extended 1-D Se⋯N interactions form a hex-
agonal 1-D array of the molecules which are closely packed to
form a rotating mill like structure (Fig. 8b).

Introduction of the 1,3-dioxolyl substituent on both the
terminal phenyl rings (compound 21) decreased the torsional
angles (Fig. 9 and Table S2†).

Compound 21 exhibited π–π stacking (3.39 Å; between
carbons C20 and C20 of two adjacent benzo[d][1,3]dioxol-5-yl
rings), C–H⋯π interaction (2.76 Å; between carbon C20 and
hydrogen H20) and N–H hydrogen bonding (2.70 Å; between
nitrogen N5 and hydrogen H16B) promoted crystal packing
with a 2-D rectangular arrangement of molecules along the
c-axis (Fig. S12a and b†). Compound 21 showed an increased

log ε value (4.28) compared to that of 4.25 for compound 14
which can be ascribed to the effective π–π stacking as well as
improved planarity of the molecule.

Introduction of a smaller and electronegative fluorine atom
as the substituent resulted in increased torsional angles
(Fig. 10a and Table S2†). Compound 23 showed π–π stacking
(3.39 Å; between two oppositely cross-aligned BTD units), C–
H⋯π interaction (2.77 Å; between carbons C19 and C20 and
hydrogen H23) and F–H hydrogen bonding (2.64 Å; between
fluorine F27 and hydrogen H14 as well as 2.64 Å; between fluo-
rine F18 and hydrogen H13; Fig. S12d†). Apart from these,
compound 23 exhibited supramolecular bifurcated S⋯F inter-
actions between fluorines F18 and F27 and sulphur S4 of the
central BTD unit (3.12 Å and 3.06 Å, respectively) forming a
1-D ribbon-like structure along the ab-axis (Fig. 10b).
Compound 23 showed crystal packing with a 2-D interlocking
pattern along the c-axis (Fig. S12c†).

Apart from BTD-based molecules containing terminal
phenyl and substituted phenyl rings, compound 19 with term-
inal pyridine rings was also synthesized and the study of its
crystal structure revealed that the molecule is relatively planar
with decreased torsional angles (Fig. 11a and Table S2†).

Moreover, a molecule of water is trapped between two adja-
cent molecules, exhibiting non-bonding N⋯O interaction
(2.93 Å; between nitrogen N45 and oxygen O1), N–H hydrogen
bonding (2.12 Å; between nitrogen N37 and hydrogen H1B and
2.16 Å; between nitrogen N45 and hydrogen H1A), and O–H
hydrogen bonding (2.60 Å; between oxygen O1 and hydrogen
H18) as well as non-bonding C⋯H interactions (2.90 Å and
2.80 Å, respectively, between hydrogens H1A and H1B and
carbons C38 and C46) (Fig. S13†). Also, the crystal structure of
compound 19 exhibited N–H hydrogen bonding (2.69 Å;
between nitrogen N12 and hydrogen H33) and non-bonding
N⋯S interactions (3.35 Å; between nitrogen N12 and sulphur
S29), depicted in Fig. S13.† As shown in Fig. 11b, compound
19 showed strong π–π stacking (3.29 Å; between carbons C16
and C24 of the adjacent molecules with oppositely cross-
aligned central BTD-units) and C–H⋯π interaction (2.89 Å;
between hydrogen H24 and carbon C49). The improved planar-
ity and effective π–π stacking between the adjacent molecules
can also be correlated with the improved absorptivity (with a
log ε value of 4.34) compared to that of compound 14 (with a
log ε value of 4.25).

Fig. 9 ORTEP diagram of the crystal structure of compound 21; ellip-
soids are at 50% thermal probability.

Fig. 8 (a) ORTEP diagram of the crystal structure of compound 18;
ellipsoids are at 50% thermal probability; (b) clock-wise rotating mill like
crystal packing of compound 18 along the abc-axis.
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Carboxylic acid–pyridine carboxamide combinations are
one of the well-known and well-established co-crystal forming
systems.30 Hydrogen bonding of carboxylic acids with mole-
cules having basic functional groups, such as 4,4′-bipyridine,
phenazine, 2-pyridone, and isonicotinamide, results in reco-
gnition via an acid⋯pyridine heterosynthon instead of a car-
boxylic acid dimer.31 Co-crystal strategies underline the self-
assembly of functional compounds which may yield a new
generation of multidimensional supramolecular networks due
to various intermolecular interactions (hydrogen bonding, π–π
stacking interaction, anion–π interaction etc.).32

The co-crystals were prepared through solution crystalliza-
tion experiments, by mixing the corresponding reactants in a
1 : 1 molar ratio (compound 19 and terephthalic acid) in a hot
methanolic solution for 30 minutes.

The product was filtered and recrystallized in dimethyl
sulphoxide (DMSO) to obtain co-crystals as needle-like orange
crystals. It was observed that within the co-crystals, a ter-
ephthalic acid unit links two adjacent terminal pyridine units
of compound 19 via pyridine carboxamide salt formation
(Fig. 12a), which results in substantially reduced torsional
angles compared to those of compound 19 which shows that

Fig. 10 (a) ORTEP diagram of the crystal structure of compound 23; ellipsoids are at 50% thermal probability; (b) 1-D ribbon like crystal packing of
compound 23 along the ab-axis.

Fig. 11 (a) ORTEP diagram of the crystal structure of compound 19;
ellipsoids are at 50% thermal probability; (b) π–π stacking, C–H⋯π inter-
action and non-bonding N⋯S interaction promoted crystal packing of
compound 19.

Fig. 12 (a) Hydrogen bonding interactions between the terminal pyridine units of 19 and terephthalic acid units; (b) herringbone type crystal
packing of the co-crystal along the a-axis.
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after the formation of the co-crystals the molecule has become
essentially flat (Table S2†). The co-crystals exhibit O–H
bonding (ranging from 2.40 to 2.69 Å; Fig. S14c†) resulting in a
1-D polymeric array (Fig. 12a) of alternate molecules of ter-
ephthalic acid and compound 19. These 1-D polymeric arrays
are π-stacked to form a layered structure, packed together via
S–H and O–H interactions. Moreover, the co-crystals showed
π–π stacking between the terminal pyridine ring, carbon C13
and terephthalic acid, carbon C26 (3.37 Å; Fig. S14b†) as well
as between two adjacent terephthalic acid units, carbons C31
and C29 (3.40 Å; Fig. S14b†). Such types of molecules are
potentially good candidates for applications in organic field
effect transistors.

Conclusion

We report here the synthesis of various benzochalcogendia-
zole-based π-conjugated fluorescent molecules using the
heterogeneous Pd anchored PANI catalyzed Suzuki–Miyaura
reaction, Mizoroki–Heck reaction and one-pot Wittig–Heck
reaction. The one-pot Wittig–Heck methodology provided ben-
zothiadiazole-based conjugated fluorescent molecules having
electron releasing as well as electron withdrawing substituents.
All the synthesized benzochalcogendiazole-based conjugated
molecules were characterized by 1H and 13C NMR spectroscopy
as well as by high resolution mass spectrometric (HRMS) ana-
lysis. The synthesized conjugated molecules were studied for
their photophysical properties by UV-visible and steady-state
fluorescence spectroscopy. The UV-visible and steady state fluo-
rescence spectra of the phenyl- and thiophene-capped benzochal-
cogendiazole derivatives (compounds 4–9) and bis(vinyl arene)-
capped benzochalcogendiazole derivatives (compounds 13–18)
exhibited a bathochromic shift of the absorption and emission
maxima as a result of heteroatom juggling (O/S/Se) within the
central benzochalcogendiazole unit. Moreover, bis(vinyl arene)-
capped benzothiadiazole derivatives (compounds 14, 17, 20–25),
obtained via the one-pot Wittig–Heck reaction, exhibited a blue
shift as the substituents on the terminal phenyl rings varied
from electron releasing to electron withdrawing groups, owing to
the distinctive –R group effect. A single crystal X-ray diffraction
study revealed the trans orientation of the vinyl linkage between
the phenyl and BOD/BSD/BTD units. The molecules showed sig-
nificant non-conventional interactions such as π–π, N–H, CH–F,
S–F, Se–Se, Se–N and CH–π interactions, which are in agreement
with the different crystal packing and orientation of the substi-
tuted phenyl ring with respect to the central unit. The co-crystal
of terephthalic acid and compound 19 was found to be an essen-
tially flat molecule which can be a good candidate for application
in organic field effect transistors.

Experimental section

Oven-dried glassware was used for all the reactions with mag-
netic stirring. Thin layer chromatography was performed on

silica gel plates coated on aluminum sheets. The TLC spots
were visualized under UV light and/or with iodine vapors. All
reactions were carried out under an inert atmosphere (nitro-
gen). All the compounds were purified by column chromato-
graphy on silica gel (60–120 mesh). NMR spectra were recorded
on a Bruker Avance-III 400 spectrometer with CDCl3 and
DMSO-D6 as solvents and TMS as an internal standard
(400 MHz for 1H-NMR and 100 MHz for 13C-NMR). The high-
resolution mass spectra (HRMS) were recorded on a Xevo G2-
XS QTOF mass spectrometer. Diffraction data were collected
using an Xcalibur, Eos, Gemini diffractometer with Cu Kα (λ =
1.54184) and/or Mo Kα (λ = 0.71073) radiation. IR spectra were
recorded on a PerkinElmer FTIR RXI spectrometer using KBr
pellets. The UV-Visible absorption spectra of all the com-
pounds were measured in chloroform at room temperature on
a PerkinElmer Lambda 35 spectrometer using quartz cuvettes
and the fluorescence was measured using a Jasco FP-6300
spectrofluorometer. The melting points were recorded in
Thiele tubes using paraffin oil and are uncorrected. Solvents
and chemicals used were purchased from Spectrochem and
Sigma-Aldrich Chemicals Limited, and used without further
purification. Dibromobenzochalcogendiazoles 1–3 were syn-
thesized following the literature procedures.33 Compound 1
was synthesized in four steps starting from o-nitroaniline, fol-
lowing the synthetic procedure reported by Yong et al.33a, in an
overall yield of 7%. Compounds 2 and 3 were synthesized fol-
lowing the literature procedures reported by Xu et al.33c in
overall yields of 63% and 57%, respectively. The literature
reported characterization data33 were compared with the
measured 1H NMR data and melting points to confirm the
identity of synthesized compounds 1–3.

General procedure for the Suzuki–Miyaura reaction (Scheme 1)

An oven dried two neck round bottom flask was charged with
dibromobenzochalcogendiazole (0.2 g, 1 eq.), potassium car-
bonate (4 eq.), and PANI-Pd catalyst (0.12 g, 0.044 mmol of Pd)
and the mixture was dissolved in 1,4-dioxane (10 mL). To the
reaction mixture phenyl/thiophene boronic acid (2.5 eq.) was
added and the mixture was heated at 90–95 °C in an oil bath
for 20 h. The reaction mixture was quenched with water and
extracted with ethyl acetate (3 × 25 mL). The combined organic
phase was washed with water and dried over anhydrous
sodium sulfate. The solvent was removed under vacuum and
the crude product was purified by column chromatography on
silica gel to afford the product.

4,7-Diphenylbenzo[c][2,1,3]oxadiazole (4). Yield: 0.17 g
(87%); M.P. 188 °C [Lit.34 190–191 °C]; 1H-NMR (CDCl3,
400 MHz): δ 7.49–7.52 (m, 1H), 7.54–7.59 (m, 2H), 7.70 (s, 1H),
8.05–8.07 (m, 2H); Mass (EI) m/z: 272 (M+, 100), 239 (47). The
rest of the characterization data are reported in the
literature.34

4,7-Diphenylbenzo[c][2,1,3]thiadiazole (5). Yield: 0.16 g
(83%); M.P. 125 °C [Lit.35 127 °C]; 1H-NMR (CDCl3, 400 MHz):
δ 7.49–7.51 (m, 1H), 7.56–7.60 (m, 2H), 7.82 (s, 1H), 7.94–8.00
(m, 2H); Mass (EI) m/z: 289 (M + 1, 100). The rest of the charac-
terization data are reported in the literature.35
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4,7-Diphenylbenzo[c][2,1,3]selenadiazole (6). Yield: 0.16 g
(81%); M.P. 175–177 °C [Lit.28 177 °C]; 1H-NMR (CDCl3,
400 MHz): δ 7.45–7.549 (m, 1H), 7.54–7.58 (m, 2H), 7.65 (s,
1H), 7.89–7.91 (m, 2H); Mass (EI) m/z: 355 (M+, 37), 255 (100),
227 (28). The rest of the characterization data are reported in
the literature.28

4,7-Di(thiophen-2-yl)benzo[c][2,1,3]oxadiazole (7). Yield:
0.16 g (78%); M.P. 121–123 °C [Lit.29 123–125 °C]; 1H NMR
(400 MHz, CDCl3): δ 7.22–7.24 (m, 2H), 7.46–7.48 (m, 2H), 7.63
(s, 2H), 8.13–8.14 (m, 2H); Mass (EI) m/z: 284 (M+, 100), 283
(64), 254 (35). The rest of the characterization data are reported
in the literature.29

4,7-Di(thiophen-2-yl)benzo[c][2,1,3]thiadiazole (8). Yield:
0.16 g (80%); M.P. 123–124 °C [Lit.36 123–125 °C]; 1H NMR
(400 MHz, CDCl3): δ 7.22–7.24 (m, 2H), 7.47–7.48 (m, 2H), 7.88
(s, 2H), 8.13–8.14 (m, 2H); Mass (EI) m/z: 300 (M+, 100), 299
(90). The rest of the characterization data are reported in the
literature.36

4,7-Di(thiophen-2-yl)benzo[c][2,1,3]selenadiazole (9). Yield:
0.14 g (70%); M.P. 126 °C [Lit.28 127 °C]; 1H NMR (400 MHz,
CDCl3): δ 7.21–7.23 (m, 2H), 7.48–7.49 (m, 2H), 7.82 (s, 2H),
8.03–8.04 (m, 2H); Mass (EI) m/z: 300 (M+, 100), 299 (90). The
rest of the characterization data are reported in the
literature.28

General procedure for the Mizoroki–Heck reaction (Scheme 2)

To an oven dried two neck round bottom flask dibromobenzo-
chalcogendiazole 1–3 (0.2 g, 1 eq.), PANI-Pd (0.15 g,
0.055 mmol of Pd) and potassium carbonate (4 eq.) were
added. N,N-Dimethylacetamide (10 mL) was used as the
solvent and then styrene 10–12 (2.5 eq.) was added under a
nitrogen atmosphere. The reaction mixture was then heated to
120–140 °C in an oil bath for 40 h. The reaction mixture was
quenched with water and extracted with ethyl acetate (3 ×
50 mL) and dried over anhydrous sodium sulfate. The solvent
was removed under vacuum and the crude product was puri-
fied by column chromatography on silica gel to afford the
product.

4,7-Di((E)-styryl)benzo[c][2,1,3]oxadiazole (13). Yield: 0.17 g
(74%); M.P. 185–186 °C; 1H-NMR (400 MHz, CDCl3):
δ 7.29–7.36 (m, 3H), 7.41–7.45 (m, 2H), 7.64–7.66 (m, 2H),
8.06–8.10 (d, 2J = 16 Hz, 1H); 13C NMR (100 MHz, CDCl3):
δ 123.7, 126.2, 127.1, 128.6, 128.8, 130.1, 135.8, 137.0, 148.3;
Mass (EI) m/z: 324 (M+, 100), 323(73), 295 (44); HRMS (ESI) m/z
calculated for C22H17N2O [M + H]+ 325.1341, found 325.1332.

4,7-Di((E)-styryl)benzo[c][2,1,3]thiadi-azole (14). This com-
pound has been reported very recently by Zhang et al.23a Yield:
0.16 g (71%); M.P. 178 °C; 1H NMR (400 MHz, CDCl3):
δ 7.32–7.35 (m, 1H), 7.41–7.45 (m, 2H), 7.66–7.70 (m, 3H), 7.73
(s, 1H), 8.00–8.05 (d, 2J = 16.4 Hz, 1H); 13C NMR (100 MHz,
CDCl3): δ 124.5, 127.0 (2C), 128.1, 128.8, 129.3, 133.2, 137.5,
154.0; Mass (EI) m/z: 341 (M + 1, 67), 340 (M+, 100); HRMS
(ESI) m/z calculated for C22H17N2S [M + H]+ 341.1112, found
341.1111.

4,7-Di((E)-styryl)benzo[c][2,1,3]selenadiazole (15). Yield:
0.15 g (69%); M.P. 180–181 °C; 1H NMR (400 MHz, CDCl3):

δ 7.31–7.34 (m, 1H), 7.40–7.44 (t, 2J = 8 Hz, 2H), 7.65–7.68 (m,
3H), 7.73–7.77 (d, 2J = 16.4 Hz, 1H), 7.88–7.93 (d, 2J = 16.4 Hz,
1H); 13C NMR (100 MHz, CDCl3): δ 124.7, 126.7, 126.9, 128.1,
128.7, 130.8, 132.9, 137.6, 159.6; Mass (EI) m/z: 387 (M+ 100),
307 (100); HRMS (ESI) m/z calculated for C22H17N2Se [M + H]+

389.0557, found 389.0555.
4,7-Bis((E)-4-methylstyryl)benzo[c][2,1,3]oxadiazole (16).

Yield: 0.18 g (72%); M.P. 244 °C; 1H NMR (400 MHz, CDCl3):
δ 2.41 (s, 3H), 7.23–7.34 (m, 4H), 7.54–7.56 (d, 2J = 8 Hz, 2H),
8.03–8.07 (d, 2J = 16 Hz, 1H); 13C NMR (100 MHz, CDCl3):
δ 21.4, 122.9, 126.1, 127, 129.5, 130.7, 134.3, 135.7, 138.7,
148.4; HRMS (ESI) m/z calculated for C24H21N2O [M + H]+

353.1654, found 353.1630.
4,7-Bis((E)-4-methylstyryl)benzo[c][2,1,3]thiadiazole (17).

Yield: 0.18 g (73%); M.P. 202 °C; 1H NMR (400 MHz, CDCl3):
δ 2.41 (s, 3H), 7.22–7.23 (d, 2J = 8.4 Hz, 2H), 7.57–7.58 (d, 2J =
8 Hz, 2H), 7.62–7.66 (d, 2J = 16.4 Hz, 1H), 7.71 (s, 1H),
7.96–8.00 (d, 2J = 16.4 Hz, 1H); 13C NMR (100 MHz, CDCl3):
δ 21.4, 123.5, 126.7, 126.8, 129.2, 129.5, 133.0, 134.7, 138.1,
154.0; Mass (EI) m/z: 368 (M+ 100), 367 (80); HRMS (ESI) m/z
calculated for C24H21N2S [M + H]+ 369.1425, found 369.1399.

4,7-Bis((E)-4-methylstyryl)benzo[c][2,1,3]selenadiazole (18).
Yield: 0.16 g (65%); M.P. 192–195 °C; 1H NMR (400 MHz,
CDCl3): δ 2.40 (s, 3H), 7.22–7.24 (d, 2J = 8 Hz, 2H), 7.56–7.58
(d, 2J = 8 Hz, 2H), 7.68–7.72 (d, 2J = 16.4 Hz, 1H), 7.84–7.88 (d,
2J = 16.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 21.4, 123.8,
126.5, 126.8, 129.5, 130.7, 132.6, 134.8, 138.1, 159.7; Mass
(APCI) m/z: 417(M + 1), 418(M + 2); HRMS (ESI) m/z calculated
for C24H21N2Se [M + H]+ 417.0870, found 417.0864.

4,7-Bis((E)-2-(pyridin-4-yl)vinyl)benzo[c][2,1,3]thiadiazole (19).
Yield: 0.07 g (31%); M.P. 225–228 °C [Lit.5a 230–232 °C];
1H NMR (400 MHz, CDCl3): δ 7.52–7.54 (dd, 2J = 4.8 Hz, 3J =
1.6 Hz, 2H), 7.78 (s, 1H), 7.79–7.83 (d, 2J = 16.4 Hz, 1H),
8.04–8.08 (d, 2J = 16.4 Hz, 1H), 8.65–8.67 (dd, 2J = 4.8 Hz, 3J =
1.6 Hz, 2H); 13C NMR (100 MHz, CDCl3): δ 121.1, 128.5, 128.7,
129.3, 131.4, 144.6, 150.3, 153.7; Mass (APCI) m/z: 343(M + H,
100). The rest of the characterization data are reported in the
literature.5a

General procedure for the one-pot Wittig–Heck reaction
(Scheme 3)

A two neck round bottom flask was charged with dibromoben-
zothiadiazole 2 (0.2 g, 1 eq.), substituted aldehyde (2.2 eq.),
methyl triphenyl phosphonium iodide (2.2 eq.), potassium
bicarbonate (12 eq.), and PANI-Pd (0.2 g, 0.073 mmol of Pd) in
DMA under a nitrogen atmosphere. This mixture was slowly
heated to 120 °C in an oil bath and the heating was continued
for 40 h. The reaction mixture was quenched with water and
extracted with ethyl acetate (3 × 25 ml). The combined organic
phase was washed with water and dried over anhydrous
sodium sulphate. The solvent was removed under vacuum and
the crude product was purified by column chromatography on
silica gel to afford pure products.

4,7-Di((E)-styryl)benzo[c][2,1,3]thiadiazole (14). This com-
pound has been reported very recently by Zhang et al.23a

Compound 14 was obtained via the one-pot Wittig–Heck
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methodology with an improved yield compared to that
obtained by the standard Mizoroki–Heck reaction. Yield:
0.17 g (74%).

4,7-Bis((E)-4-methylstyryl)benzo[c][2,1,3]thiadiazole (17).
Compound 17 was obtained via the one-pot Wittig–Heck meth-
odology with an improved yield compared to that obtained by
the standard Mizoroki–Heck reaction. Yield: 0.19 g (75%).

4,7-Bis((E)-4-methoxystyryl)benzo[c][2,1,3]thiadiazole (20).
This compound has been reported very recently by Chen
et al.23b Yield: 0.20 g (74%); M.P. 198–200 °C; 1H NMR
(400 MHz, CDCl3): δ 2.41 (s, 3H), 7.23–7.25 (d, 2J = 8.4 Hz, 2H),
7.57–7.59 (d, 2J = 8 Hz, 2H), 7.62–7.66 (d, 2J = 16.4 Hz, 1H),
7.71 (s, 1H), 7.96–8.00 (d, 2J = 16.4 Hz, 1H); 13C NMR
(100 MHz, CDCl3): δ 123.5, 126.7, 126.8, 129.3, 129.5, 133.0,
134.7, 138.1, 153.9; HRMS (ESI) m/z calculated for
C24H21N2O2S [M + H]+ 401.1324, found 401.1312.

4,7-Bis((E)-2-(benzo[d][1,3]dioxol-5-yl)vinyl)benzo[c][2,1,3]
thiadiazole (21). Yield: 0.19 g (66%); M.P. 190–192 °C; 1H
NMR (400 MHz, CDCl3): δ 6.03 (s, 2H), 6.85–6.87 (d, 2J =
7.6 Hz, 2H), 7.10–7.12 (dd, 2J = 8.4, 3J = 1.6 Hz, 2H), 7.23–7.24
(d, 3J = 1.6 Hz, 1 H) 7.62–7.66 (d, 2J = 16.4 Hz, 1H), 7.71 (s, 1H),
7.96–8.00 (d, 2J = 16.4 Hz, 1H); 13C NMR (100 MHz, CDCl3):
δ 101.2, 105.7, 108.5, 122.3, 122.9, 126.7, 129.1, 132.1, 132.7,
147.8, 148.3, 153.9; Mass (APCI) m/z: 429 (M + 1), 430 (M + 2);
HRMS (ESI) m/z calculated for C24H17N2O4S [M + H]+ 429.0909,
found 429.0906.

4,7-Bis((E)-4-chlorostyryl)benzo[c][2,1,3]thiadiazole (22).
Yield: 0.18 g (65%); M.P. 256–258 °C; 1H NMR (400 MHz,
CDCl3): δ 7.38–7.40 (m, 2H), 7.60–7.64 (m, 4H), 7.70 (s, 1H),
7.99–8.03 (d, 2J = 16.4 Hz, 1H); 13C NMR (100 MHz, CDCl3):
δ 125.0, 127.3, 128.1, 129.0, 129.2, 132.1, 133.8, 135.9, 153.7;
HRMS (ESI) m/z calculated for C22H15Cl2N2S [M + H]+

409.0255, found 408.9804.
4,7-Bis((E)-4-fluorostyryl)benzo[c][2,1,3]thiadiazole (23).

Yield: 0.17 g (66%); M.P. 235–237 °C; 1H NMR (400 MHz,
CDCl3): δ 7.01–7.14 (t, 2J = 8.8 Hz, 2H), 7.55–7.59 (d, 2J = 16.4
Hz, 1H), 7.63–7.66 (m, 2H), 7.70 (s, 1H), 7.98–8.02 (d, 2J = 16.4
Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 115.7–115.9 (d, 3JCF =
21 Hz, 2C), 124.3, 127.0, 128.4–128.5 (d, 4JCF = 8 Hz, 2C), 129.2,
132.1, 132.6, 153.9, 161.4–163.9 (d, 2JCF = 247 Hz); Mass (APCI)
m/z: 377(M + 1), 378(M + 2); HRMS (ESI) m/z calculated for
C22H15F2N2S [M + H]+ 377.0924, found 377.0912.

4,4′-((1E,1′E)-Benzo[c][2,1,3]thiadiazole-4,7-diylbis(ethene-2,1-
diyl))dibenzonitrile (24). Yield: 0.17 g (64%); M.P. 270–272 °C;
1H NMR (400 MHz, CDCl3): δ 7.70–7.76 (m, 6H), 8.10–8.15 (d,
2J = 16.4 Hz, 1H); 13C NMR (100 MHz, CDCl3): δ 111.2, 118.9,
127.3, 127.9, 128.2, 129.3, 132.0, 132.6, 141.8, 153.8; HRMS
(ESI) m/z calculated for C24H15N4S [M + H]+ 391.1012, found
391.1015.

4,7-Bis((E)-4-nitrostyryl)benzo[c][2,1,3]thiadiazole (25). Yield:
0.18 g (60%); M.P. 220–222 °C; 1H NMR (400 MHz, CDCl3):
δ 7.75–7.79 (d, 2J = 16.4 Hz, 1H), 7.79–7.82 (m, 3H), 8.19–8.23
(d, 2J = 16.4 Hz, 1H), 8.29–8.31 (m, 2H); 13C NMR (100 MHz,
CDCl3): δ 124.3, 127.4, 128.6, 129.4, 131.8, 131.9, 143.8, 149.5,
153.7; HRMS (ESI) m/z calculated for C22H14N4O4S [M+]
430.0730, found 430.0703.
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