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A novel class of tetrathiolated aryleneethynylene oligomers
was obtained by the Cassar-Heck-Sonogashira coupling be-
tween S,S’-(5-ethynyl-1,3-phenylene)bis(methylene)dieth-
anethioate (1) and aryl diiodides or dibromides. Although
standard coupling conditions are effective in the case of iodo
derivatives, the addition of free triphenylphosphane to the
reaction mixture was required to overcome the slower reac-
tion rate of dibromoarenes. Oligomers with an extended con-
jugated system could be obtained starting from a higher

homologue of 1 by applying the same synthetic approach.
These oligomers represent interesting molecular wires, po-
tentially able to self-assemble on various substrates, includ-
ing gold and other noble metals in the form of thin films or
nanoparticles. The chelating arrangement of the thiol func-
tionalities should ensure stable anchoring and would also
represent an interesting novel feature in the study of single
molecule conduction with respect to traditional monodentate
systems.

Introduction

n-Conjugated oligomers with a well-defined structure are
considered useful molecular materials for electronics and
photonics!!! embracing the fabrication of devices such as
OLEDs,Pl OTFTs,l and photovoltaic cells.! Moreover,
they are model compounds in the study of the electronic
properties of their corresponding polymers. In particular,
oligo-p-aryleneethynylenes (OAEs)! have attracted special
interest for their applications, including molecular elec-
tronics.l! Indeed, many studies on OAEs have focused on
the comprehension of electron transport through single mo-
lecules and on the interactions between molecules and elec-
trodes.”! These rigid rod-like structures exhibit some pecu-
liar characteristics connected with the presence of C-C tri-
ple bonds: the conductivity may arise through extended n—
orbital overlap, which is maximized when the molecule is
planar.!®! As a consequence, the interest in OAEs as “molec-
ular nanowires” is rapidly increasing.[°*7-°] Molecular wires
are usually equipped with a functional group on at least
one terminus that is able to act as a chemical linker to a
metal substrate. In this respect, thiol functionalities!'®! have
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been widely employed as “alligator clips” to anchor conju-
gated oligomers on gold and other substrates.[!'] Such con-
jugated thiols can find application in the preparation of
self-assembled monolayers (SAMs) as modifiers of elec-
trodes work-function,'?! or may be used to interface be-
tween proximal metallic probes for molecular electronics
studies.[”-13! Furthermore, these metal-molecule assemblies
can display some interesting features such as negative
differential resistancel'! or switching behaviorl'®! that
would enable applications of organic semiconductors in
computing elements. In order to confer stability and repro-
ducibility to these composite molecular architectures, the
formation of a strong chemical bond between the oligomer
and the metal is highly desirable. Up to now, different link-
ing geometries have been considered,”®'®) and methyl
thioacetate functionalization was proven to be able to con-
fer interesting features both to SAMs!!” and to metal-mo-
lecule-metal junctions.!'8!

While major attention has been dedicated to the study of
monodentate thiol systems, only little consideration has
been given to chelating thiol-based monolayers!'® or molec-
ular wires,'”) although the entropy-driven “chelate effect”
would be in principle expected to enhance the stability of
the molecule-metal bond. Therefore, appropriately de-
signed chelating thiols could be employed to ensure a steady
molecule-metal bond. In this respect, we have recently in-
troduced a novel synthetic approach to S-acetyl oligoaryl-
enedithiolsl?® that are superior homologues of xylene-o,0.’-
dithiols.'%] In recent times, these ligands have attracted re-
newed attention,?!! and in a parallel work®>?l we demon-
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strated their ability to bind to crystalline (111) gold through
both sulfur atoms. Beside the advantages listed above, the
chelating dithiol binding geometry would permit arrange-
ment of the conjugated skeleton perpendicularly to the
metal surface,??! thus allowing a series of interesting studies
in the field of molecular conductivity or in the engineering
of composite molecular architectures.

In the framework of our extensive work devoted to the
study of organometallic methodologies leading to the syn-
thesis of conjugated organic materials,/*3! and considering
the interesting perspectives of OAE oligomers as molecular
semiconductors, in this paper we report our results on the
synthesis of a new class of tetrafunctional oligomers having
a chelating dithiol geometry at both termini of the conju-
gated backbone. We selected the Cassar—Heck—Sonoga-
shiral®¥ reaction, which represents by far the most general
procedure for the preparation of OAEs, as the general syn-
thetic approach to tetrathiolated systems (Scheme 1).

SAc
Pd cat.
H—— + X-Ar-X ——— »
SAc N
1 2a-i
X=1,Br
AcS SAc
—— Ar—
AcS SAc
3a-i

Scheme 1. General protocol for the preparation of OAE tet-
ramethyl thiols.

In our view, ethynyl derivative 1 appears as a versatile
intermediate for building OAEs with more complex archi-
tectures, and the Cassar—Heck—Sonogashira coupling of 1
with aromatic dihalides provides extension of the conjuga-
tion in one step. This synthetic strategy is convergent and
allows the same arylethynyl intermediate to be used for the
synthesis of a wide range of OAE structures. In particular,
we have protected the thiol functionalities as acetic esters,
considering the proven tolerability of the thiol ester groups
to the Cassar—Heck—Sonogashira coupling reaction condi-
tions!?’! and the easy removal of the protecting groups.*®! In
this paper we report the application of the synthetic strategy
depicted in Scheme 1 to the synthesis of several OAEs hav-
ing structure 3, starting from different aryl dihalides. More-
over, by using a higher homologue of 1 we were able to
obtain OAEs with a more extended © conjugated system.

Results and Discussion

The synthesis of building block 1 consists of four simple
steps, as reported in Scheme 2. Starting from commercially
available 1-bromo-3,5-dimethylbenzene (4), bromination by
employing a stoichiometric amount of NBS in the presence
of AIBN was followed by reaction with thioacetic acid and
triethylamine to afford bromide 6 in 45% yield with respect
to 4.7 The subsequent step was Cassar—Heck-Sonoga-
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shira reaction of 6 with trimethylsilylacetylene (TMSA). In
our case, the use of known conditions for the cross-coupling
of derivatives bearing an S-acetyl group!?” {i.e., [Pd(PPh;),-
Cl,], Cul, and a solvent mixture of THF/diisopropylethyl-
amine (1:1) under moderate heating} generated only the
homocoupling product of trimethylsilylacetylene; bromide
6 was recovered unreacted. Halide 6 was also unreactive
towards different alkynyl derivatives, for example, phenyl-
acetylene, phenyltrimethylsilylacetylene, arylbis(ethynyl),
and arylbis(trimethylsilylethynyl) derivatives, under various
experimental conditions?®®! and towards palladium com-
plexes including catalysts with electron-rich phosphane li-
gands!?828¢] that have been employed in synthetic protocols
resulting among the most efficient reported so far. This be-
havior confirmed the strongly deactivating effect of the two
thioacetylmethyl moieties in the relative 1,3-positions, as
was also observed in our previous work on similar aryl bro-
mides.”” Such an effect should probably take place through
competitive coordination of the two S-acetyl moieties to the
catalyst.

Br
NBS, AIBN AcSH,
Br
CHCl, Et;N
70 °C Br THF,rt
4 5
TMSA SAc
SAC b4 (PPhy)sCly
_Cu | ms—==
Br Et;N
SAc 60°C SAc
6 7
45% yield with .
respect to 4 99%
SAc
TBAF ./ \
THF,—20°C  \—
1 SAc
99%

Scheme 2. Synthesis of ethynyl derivative 1.

Although the use of THF as cosolvent was reported to
improve the yields of the alkyne coupling reaction,*”! in our
case the use of pure triethylamine as solvent®” in the pres-
ence of Pd(PPh;),Cl, (2 mol-%) and Cul (4 mol-%) at 60 °C
was effective in obtaining intermediate 7 in high yield. The
subsequent desilylation step, carried out by treating 7 with
TBAF at —20 °C,1*! afforded desired ethynyl derivative 1 in
quantitative yield as a white solid. Compound 1 reacted
with a series of aryl diiodides and dibromides. As reported
in Scheme 3, the coupling products of 1 with aryl diiodides
were obtained in good to excellent yields. Electron-rich and
electron-poor aryl iodides showed very good reactivity
towards 1 under the same conditions adopted for the cou-
pling of 6 with TMSA. Reactions were complete within 3 h
and gave the corresponding products 3a-d in the form of
highly pure crystalline materials in good yields.

The higher reactivity of iodo derivatives in the Cassar—
Heck—Sonogashira coupling is well established. However,
aromatic or heteroaromatic iodides are often rather expens-
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Scheme 3. Reaction of 1 with aryl diiodides.

ive and of limited availability. The corresponding dibromo
derivatives are cheaper and more readily accessible, but, un-
fortunately, their reactivity is rather low with respect to
their iodine counterparts. Also, in our case, dibromides gave
unsatisfactory yields even with prolonged reaction times (24
to 48 h). For example, reaction of 1 with 2,5-dibromonitro-
benzene (2e) gave desired oligomer 3e (Scheme 4) in only
26% yield. However, we where able to perform the coupling
reaction of less-reactive dibromides 2e-g by employing an
additional amount of triphenylphosphane in the reaction
mixture. Under these conditions, the catalytic complex is
considered to be longer lived, as the presence of more li-
gand prevents its dissociation.[*’l As reported in Scheme 4,
derivative 1 and aryl dibromides were treated in the pres-
ence of Pd(PPhs),Cl, (5 mol-%), Cul (5 mol-%), and an ad-

Br4©~Br
2e
H Pd(PPhs),Cl, (5 mol-%)
N cul (5 mol-%)
‘ | \ PPhj3 (10 mol-%)
Et;N
+ Br Br -
80 °C
SAc SAc 2z
1 o)
9908
Br
(0]
2g

Scheme 4. Reaction of 1 with aryl dibromides.
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ditional amount of PPh; (10 mol-%). These reaction condi-
tions led to the formation of the expected oligomers in good
yields. Double the amount of PPh; and Cul was adopted
for the coupling reaction of dibromo heteroarylenes 2h and
2i with 1 (Scheme 5). Indeed, reaction of 1 in the presence
of Cul (5mol-%), the palladium catalyst, and tri-
phenylphosphane (10 mol-%) afforded oligomer 3h in only
7% overall yield. The lower reactivity of 2h can also be
ascribed to the coordinating ability of the bipyridine unit,
which may interfere with the catalyst activity. However, 3h
was obtained in 54 % yield after a reaction time of 24 h by
increasing the amounts of Cul (10 mol-%) and tri-
phenylphosphane (20 mol-%; see the Experimental Sec-
tion). Comparable results were obtained in the case of 3i.
Compound 3h, containing a bipyridine unit, was previously

AcS NO, SAc
I N\_— /7 \_— / \
AcS 3e SAc
55%
.S,
AcS \ SAc
7N\ — — [/
—/ — N\ /7 — \ /7
AcS 3f SAc

SAc

SAc
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2h Pd(PPhy),Cl,
Cul (10 mol-%)

SAc PPhs (20 mol-%)
EtsN
H— +
80 °C
1 SAc
N-S,
A Y
Br
S S Br
\ /
2i

Scheme 5. Reaction of 1 with aryl dibromides with 2h and 2i.

synthesized by Belaissaoui and co-workers.*?! In this case,
a different synthetic sequence presenting a lower yield
(30%) and employing more reactive aryl iodides was used.
It is worth noting that in compounds 3a-i the four thioace-
tyl groups were able to confer solubility in common organic
solvents, allowing their easy purification by chromatog-
raphy or crystallization. OAE oligomers 3a-i are charac-
terized by several features that make them promising mate-
rials for study of molecular electronics. Their rigid frame-
work reduces the conformational flexibility, and in OAEs
3¢, 3f, 3g, and 3i, a planar arrangement of the conjugated
system is conferred by the presence of condensed aromatic
rings. The double thiol functionalization at both terminal
aromatic rings of all the oligomers appears also of interest
for their use as linkers for the assembly of nanoparticles in
3D supramolecular structures.

Generally, OAEs containing cores capable of being oxid-
ized or reduced are interesting candidates as “computing
molecules”.['5 In this respect, compounds 3e and 3g might
be suitable for this purpose. Furthermore, compound 3i is
the first molecular wire containing a 4,7-dithienylbenzo-
thiadiazole core, a widely employed acceptor unit that usu-
ally confers special optical properties to the resulting mate-
rial,?3 and this may have a particular interest in organic
photovoltaics applications. It is noteworthy that an entire
family of thiolated OAEs was obtained by the same syn-
thetic route, whereas, generally, the low reactivity of some
halides, in particular bromides, requires the employment of
different synthetic routes to afford the desired products in
reasonable yields.!'32]

As a further extension of our synthetic procedure, we
decided to test the feasibility of an iterative approach for
the homologation of the conjugated system of 1 with the
aim of obtaining longer molecular wires. This approach has
been designed on the basis of the repetition of the iterative
sequence in the presence of the S-acetyl groups, as depicted
in Scheme 6. Therefore, we synthesized arylethynyl deriva-
tive 10, the higher homologue of 1, which can be obtained
from 1 by a synthetic sequence based on the Cassar—Heck—
Sonogashira reaction of aryl iodides. Compound 1 was
532
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treated with 2a (3 equiv) to afford aryl iodide 8 in 80%
yield. Subsequently, the reaction of 8 with TMSA gave tri-
methylsilyl aryne 9 in 87% yield. Building block 10 was
obtained in 81% yield by reaction of 9 with TBAF at
—40 °C in THF. As in the case of 1, terminal aryne 10 could
efficiently be coupled with dihalides under the same reac-
tion conditions as those employed for 1. Reaction of 10
with 2,5-bis(octyloxy)-1,4-diiodobenzene afforded OAE 11a
in good yield (70 %) after a reaction time of 1 h. Compound
10 gave also satisfactory results when it was treated with
4,7-dibromobenzothiadiazole (2f), leading to the formation
of product 11b after 2 h as an orange material in 51% yield
(Scheme 7).

AcS OE4H
I Pd(PPhg),Cl, Cul
—H + _—
| EtsN, 60 °C
AcS OCgH;7
1 2a
AcS OCgHs7

TMSA, Pd(PPhs),Cl,

Cul, Et3N, 60 °C

AcS C8H17O
8
80%
AcS OCgH17
— TBAF, THF
7N — —
— =—TMS
— >_/\ / —40°C
AcS C8H17O
9
87%
AcS OC3H17
7N — /_{\ —
AV :
AcS C8H17O
10
81%

Scheme 6. Iterative synthetic approach to longer ethynyl deriva-
tives.
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Scheme 7. Reaction of 10 with dihalides 2a and 2f.

Finally, we were able to devise a straightforward protocol
for the deprotection of the thioacetate functionality of these
oligomers. Indeed, although it is not necessary to perform
the deprotection prior to self-assembling these materials on
gold,*¥ there are a number of materials such as inorganic
semiconductors, nanocrystals, silver, and other metals on
which free thiol groups have a greater possibility to attach.
A screening of deprotection conditions revealed that the
formation of free thiol derivatives from the thiol esters that
we synthesized can be easily achieved by employing sulfuric
acid under mild conditions with the use of dichlorometh-
ane/methanol as the solvent. Deprotection of oligomer 3a,
reported in Scheme 8, was achieved under these conditions,
and tetrathiol 12 could be isolated in quantitative yield as
a highly pure yellow solid by crystallization from dichloro-
methane/methanol.

AcS OCgH17 SAc
IN_— 7\ _— 7\
AcS CgH17O 3a SAc
H,SO,
CH2C|2/MEOH
OCgH17 SH
cuso 12 SH
99%

Scheme 8. Acid deprotection of 3a.
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Conclusions

In conclusion, by taking advantage of a synthetic tool
based upon the Cassar—Heck—Sonogashira reaction be-
tween different halides and ethynyl building block 1, we
performed the synthesis of a novel class of OAEs bearing
four acetylthiomethyl functionalities that are bonded on the
terminal aryl rings in the relative 1,3-positions. The use of
triethylamine as solvent and the addition of free tri-
phenylphosphane to the reaction mixture represented essen-
tial variations of the coupling reaction conditions. The reac-
tion also proceeded very well with aromatic and heteroaro-
matic bromides, which are coupling partners that are often
more readily available and less expensive than their more
reactive iodo counterparts. The oligomers obtained differ in
the nature and the properties of the central aromatic core.
The thiol functionalization confers chelating properties to
the target compounds, which in principle would give origin
to more stable assemblies of these molecules on inorganic
conducting or semiconducting materials with respect to
their monodentate counterparts, as established in the case
of oligophenylenes with two S-acetyl methylthio groups in
the 1,3-relative positions in our previous work.??l Further-
more, the selected binding geometry should ensure steadi-
ness to the derived metal-molecule-metal junction, thus
generating an undoubtedly interesting system for single mo-
lecule conductivity studies or other applications. The com-
pounds obtained herein or other materials that can be syn-
thesized with the procedures set up in the present work can
be considered promising architectures in the molecular elec-
tronic field.

Experimental Section

General: All reactions were carried out under a nitrogen atmo-
sphere in oven-dried glassware with dry solvents. All solvents were
distilled immediately prior to use with the exception of triethyl-
amine, which was distilled from KOH and then stored over molecu-
lar sieves under a nitrogen atmosphere. Tetrahydrofuran was dis-
tilled from benzophenone ketyl. Methanol was distilled from mo-
lecular sieves. Chloroform and dichloromethane were distilled from
phosphorus pentoxide. Diiodides 2a,3%! 2b,3¢ and 2¢B7 and dibro-
mides 2g,13% 2h,[31 and 2il*"] were synthesized according to litera-
ture procedures. The syntheses of compounds 1 and 5-10 are re-
ported in the Supporting Information. Other reagents were pur-
chased at the highest commercial quality and used without further
purification, with the exception of N-bromosuccinimide, which was
crystallized from water. Silica gel 60 F254 aluminum sheets were
used for analytical TLC analysis. Preparative column chromatog-
raphy was carried out by using silica gel 60, 40-63 um. Petroleum
ether (PE) was the 40-60 °C boiling range fraction. All new com-
pounds were characterized by '"H NMR, 3C NMR, '""F NMR,
and IR spectroscopy, elemental analysis, and GC-MS analysis. GC
analyses were performed with a gas chromatograph equipped with
a SE-30 (methyl silicone, 30 m X 0.25 mm i.d.) capillary column
and a FID detector. GC-MS analyses were performed with a gas
chromatograph equipped with a SE-30 (methyl silicone, 30 m
X 0.25 mm id) capillary column and an ion trap selective mass de-
tector. 'H, '3C, and 'F NMR spectra were recorded at 400, 100,
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and 376 MHz, respectively, or at 500 ("H NMR) and 125 MHz (13C
NMR), by using the residual proton peak of CDCl; at 6 =
7.26 ppm or the signal of tetramethylsilane at 0 = 0 ppm as internal
standard for 'H spectra, the signals of CDCl; at 6 = 77 ppm or the
signal of tetramethylsilane at 6 = 0 ppm as internal standard for
13C spectra and the '°F signal of trichlorofluoromethane as internal
standard at 6 = 0 ppm for '°F spectra. Melting points were ob-
tained with a capillary melting point apparatus.

General Procedure for the Cassar—-Heck—Sonogashira Cross-Cou-
pling of Compound 1 with Aryl Diiodides: An oven-dried Schlenk
tube containing a magnetic stirrer was evacuated and backfilled
with nitrogen (3X). Then it was charged with Pd(PPh;),Cl, (11 mg,
0.015 mmol, 3 mol-%), Cul (6 mg, 0.03 mmol, 6 mol-%), S,S'-(5-
ethynyl-1,3-phenylene)bis(methylene)diethanethioate (1; 306 mg,
1.1 mmol), and the aryl iodide (0.5 mmol). Freshly distilled triethyl-
amine (7 mL) was added, and the mixture was stirred for a few
minutes at room temperature and then heated at 60 °C until almost
complete disappearance of the aryl halide was observed. The reac-
tion was monitored by TLC analysis. The reaction mixture was
cooled to room temperature, neutralized with an aqueous solution
of 5% HCI (30mL), and extracted with dichloromethane
(3% 30 mL). The organic layers were collected, washed with a satu-
rated solution of NaCl (3 X 30 mL), dried with anhydrous Na,SOy,,
and concentrated under reduced pressure. The crude material ob-
tained was purified by preparative chromatography on silica gel.

S,8,8"",8""'-{5,5'-[2,5-Bis(octyloxy)-1,4-phenylene] bis(ethyne-2,1-
diyl)bis(benzene-5,3,1-triyl)}tetrakis(methylene)tetraethanethioate
(3a): The crude product was purified by silica gel chromatography
(dichloromethane/PE, 80:20). Starting from diiodide 2a (0.293 g),
a yellow solid (0.391 g, 88 % yield) was isolated. CsoHg,04S4
(887.29): calced. C 67.68, H 7.04, S 14.46; found C 67.70, H 7.18, S
14.65. M.p. 94-95°C (dichloromethane/hexane) '"H NMR
(500 MHz, CDCl3): 0 = 7.34 (br. s, 4 H, 4 aromatic CH of the
external rings), 7.17 (br. s, 2 H, 2 aromatic CH of the external
rings), 6.99 (s, 2 H, 2 aromatic CH of the central ring), 4.08 (s, 8
H, 4 benzyl CH,), 4.03 (t, / = 6.5Hz, 4 H, 2 OCH,CH,), 2.37 (s,
12 H, 4 S-acetyl CH3), 1.85 (quint., J = 6.5Hz, 4 H,2 O
CH,CH,CH,), 1.54 (quint., J = 6.5 Hz, 4 H, 2 CH,), 1.22-1.43 (m,
16 H, 8 CH,»), 0.86 (t, J = 6.8 Hz, 6 H, 2 CH; of the alkoxy chain)
ppm. 3C NMR (125 MHz, CDCl,): 6 = 194.5 (C=0), 153.5, 138.2,
130.7, 129.1, 124.1, 117.0, 113.8, 94.1 (C=C), 86.4 (C=C), 69.7,
33.0, 32.0, 30.4, 29.43, 29.39, 29.36, 26.1, 22.7, 14.2 ppm. IR (KBr):
v = 2923, 2864, 2213 (W, ve=c), 1693 (s, vc=0), 1592, 1504, 1415,
1223, 1127, 623 cm ™.

S,8',8"",8"""-{5,5'-[2,2' -Bithiophene-5,5'-diylbis(ethyne-2,1-diyl)]-
bis(benzene-5,3,1-triyl)}tetrakis(methylene)tetraethanethioate (3b):
The crude product was purified by silica gel chromatography (PE/
dichloromethane/diethyl ether, 45:50:5). Starting from diiodide 2b
(0.209 g), a yellow solid (0.227 g, 63% yield) was isolated. M.p.
154-156 °C (dichloromethane/methanol). C3sH3004S¢ (719.02):
caled. C 60.14, H 4.21, S 26.76; found C 59.77, H 4.51, S 26.42.
'"H NMR (500 MHz, CDCls): 6 = 7.32 (br. s, 4 H, external rings),
7.16-7.19 (m, 4 H, 2 H of thiophene rings, 2 H of external rings),
7.08 (d, J = 3.8 Hz, 2 H, thiophene rings), 4.08 (s, 8§ H, 4 benzyl
CH.), 2.37 (s, 12 H, 4 S-acetyl CH3) ppm. '*C NMR (125 MHz,
CDCly): 0 = 194.5 (C=0), 138.4, 138.1, 132.9, 130.4, 129.4, 124.0,
123.3, 122.2, 93.9 (C=C), 82.9 (C=C), 32.9, 30.4 ppm. IR (KBr):
¥ = 2917, 2200 (W, ve=c), 1690 (s, vc=0), 1590, 1406, 1351, 1128,
957, 623 cm ™.

S,8",8",8"""-{5,5'-19,9-Dioctyl-9 H-Fluorene-2,7-diylbis(ethyne-
2,1-diyl)]bis(benzene-5,3,1-triyl)} tetrakis(methylene)tetraethane-
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thioate (3¢c): The crude product was purified by silica gel
chromatography (PE/dichloromethane, 20:80). Starting from diio-
dide 2¢ (0.321 g), a yellow oil (0.391 g, 83% yield) was isolated.
Cs57Hg604S4 (943.40): caled. C 72.57, H 7.05, S 13.60; found C
72.59,H 7.17, S 13.81. "H NMR (400 MHz, CDCl,): § = 7.64-7.69
(d-like, J = 8 Hz, 2 H, fluorene ring CH), 7.48-7.53 (m, 4 H, fluo-
rene ring CH), 7.39 (br. s, 4 H, external rings CH), 7.17 (br. s, 2
H, external rings CH), 4.09 (s, 8 H, 4 benzyl CH,), 2.37 (s, 12 H,
4 S-acetyl CH3), 1.98 (m, 4 H, CH,), 1.01-1.29 (m, 24 H, CH,),
0.80 (t, J = 7.1 Hz, 6 H, CH3) ppm. 3C NMR (100 MHz, CDCls):
Jd = 194.8 (C=0), 151.1, 140.8, 138.4, 130.8, 129.1, 126.0, 124.0,
121.7, 120.0, 90.9 (C=C), 89.1 (C=C), 55.2, 40.3, 32.9, 31.8, 30.3,
30.0, 29.7, 29.2, 23.7, 22.6, 14.1 ppm. IR (KBr): ¥ = 2921, 2209 (w,
Ve=c), 1694 (s, ve=o), 1594, 1470, 1353, 1224, 953, 630 cm™'.

S,8,8"",8"""-[5,5"-(Perfluoro-1,4-phenylene)bis(ethyne-2,1-diyl)bis-
(benzene-5,3,1-triyl)|tetrakis(methylene)tetraethanethioate (3d): The
crude product was purified by silica gel chromatography (dichloro-
methane/PE/diethyl ether, 50:45:5). Starting from diiodide 2d
(0.201 g), a white solid (0.232 g, 66% yield) was isolated. M.p. 163—
164 °C (dichloromethane/methanol). C3,H,cF404S, (702.83):
caled. C 58.10, H 3.73, S 18.25; found C 57.87, H 3.67, S 18.11.
'H NMR (400 MHz, CDCls): 6 = 7.40 (br. s, 4 H, external rings
CH), 7.27 (br. s, 2 H, external rings CH), 4.09 (s, 8 H, 4 benzyl
CH.,), 2.38 (s, 12 H, 4 S-acetyl CH3) ppm. '3*C NMR (100 MHz,
CDCly): 0 = 194.7 (C=0), 146.5 (dm, Jy r = 249.7 Hz, C-F), 138.7,
131.0, 130.7, 122.2, 104.7 (m, CF-C-C=C), 102.3 (C=C), 74.9
(C=0), 32.7, 30.3 ppm. 'F NMR (376 MHz, CDCl;): § = —-137.3
(s, 4 F) ppm. IR (KBr): ¥ = 2228 (W, ve=c), 1686 (8, Vc=0), 1492,
1132, 982, 628 cm™!.

General Procedure for the Cassar—-Heck—Sonogashira Cross-Cou-
pling of Compound 1 with Aryl Bromides: An oven-dried Schlenk
tube containing a magnetic stirrer was evacuated and backfilled
with nitrogen (3X). Then it was charged with triphenylphosphane
(13 mg, 0.05 mmol, 10 mol-%), Pd(PPh;),Cl, (18 mg, 0.025 mmol,
5 mol-%), Cul (5§ mg, 0.025 mmol, 5 mol-%), S,S’-(5-ethynyl-1,3-
phenylene)bis (methylene)diethanethioate (1; 306 mg, 1.1 mmol),
aryl bromide (0.5 mmol), and finally, with freshly distilled triethyl-
amine (7 mL). The mixture was stirred for a few minutes at room
temperature and then heated at 80 °C until almost complete disap-
pearance of the aryl halide was observed. The completion of the
reaction was monitored by TLC analysis. The reaction mixture was
cooled to room temperature, neutralized with an aqueous solution
of 5% HCI (50 mL), and extracted with dichloromethane
(3 X 50 mL). The organic layers were collected, washed with a satu-
rated solution of NaCl, dried with anhydrous Na,SO,, and concen-
trated under reduced pressure. The crude material obtained was
purified by preparative chromatography on silica gel.

S,8',8"",8""'-|5,5'-(2-Nitro-1,4-phenylene)bis(ethyne-2,1-diyl)bis-
(benzene-5,3,1-triyl)|tetrakis(methylene)tetraethanethioate (3e): The
crude product was purified by silica gel chromatography (dichloro-
methane/PE/diethyl ether, 70:27:3). Starting from dibromide 2e
(0.140 g), a reddish solid (0.185 g, 55% yield) was isolated. M.p.
99-100 °C (dichloromethane/methanol). C34H,9NO¢S, (675.86):
caled. C 60.42, H 4.32, N 2.07, S 18.98; found C 60.11, H 4.71, N
1.94, S 18.92. 'TH NMR (400 MHz, CDCl;): 6 = 8.20-8.23 (m, 1
H, internal ring CH), 7.71-7.65 (m, 2 H, internal ring CH), 7.39
(br. s, 2 H, external ring CH), 7.37 (br. s, 2 H, external ring CH)
7.24 (br. s, 1 H, external rings CH), 7.22 (br. s, 1 H, external rings
CH), 4.08 (s, 8 H, benzyl CH,), 2.38 (s, 12 H, S-acetyl CH;) ppm.
13C NMR (100 MHz, CDCl3): 6 = 194.5 (C=0), 149.3, 138.6,
138.5, 135.1, 134.4, 131.0, 130.8, 130.3, 130.0, 127.5, 123.9, 122.8,
122.6, 117.8, 98.2 (C=C), 92.9 (C=0C), 87.1 (C=C), 85.1 (C=C),
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32.8, 30.4 ppm. IR (KBr): ¥ = 2916, 2196 (W, vc=c), 1691 (s, vc=0),
1542 (Vs no,)s 1340 (Vs no,) 1130, 1097, 959, 624 cm™.

S,8',8"",8"""-{5,5'-|Benzo|c](1,2,5)thiadiazole-4,7-diylbis(ethyne-
2,1-diyl)|bis(benzene-5,3,1-triyl)} tetrakis(methylene)tetraethanethio-
ate (3f): The crude product was purified by silica gel chromatog-
raphy (dichloromethane/ethyl acetate/PE, 89:1:10). Starting from
dibromide 2f (0.147 g), a yellow solid (0.221 g, 64% yield) was iso-
lated. M.p. 123-124 °C (dichloromethane/methanol).
C34H25N»0,S5 (688.83): caled. C 59.28, H 4.10, N 4.07, S 23.27;
found C 59.15, H 4.28, N 3.81, S 23.09. 'H NMR (400 MHz,
CDCly): 0 = 7.79 (s, 2 H, benzothiadiazole ring CH), 7.48 (br. s, 4
H, external rings CH), 7.24 (br. s, 2 H, external rings CH), 4.11 (s,
8 H, 4 benzyl CH.), 2.38 (s, 12 H, 4 S-acetyl CH;) ppm. '3*C NMR
(100 MHz, CDCl,): 6 = 194.8 (C=0), 154.2, 138.5, 132.6, 131.1,
130.1, 123.1, 117.0, 96.8 (C=C), 85.6 (C=C), 32.8, 30.3 ppm. IR
(KBr): ¥ = 2924, 2207 (W, ve=c), 1695 (s, vc=0), 1594, 1404, 1352,
1127, 958, 623 cm™.

S,5',8"",8"""-[5,5'-(9,10-Diox0-82a,9,10,10a-tetrahydroanthracene-
2,6-diyl)bis(ethyne-2,1-diyl)bis(benzene-5,3,1-triyl)]tetrakis(meth-
ylene)tetraethanethioate (3g): The crude product was purified by
silica gel chromatography (PE/dichloromethane/diethyl ether,
17:80:3). Starting from dibromide 2g (0.183 g), a yellow solid
(0.267 g, 70% yield) was isolated. M.p. 211-213 °C (dichlorometh-
ane/methanol). C4,H3,04S,4 (760.96): caled. C 66.29, H 4.24, S
16.86; found C 66.09, H 4.23, S 16.70. "TH NMR (500 MHz,
CDCl): 0 = 8.39 (br. s, 2 H, anthraquinone ring CH), 8.29 (d-like,
J = 8 Hz, 2 H, anthraquinone ring CH), 7.87 (d-like, J = 8 Hz, 2
H, anthraquinone ring CH), 7.39 (br. s, 4 H, external rings CH),
7.23 (br. s, 2 H, external rings CH), 4.10 (s, 8 H, 4 benzyl CH,),
2.39 (s, 12 H, 4 S-acetyl CH3) ppm. '3C NMR (100 MHz, CDCl;):
0 = 194.6 (acetyl groups, C=0), 181.7 (anthraquinone unit, C=0),
138.6; 136.4, 133.3, 132.1, 130.9, 130.2, 130.0, 129.4, 127.4, 122.8,
93.7 (C=C), 88.3 (C=C), 32.8, 30.4 ppm. IR (KBr): ¥ = 2923, 2204
(W, ve=c), 1691 (s, vc=0), 1670 (s, vc=0), 1595, 1306, 1289, 1130,
955, 625 cm ™.

Procedure for the Cassar—Heck—Sonogashira Cross-Coupling of
Compound 1 with Compounds 2h and 2i: An oven-dried Schlenk
tube containing a magnetic stirrer was evacuated and backfilled
with nitrogen (3X). Then it was charged with triphenylphosphane
(26 mg, 0.10 mmol, 20 mol-%), Pd(PPh;),Cl, (18 mg, 0.025 mmol,
5 mol-%), Cul (10 mg, 0.05 mmol, 10 mol-%), S.S’-(5-ethynyl-1,3-
phenylene)bis(methylene)diethanethioate (1; 306 mg, 1.1 mmol),
the aryl bromide (0.5 mmol), and finally, freshly distilled triethyl-
amine (7 mL). The mixture was stirred for a few minutes at room
temperature and then heated at 80 °C for 24 h. The reaction com-
pletion was monitored by TLC analysis. The reaction mixture was
cooled to room temperature, neutralized with an aqueous solution
of 5% HCI (30 mL), and extracted with dichloromethane
(3% 30 mL). The organic layers were collected, washed with a satu-
rated solution of NaCl (3 X 30 mL), dried with anhydrous Na,SO,,
and concentrated under reduced pressure. The crude material ob-
tained was purified by preparative chromatography on silica gel.

S,8',8"",8"""-{5,5'-[2,2' -Bipyridine-5,5'-diylbis(ethyne-2,1-diyl)| bis-
(benzene-5,3,1-triyl)} tetrakis(methylene)tetraethanethioate (3h): The
crude product was purified by silica gel chromatography (chloro-
form/PE/diethyl ether, 55:30:15). Starting from dibromide 2h
(0.157 g), a white solid (0.181 g, 54% yield) was isolated. M.p. 174—
176 °C (dichloromethane/methanol). C33H3,N,04S, (708.94):
caled. C 64.38, H 4.55, N 3.95, S 18.09; found C 64.23, H 4.18, N
3.82, S 18.31. '"H NMR (400 MHz, CDCl5): § = 8.81 (br. s, 2 H,
bipyridine CH), 8.43 (d, J = 8.0 Hz, 2 H, bipyridine CH), 7.94 (d-
like, J = 8.0 Hz, 2 H, bipyridine CH), 7.39 (br. s, 4 H, external rings
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CH), 7.21 (br. s, 2 H, external rings CH), 4.10 (s, 8 H, benzyl CH,),
2.39 (s, 12 H, S-acetyl CH;) ppm. '*C NMR (100 MHz, CDCl;):
0 = 194.7 (C=0), 154.0, 151.6, 139.3, 138.5, 130.8, 129.7, 123.1,
120.6, 120.2, 93.1 (C=C), 86.7 (C=C), 32.9, 30.4 ppm. IR (KBr):
¥ = 2964, 2916, 2204 (W, ve=c), 1685 (s, vc=0), 1594, 1466, 1354,
1134, 1102, 953, 632 cm ™.

s,8',8"",8"""-[5,5'-{5,5"-(Benzo[c][1,2,5]thiadiazole-4,7-diyl)bis-
(thiophene-5,2-diyl)}bis(ethyne-2,1-diyl)bis(benzene-5,3,1-triyl)]-
tetrakis(methylene)tetraethanethioate (3i): The crude product was
purified by silica gel chromatography (dichloromethane/ PE/diethyl
ether, 70:28:2). Starting from dibromide 2i (0.229 g), a red solid
(0.224 g, 529% yield) was isolated. M.p. 139-141 °C (dichlorometh-
ane/methanol). C4,H3,N,0,4S; (853.18): caled. C 59.13, H 3.78, N
3.28, S 26.31; found C 59.33, H 3.72, N 3.33, S 26.31. 'H NMR
(400 MHz, CDCl3): 0 = 8.00 (d, J = 3.9 Hz, 2 H, thiophene rings
CH), 7.89 (s, 2 H, benzothiadiazole ring), 7.37 (br. s, 4 H, external
rings CH), 7.33 (d, J = 3.9 Hz, 2 H thiophene rings CH), 7.18 (br.
s, 2 H, external rings CH), 4.09 (s, 8 H, benzyl CH,), 2.38 (s, 12
H, S-acetyl CH3) ppm. '*C NMR (100 MHz, CDCls): 6 = 194.6
(C=0), 152.2, 140.5, 138.4, 132.9, 131.5, 130.4, 129.4, 127.4, 125.5,
124.5, 123.4, 94.5 (C=C), 83.4 (C=C), 32.9, 30.4 ppm. IR (KBr):
¥ = 2925, 2190 (W, ve=c), 1695 (s, vc=0), 1590, 1406, 1350, 1130,
1096, 953, 622 cm™!.

S,8',8"",8"""-[5,5'-{4,4'-|2,5-Bis(octyloxy)-1,4-phenylene]bis(ethyne-
2,1-diyl)bis|2,5-bis(octyloxy)-4,1-phenylene|}bis(ethyne-2,1-diyl)bis-
(benzene-5,3,1-triyl)|tetrakis(methylene)tetraethanethioate (11a): An
oven-dried Schlenk tube containing a magnetic stirrer was evacu-
ated and backfilled with nitrogen (3X). Then it was charged with
Pd(PPh;),Cl, (5mg, 0.007 mmol, 3 mol-%), Cul (3 mg,
0.014 mmol, 6 mol-%), 10 (317 mg, 0.5 mmol), 1,4-diiodo-2,5-bi-
s(octyloxy)benzene (135 mg, 0.23 mmol), and freshly distilled tri-
ethylamine (5 mL). The mixture was stirred for a few minutes at
room temperature and then heated at 60 °C until almost complete
disappearance of the aryl halide was observed. The reaction was
monitored by TLC analysis, and after 1 h, the mixture was cooled
to room temperature, neutralized with an aqueous solution of 5%
HCI (15 mL), and extracted with dichloromethane (3 X 25 mL).
The organic layers were collected, washed with a saturated solution
of NaCl, dried with anhydrous Na,SO,, and concentrated under
reduced pressure. The crude material obtained was purified by pre-
parative chromatography on silica gel (dichloromethane/PE, 9:1).A
yellow-greenish solid (258 mg, 70% yield) was isolated. M.p. 98—
100 °C (dichloromethane/methanol). CogH340,¢S4 (1600.37):
caled. C 73.55, H 8.44, S 8.01; found C 73.17, H 8.09, S 8.30. 'H
NMR (400 MHz, CDCls): 6 = 7.34 (br. s, 4 H, dithiolated ring
CH), 7.16 (br. s, 2 H, dithiolated ring CH), 6.99-7.06 (m, 6 H,
dialkoxy substituted rings CH), 4.08 (s, 8 H, benzyl CH,), 4.08—
4.06 (m, 12 H, OCH,CH,), 2.37 (s, 12 H, S-acetyl CH;), 1.80-1.91
(m, 12 H, alkyl chain CH,), 1.46-1.56 (m, 12 H, alkyl chain CH,),
1.20-1.43 (m, 48 H, alkyl chain CH,), 0.81-0.91 (m, 18 H,
-CH,CH;) ppm. *C NMR (100 MHz, CDCl5): 6 = 194.6 (C=0),
153.54, 153.40, 153.37, 138.2, 130.7, 129.1, 124.1, 117.3, 117.1,
114.4, 114.3, 113.7, 94.1 (C=C), 91.6 (C=C), 91.5 (C=C), 86.5
(C=0), 69.8,69.7, 33.0, 31.9, 30.4, 29.47, 29.41, 26.17, 26.10, 26.06,
22.8, 14.2 ppm. IR (KBr): ¥ = 2922, 2851, 2198 (W, vc=c), 1695 (s,
Ve=o), 1591, 1511, 1425, 1211, 1132, 1048, 954, 624 cm ™.

S,8',8"",8"""-{5,5'-(4,4'-{Benzo|c][1,2,5]thiadiazole-4,7-diylbis-
(ethyne-2,1-diyl)}bis|2,5-bis(octyloxy)-4,1-phenylene)|bis(ethyne-2,1-
diyl)bis(benzene-5,3,1-triyl)} tetrakis(methylene) Tetraethanethioate
(11b): An oven-dried Schlenk tube containing a magnetic stirrer
was evacuated and backfilled with nitrogen (3X). Then it was
charged with Pd(PPh;),Cl, (8 mg, 0.012 mmol, 5 mol-%), Cul
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(2mg, 0.012 mmol, 5 mol-%), triphenylphosphane (6 mg,
0.023 mmol, 10 mol-%), 10 (317 mg, 0.5 mmol), 4,7-dibro-
mobenzo|[c][1,2,5]thiadiazole (68 mg, 0.23 mmol), and freshly dis-
tilled triethylamine (10 mL). The mixture was stirred for a few min-
utes at room temperature and then heated at 80 °C until the reac-
tion was complete (TLC analysis). After 2 h the reaction mixture
was then cooled to room temperature, neutralized with an aqueous
solution of 5% HCI (50 mL), and extracted with dichloromethane
(3 X 50 mL). The organic layers were collected, washed with a satu-
rated solution of NaCl, dried with anhydrous Na,SOy,, and concen-
trated under reduced pressure. The crude material obtained was
purified by preparative chromatography on silica gel (dichloro-
methane/PE/diethyl ether, 58:40:2). An orange solid (165 mg, 51%
yield) was isolated. M.p. 136-137 °C (dichloromethane/methanol).
CgoH 0N,05S5 (1402.01): caled. C 70.25, H 7.19, N 2.00, S 11.44;
found C 69.93, H 7.25, N 1.89, S 12.44. '"H NMR (400 MHz,
CDCls): 0 = 7.79 (s, 2 H, benzothiadiazole ring CH), 7.36 (br. s, 4
H, dithiolated ring CH), 7.18 (br. s, 2 H, dithiolated ring CH), 7.14
(br. s, 2 H, dialkoxy substituted rings), 7.04 (br. s, 2 H, dialkoxy
substituted rings CH), 4.03-4.12 (m, 16 H, benzyl CH, and
OCH,CH,-), 2.37 (s, 12 H, S-acetyl CH;), 1.82-1.97 (m, 8 H, alkyl
chain CH,), 1.50-1.65 (m, 8 H, alkyl chain CH,), 1.22-1.46 (m, 32
H, alkyl chain CH,), 0.81-0.92 (m, 12 H, -CH,CH;) ppm. '3C
NMR (100 MHz, CDCl;): 0 = 194.5 (C=0), 154.2, 154.0, 153.5,
138.2, 132.2, 130.7, 129.2, 124.0, 117.2, 117.0, 116.8, 114.7, 113.2,
94.6 (C=C), 94.3 (C=0C), 90.9 (C=C), 86.4 (C=C), 69.75, 69.70,
32.98, 31.90, 30.38, 29.53, 29.44, 29.40, 26.14, 22.74, 14.18 ppm.
IR (KBr): ¥ = 2918, 2849, 2206 (W, vc=c), 1697 (s, vc=0), 1594,
1508, 1416, 1220, 1130, 1033, 801, 629 cm™.

5,5'-]2,5-Bis(octyloxy)-1,4-phenylene|bis(ethyne-2,1-diyl)bis-
(benzene-5,3,1-triyl)tetramethanethiol (12): An oven-dried Schlenk
tube containing a magnetic stirrer was evacuated and backfilled
with nitrogen (3X). Then it was charged with 3a (200 mg,
0.23 mmol), dry dichloromethane (7 mL), and dry methanol
(7 mL). The mixture was cooled using an ice bath, and concen-
trated H,SO4 (0.8 mL) was slowly added. The mixture was warmed
to room temperature and stirred for a few minutes and then heated
at 50 °C for 12 h. After this time, monitoring by TLC showed the
complete disappearance of the substrate. The reaction mixture was
cooled to room temperature and concentrated under reduced pres-
sure. Neutralization of the excess amount of acid with a saturated
aqueous solution of NaHCO; was followed by extraction with
dichloromethane (3 X 50 mL). The organic phase was collected,
washed with saturated aqueous NaCl (3 X 100 mL), dried with an-
hydrous Na,SO,, filtered, and concentrated under reduced pres-
sure. The crude product was purified by crystallization (dichloro-
methane/methanol, 2X). A yellow solid (160 mg, 99% yield) was
isolated. M.p. 225-227 °C (dichloromethane/hexane). C4Hs40,S,
(719.14): caled. C 70.15, H 7.57, S 17.84; found C 70.09, H 7.43, S
17.99. '"H NMR (400 MHz, CDCl;): 6 = 7.39 (br. s, 4 H, external
rings CH), 7.27 (br. s, 2 H, external ring CH), 7.01 (s, 2 H, internal
ring CH), 4.04 (t, J = 6.4 Hz, 4 H, 2 OCH,CH,-), 3.72 (d, J =
7.7 Hz, 8 H, benzyl CH,), 1.88 (quint., J = 6.8 Hz, 4 H, alkyl chain
CH,), 1.79 (t, J = 7.7 Hz, 4 H, -CH,SH), 1.65-1.50 (m, 4 H, alkyl
chain CH,), 1.45-1.25 (m, 16 H, alkyl chain CH,), 0.87 (t, J =
6.7 Hz, 6 H, CH;3) ppm. '3C NMR (100 MHz, CDCls): § = 153.6,
141.8, 129.8, 127.8, 124.1, 117.0, 113.9, 94.3 (C=C), 86.3 (C=C),
69.6, 31.9, 29.43, 29.37, 29.32, 28.57, 26.11, 22.69, 14.12 ppm. IR
(KBr): ¥ = 2915, 2867, 2272 (W, vs n), 2157 (W, ve=c), 1684 (s,
Ve=o), 1594, 1506, 1409, 1220, 1031, 872, 696 cm ™.

Supporting Information (see footnote on the first page of this arti-
cle): Synthetic procedures and characterization data for com-
pounds 1 and 5-10.
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