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ABSTRACT: 4,4’-Spiro-bis[cyclopenta[2,1-b;3,4-b’]dithiophene] (SCT) is a versatile building block for constructing three-
dimensional (3D) 7-conjugated molecules for use in organic electronics. In this paper, we report a more convenient synthetic route
to SCT and its derivatives, where a structurally symmetric 3,3'-dibromo-5,5’-bis(trimethylsilyl)-2,2’-bithiophene (2) serves as the
precursor for both the synthesis of 4H-cyclopenta[2,1-b:3,4-b’]dithiophen-4-one (4) and 4-(S5,5’-bis(trimethylsilyl)-2,2’-bithiophen-
3-y1)-2,6-bis(trimethylsilyl)-4-hydroxy-cyclopenta[2,1-b;3,4-b’dithiophene (5). The later one is the key intermediate for the final
brominated SCT building block. Such a “two birds with one stone” strategy simplifies the synthetic approach to the SCT core.
Functionalization on the SCT core with different terminal electron-deficient groups, including 1H-indene-1,3(2H)-dione (ID), 2-(3-
0x0-2,3-dihydro-1H-inden-1-ylidene)malononitrile (IC), and 2-(5,6-difluoro-3-oxo-2,3-dihydro-1H-inden-1-ylidene)malononitrile
(FIC), was carried out, yielding three spiro-conjugated A-D-A type molecules, SCT-(TID),, SCT-(TIC), SCT-(TFIC),,
respectively. The optical spectroscopy and electrochemical properties of these three compounds were investigated and compared to
the corresponding linear oligomers. Results revealed that the IC and TFIC terminated compounds showed low-lying HOMO/
LUMO energy levels with reduced optical bandgap, making them more suitable for use in polymer solar cells. A power conversion
efficiency of 3.73% was achieved for the SCT-(TFIC), based cell, demonstrating the application perspective of 3D molecules.

Bl INTRODUCTION cells as the hole transporting materials (HTM),” and for
polymer solar cells as the nonfullerene acceptor (NFA).>™"° As
one example, Yang et al. recently reported the annulation of SBF
with thiophene units to increase the 7-conjugation length, which
is able to increase the charge carrier mobility and a high PCE of
10.16% was achieved when blended with PBDB-T-2CL.'

In comparison with the phenyl group, the thiophene unit
showed characteristics such as lower resonance energy, ease of
structure modification, higher charge carrier mobility, and it is a

Organic semiconductors based on 7-conjugated molecules have
shown broad application prospects in organic electronics,
including light emitting diodes (OLED)," organic field effect
transistors (OFET),” organic photovoltaics (OPV) 7% and
perovskite solar cells (PSC).” Up to now, conjugated molecules
with different spatial dimensions have been developed, including
0-dimensional fullerene molecules,® one-dimensional linear
conjugated polymers’ and oligomers,” graphene-like” or cruci-
form-like two-dimensional molecules,'® as well as three-
dimensional conjugated dendrimers'" and spiro-compounds."” Received: November 23, 2021 JOC--.
Owing to their unique orthogonal structure and the consequent Published: March 25, 2022 '
/
B

intensive intermolecular interactions, 9,9’-spirobifluorene
(SBF)-cored three-dimensional (3D) conjugated molecules
are among the most intensively studied organic semiconductors,
especially for OLEDs as the blue emitters, * for perovskite solar
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Scheme 1. Synthetic Approach to 2,2',6,6’-Tetrabromo-4,4'-
spirobi[cyclopenta[2,1-b:3,4-b"]dithiophene] (SCT-Br,)
Starting from 2-Bromo-S-(trimethylsilyl)thiophene
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fundamental building block for conjugated polymers and
oligomers.'” Replacing the phenyl ring of SBF with thiophene
yields a new spiro-conjugated core unit, 4,4’-spirobi[ cyclopenta-
[2,1-b;3,4-b"]dithiophene] (SCT, Scheme 1). Salbeck et al. first
reported the electronic properties of SCT and its phenyl
terminated compounds.'® Owing to the extended 7-conjugation
of the cyclopentadithiophene core, the SCT based compound
showed smaller optical band gap and better field effect transistor
effect than the SBF analogues. The SCT-cored molecules were
also reported as dopant-free HTM for use in }Jerovsklte solar
cells,"” and as NFA in polymer solar cells, > > demonstrating
the SCT is a useful building block for the synthesis of conjugated
3D molecules for organic electronics.

The synthesis approach to SCT was reported by Fungo et al.
in 2013, where 3-bromo-2,2’-bithiophene was used as the key
intermediate.”® In this paper, we developed a more convenient
synthetic strategy to the SCT core by using symmetric 3,3’
dibromo-5,5’-bis(trimethylsilyl)-2,2’-thiophene as the key
intermediate. The use of symmetric intermediate significantly
simplified the synthesis approach to SCT. Derivation of the SCT

core with different electron deficient terminal groups was
demonstrated, and the use of these SCT-cored molecules in
polymer solar cells were investigated. The current work enriches
the molecular family of the SCT based spiro-conjugated
molecules.

B RESULTS AND DISCUSSIONS

Synthesis. The new synthesis approach to SCT is shown in
Scheme 1, where structurally symmetric 3,3’-dibromo-5,5’-
bis(trimethylsilyl)-2,2’-thiophene 2 was synthesized in a yield of
74% by a “halogen dancing” reaction of 2-bromo-3-
(trimethylsilyl)thiophene 1 with LDA and the following
CuCl, catalyzed homocoupling reaction.”**° Lithiation of 2
with 2-fold n-BuLi yielded bis-lithiated intermediate 3 through
the Li—Br exchange reaction, which can be converted to 2,6-
bis(trimethylsilyl)-cyclopenta[2,1-b;3,4-b"] dithiophen-4-one 4
through a nucleophilic substitution reaction (yield of 85%). At
the opposite to the reported procedure using a monobrominated
bithiophene, this later can be advantageously substituted by
compound 2. After its bislithiation with 2 equiv of BuLlj, it reacts
with ketone 4 to yield 4-(S5,5 -bis(trimethylsilyl)-2,2'-bithio-
phen-3-yl)-2,6-bis(trimethylsilyl)-4-hydroxy-cyclopenta[2,1-
b;3,4-b']dithiophene § (with a yield of 71%). Bromination of §
with N-bromo-succinimide (NBS) in THF yields brominated
compound 6 (79%), which was cyclized by a Friedel—Crafts
cyclization at a mild condition using BF;-OEt, as Lewis acid
catalyst to yield the key building block 2,2,6,6’-tetrabromo-4,4'-
spirobi[cyclopenta[2,1-b;3,4-b"]dithiophene] 7 in a yield of
69%. It is worth pointing out that linear oligomer byproducts
were also found for this reaction, which was ascribed to the
intermolecular coupling reaction. Purification of compound 7
can be successfully achieved by size exclusion chromatography
using Bio-Rad beads S-X1 as the stationary phase. Cyclization of
S using the same cyclization condition was also performed.
However, owing to the labile TMS groups under acidic
conditions, complicated byproducts, including high molecular
weight oligomers, also formed. Thus, substitution of TMS group
by Br prior to the intramolecular cyclization is essential for
successful synthesis of SCT-Br,.

Scheme 2. Synthesis of SCT Cored A-D-A Derivatives and the Corresponding Linear Oligomers
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Peripheral functionalization of the SCT-Br, was then
completed in two steps (Scheme 2). First, Suzuki coupling
reaction of SCT-Br, with 4-hexyl-5-(4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)thiophene-2-carbaldehyde (B-TCHO) led to
the aldehyde terminated new building block SCT-(TCHO), ina
yield of 60%. The following Knoevenagel condensation of SCT-
with 1H-indene-1,3(2H)-dione (ID), 2-(3-ox0-2,3-dihydro-1H-
inden-1-ylidene)malononitrile (IC), and 2-(5,6-difluoro-3-oxo-
2,3-dihydro-1H-inden-1-ylidene)malononitrile (FIC), in the
presence of base catalyst (piperidine or pyridine), gave the
corresponding target spiro-conjugated molecules with an A-D-A
substructure. It is worth pointing out that piperidine works
better for coupling SCT-(TCHO), with ID, while pyridine is the
preferred catalyst for the condensation of SCT-(TCHO), with
IC or FIC. This can be attributed to the different acidity of these
compounds. For comparison, the corresponding linear A-D-A
molecules were also synthesized via similar synthetic ap-
proaches. Except CPDT-(TIC),, which was reported in our
previous paper,”’ both CPDT-(TID), and CPDT-(TFIC),
were reported here for the first time. All the intermediates and
the final compounds were fully characterized by '"H NMR, "*C
NMR, and mass spectrometry (see the Supporting Information
for more details).

Photophysical and Electrochemical Properties. Figure
la and Ic depict the absorption and fluorescence spectra of
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Figure 1. (a) UV—vis absorption and (c) fluorescence spectra of SCT-
(TFIC),, CPDT-(TFIC), in solution of CHCly; (b) UV—vis
absorption and (d) fluorescence spectra of SCT-(TFIC),, SCT-
(TIC),, and SCT-(TID), in solution of CHCl,.

SCT-(TFIC), and CPDT-(TFIC), in chloroform solution. As
seen here, both compounds showed the intramolecular charge
transfer absorption bands over 500—750 nm. Surprisingly, the
spiro-derivative SCT-(TFIC), showed a shorter absorption
maximum (A,,, = 725 nm) and fluorescence maximum
wavelengths (A7™ = 810 nm) than CPDT-(TFIC), (750 and
847 nm, respectively, Table 1). Similar phenomena were also
measured for IC and ID terminated compounds (Figure S1),
suggesting that there is no z-electron delocalization over the
central carbon atom, which is different from the literature
reported spiro-fluorene compounds where a spiro-conjugation
effect was obviously observed.'””” The detailed reason for the
absence of spiro-conjugation in the SCT series is not clear. We
speculate that this may be due to the fact that the frontier orbital
of the conjugated A-D-A moiety is far away from the central sp*
car bon atom and there is no direct interaction between two
branches in the ground state. However, further experiments are
still needed to fully understand the detailed mechanism.
Interestingly, although there are two identical linear motifs in
the spiro molecules, they showed 1.5—1.6 times of e, than the
corresponding linear ones. This phenomenon was also reported
by Dalinot et al. in the SBF based compounds and was ascribed
to the limitation of chromophore rotation through the spiro-
conjugation structure.”*”” The comparison on the absorption
spectra of SCT-(TID),, SCT-(TIC),, and SCT-(TFIC),
showed that the IC and FIC terminated compounds have red-
shifted absorption bands (Figure 1b), which was ascribed to the
stronger electron-withdrawing capability of IC and FIC units. In
thin solid film, all these compounds showed red-shifted
absorption band (Figure S2), suggesting certain 7—7
interactions for these compounds in solid state. The optical
band gaps for these compounds were estimated from the
absorption onset of the solid films, and values of 1.51, 1.55, and
1.75 eV were determined for SCT-(TFIC),, SCT-(TIC),, and
SCT-(TID),, respectively. As expected, the stronger electron-
withdrawing nature of terminal accepting moiety decreases the
bandgap.

Figure 2a and Figure S5 depicts the cyclic voltammograms
(CV) of spiro- and linear compounds measured in CH,Cl,
solution. For the linear compounds, two reversible oxidation
processes were measured, which are ascribed to the oxidation of
the central z-conjugation unit to mono- and bications,
respectively. Slightly higher first oxidation potential (EJ;) for
the FIC terminated compound (0.53 V) than that of IC (0.47 V)
and ID (0.43 V) analogues indicates that the terminal electron
accepting unit has certain influence on the oxidation process on

Table 1. Photophysical and Electrochemical Data of SCT and CPDT Derivatives

optical data in solution”

optical data in thin film”

electrochemical data“ energy level”

Ao £ Aomet A A
compound [nm] [L mol™ em™!]¢ [nm] [nm] [nm]
SCT-(TFIC), 725 175700 817 810 758
SCT-(TIC), 718 187 600 801 804 731
SCT-(TID), 614 137200 707 704 625
CPDT- 750 117 600 847 822 840
(TFIC),
CPDT-(TIC), 733 102 000 827 792 794
CPDT-(TID), 624 80000 726 714 840

A E® E%  EZ Enomo Erumo ESY
[nm] eV  [v] [Vl EN[V]  [eV] [eV] vl
899 1.51 0.58 0.72 —0.88 —-5.57 —4.18 1.39
893 1.55 0.50 0.65 —0.98 —5.45 —4.04 141
776 1.75 0.34 0.46 —1.22 —5.40 —-3.93 1.47
925 1.46 053 089  —095 -5.55 —-4.19 1.36
893 147 0.47 0.87 —1.05 —-5.54 —4.08 143

- 1.71 043 0.89 —1.41 -5.56 —3.86 1.70

“In CHC, solution at a concentration of 3.0 X 107 mol L%, YIn film. “In CH,Cl, at a concentration of 1.0 X 107> mol L™}, with TBAPF, (0.1 M)
as the support electrolyte and Fc*/Fc as reference. “Calculated from cyclic voltammetry results, Eyono = —(Eo, ™™ + 5.10) (eV), Eromo =
—(E o™ + 5.10) (eV), EgCV = (B ™™ = ™) (eV). °Molar absorptivity in solution was obtained by linear fitting absorbance vs concentration.

fOptical band gap EgOPt (ev) — 1240//13bsonset.
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Figure 2. (a) Cyclic voltammetry curves of SCT derivatives in solution
of dichloromethane using TBAPF, (0.1 M) as the support electrolyte
and at a scan rate of 100 mV s™". (b) Energy level diagram of donors and
acceptors.

the central z-conjugation unit (Table 1). The spiro compounds
showed four quasi-reversible oxidation processes over similar
potential sweeping range, indicating multiple oxidation
processes of the spiro-compounds (see the differential curves
of these compounds in Figure S6). The first oxidation potentials
(E%) of SCT-(TFIC),, SCT-(TIC), and SCT-(TID), are in the
same range to that of the corresponding linear compound
(Table 1), indicating that the first oxidation process of spiro-
compounds can be ascribed to the oxidation of one of the 7-
conjugated branches. However, the second oxidation potentials
of the spiro-compounds are less than the oxidation of the linear
compounds to a bications, showing a different oxidation process
for these two series compounds. Knowing that the spiro-
compounds has two identical conjugated A-D-A chains, we
therefore ascribed the second oxidation process of the SCT
compounds to the oxidation of the second -conjugated branch,
yielding a bis(radical-cation), whereas the second oxidation on
linear analogue led to dicationic species. Interestingly, oxidation
of the second z-conjugated branch is more difficult than the first
one. This confirms that because of the linked two 7-conjugated
systems, the presence of the radical-cation in one 7-conjugated
system has a significant influence on the oxidation process of the
other. Similar as our previous studies,””*! irreversible reduction
processes were measured for all these compounds (Figure 2 and
Figure SS). The absence of the corresponding oxidation process
of the reduced anion indicates that the reduced anions can be
easily neutralized in solution. The first reduction potential (EJy,
Table 1) for the ID terminated SCT-(TID), is measured at
—1.22 V, much more negative than corresponding IC and FIC
terminated compounds (—0.98 V and —0.88 V, respectively).
Similar trends can be observed in the linear analogues. This is
ascribed to the weaker electron-withdrawing capacity of the ID
groups than IC and FIC groups. These results confirm that the
reduction potential is highly related to the terminal electron
withdrawing group. In addition, the first reduction potentials
(E%, Table 1) for the spiro-compounds SCT-(TFIC),, SCT-
(TIC), and SCT-(TID), are less negative than corresponding
linear analogues CPDT-(TFIC),, CPDT-(TIC),, and CPDT-

(TID), (—0.88 vs —0.95 V, —0.98 vs —1.05 V, and —1.22 vs
—1.41 V, respectively). HOMO/LUMO as well as the energy
band gap (Egcv) of these compounds were deduced from the
onset oxidation (E9**") and reduction (Es*") potentials, and the
results are listed in Table 1. All these synthesized molecules
showed low-lying LUMO energy level of —3.90 to —4.20 eV,
making them suitable for use in polymer solar cells as the
electron acceptor in combination with the widely used polymer
donor, including PTB7-Th, PBDB-T, and PMé6 (Figure 2b).
Note that the EgCV is slightly lower than the corresponding Eg”,
which could be ascribed to the different state of the molecules in
thin solid films (for UV—vis measurement) and in CH,Cl,
solution (for CV measurement).

Photovoltaic Characterizations. The photovoltaic per-
formance for the synthesized materials as the acceptor in
polymer solar cells was studied on solar cells adopting an
inverted structure (ITO/ZnO/Active layer/MoQ,/Al). Figure
3 shows the current density—voltage (J—V) curves and external
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Figure 3. (a) J-V curves and (b) EQE curves of solar cells based on
SCT series; (c) J-V curves and (d) EQE curves of solar cells based on
SCT-(TFIC), with different donor materials.

quantum efficiency (EQE) plots of optimized devices, and the
device performance data are listed in Table 2. For the PTB7-Th
based cells, the SCT-(TID), demonstrated very low power
conversion efficiency (PCE) of 0.36%, mainly limited by the low
short circuit current density (Jsc = 1.50 mA/cm?). As for SCT-
(TIC), and SCT-(TFIC),, the optimized PCE were 2.79% and
2.68%, respectively. Changing the donor from PTB7-Th to
PBDB-T and PM6 yields higher ]y of around 12 mA/cm? for
these two cells. However, lower V¢ and FF limited the overall
PCE of 2.90% and 3.73% for the PBDB-T:SCT-(TFIC), and
PM6:SCT-(TFIC), cells, respectively. We notice that no
obvious correlation between the molecular structure of the
acceptor molecules and the photovoltaic performance, which
could be due to the different molecular packing of acceptor

Table 2. Device Performance Based on SCT Series

acceptor donor ratio (D:A)
SCT-(TID), PTB7-Th 1:1
SCT-(TIC), 1:1.5
SCT-(TFIC), 1:0.8
SCT-(TFIC), PBDB-T 1:1
SCT-(TFIC), PM6 1:1.28

Voc (V) Jsc (mA/em?) FF (%) PCE (%)
0.701 1.21 0.319 0.27
0.780 6.06 0.591 2.79
0.775 5.68 0.609 2.68
0.559 12.86 0.403 2.90
0.692 11.49 0.470 3.73
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molecules within the photoactive layer. However, further
optimization of the nanomorphology of the photoactive layer
is needed (see AFM topological morphology of the PM6:SCT-
(TFIC), in Figure S8). Nevertheless, the current work proved
that SCT can be a useful building block for constructing 3D
conjugated molecules for use in organic electronics.

B CONCLUSION

In this work, we have developed a new synthetic approach to
brominated 4,4’-spirobi[cyclopenta[2,1-b;3,4-b"]dithiophene]
core (SCT-Br,). By using a structurally symmetric 3,3’-
dibromo-$,5’-bis(trimethylsilyl)-2,2-bithiophene as the pre-
cursor for the synthesis of two key intermediates, the synthetic
route was significantly simplified in comparison to the previous
reported method. Functionalization of the spiro core to A-D-A
type conjugated molecules were performed with different
electron accepting terminal moieties. The optical and electro-
chemical properties of these A-D-A type molecules can be tuned
by changing the terminal electron definition moiety. Except
devices fabricated with PTB7-Th:SCT-(TID), blend, all other
fabricated polymer solar cells exhibited PCE ranging from 2.5—
4%. The current work demonstrates a new family of conjugated
3D molecules for organic electronics.

B EXPERIMENTAL SECTION

General Methods. All chemicals and solvents were reagent grade
and used as received without further purification unless specified. The
dry solvent is collected from PURESULV Solvent Purification systems
PS-MD-SON7 (Innovative Technology). N-bromo succinimide was
recrystallized according to the published handbook. Heating was
conducted on a heating mantle. Reactions were tracked by thin layer
chromatography (TLC) that was conducted on an aluminum substrate
coated with silica gel Si 60-F254 (Merck, Germany) and by 'H NMR
spectrum. Column chromatography was carried out on silica gel
(Sinopharm, China), mesh size 0.075—0.15 mm (normal) or 0.037—
0.075 mm (flash). Nuclear magnetic resonance (NMR) such as 'H
NMR and "*C NMR was recorded on a Bruker Ascend TM 400 MHz in
deuterated chloroform (CDCL;) using TMS as an internal reference.
MALDI-TOF-MS spectra were obtained on Bruker Auto Bending
Speed LRF using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-
propenyl]malononitrile (DCTB) as a matrix substrate. Compounds
1, 2, and 4 were synthesized according to the literature.”>**

Synthesis. 2-Bromo-5-trimethylsilyl-thiophene (1). To a solution
of 2-bromothiophene (29.98 g, 0.18 mol 1.0 equiv) in dried THF (200
mL) under argon was added LDA (2.0 M in THF/hexane, 101 mL, 0.20
mol, 1.1 equiv) under —78 °C. The mixture was stirred for 1 h under
this temperature, forming a dark brown solution. Trimethyl
chlorosilane (13.5 mL, 0.18 mol, 1.0 equiv) was carefully added at
this temperature, and the resulted mixture was warmed to rt and further
stirred overnight. After clear formation of intermediate 2 was confirmed
by TLC study, the in situ generated mixture was quenched with water.
The solvent was removed, and the residue dissolved in PE then washed
with water, dried with Na,SO,, and the solvent was removed from
vacuum affording red oil. Further distillation under reduced pressure
(130 mPa, 120 °C) afforded pure product as colorless oil (61%) 'H
NMR (400 MHz, CDCly) § [ppm] = 7.08 (d, ] = 3.5 Hz, 1H), 6.99 (d,]
= 3.5 Hz, 1H), 0.33 (s, 9H).

(3,3'-Dibromo-[2,2'-bithiophene]-5,5'-diyl)bis(trimethylsilane)
(2). To a cold solution (—78°C) of 1 (28.87 g, 123 mmol, 1.0 equiv) in
dried THF (190 mL) under nitrogen was carefully added a solution of
LDA (2M/hexane/THF, 71 mL, 141 mmol, 1.1 equiv) through a
dropping funnel in dropwise manner. The colorless solution gradually
turned to coffee brown and partial participation of lithium salt was
observed. The suspension was stirred for 1 h under this temperature
and the completion of halogen dance reaction was confirmed by 'H
NMR study. Addition of CuCl, (18.87 g, 141 mmol) was introduced by
one portion afterward, resulting in dark green solution. The mixture was
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slowly warmed up to room temperature and was stirred overnight,
which was subsequently worked up by quenching with methanol,
concentrated, and filtrated on Celite pad to afford dark brown oil. The
oil was further purified on column chromatography (hexane) to give
pure product as yellow crystals in 20.47 g (74% yield). "H NMR (400
MHz, CDCl;) 8 [ppm] = 7.15 (s, 2H), 0.34 (s, 27H). *C{'"H} NMR
(100 MHz, CDCLy) § [ppm] = 143.1, 137.2, 134.1, 113.1, —0.2
2,6-Bis(trimethylsilyl)-4H-cyclopenta(2,1-b:3,4-b’|dithiophen-4-
one (4). To a solution of 2 (1.10 g 2.14 mmol 1.0 equiv) in dried THF
(10 mL) under argon was added n-BuLi (2.2 M in hexane, 2.0 mL, 4.28
mmol, 2.0 equiv) at —78°C. The glass yellow solution was stirred for 25
min under this temperature. A small portion of the mixture was
quenched with MeOH and the completion of the lithium—halogen
exchange was proved by 'H NMR. Addition of NMe,COCI (0.3 mL,
2.56 mmol, 5.0 equiv) was carefully introduced under —78 °C and the
resulted mixture turned to light red solution, which was warmed to 0°C
and further stirred for 90 min. The resulted mixture was quenched with
saturated NH,Cl. Formation of blood red mixture with white
participate were observed. The solvent was removed, and the residue
was extracted with PE, washed with H,O, and dried with Na,SO,.
Solvent was removed to afford the crude product as blood-red oil. The
oil was purified by chromatography (3% EtOAc/PE) to afford 540 mg
pure product as red solid (85% yield). "H NMR (400 MHz, CDCL;) &
[ppm] = 7.07 (s, 2H), 0.31 (s, 18H). *C{'H} NMR (100 MHz,
CDCL,) & [ppm] = 1832, 154.4, 144.9, 144.2, 127.9, 0.2.
4-(5,5'-Bis(trimethylsilyl)-[2,2'-bithiophen]-3-yl)-2,6-bis-
(trimethylsilyl)-4H-cyclopenta[2,1-b:3,4-b’dithiophen-4-ol (5). To a
solution of 2 (3.05 g, 6.5 mmol 1.1 equiv) in dried ether (30 mL) under
argon was added dropwise n-BuLi (2.5 M in hexane, 5.2 mL, 13 mmol,
2.2 equiv) at —80 °C. The glass yellow solution was stirred for 25 min
under this temperature. Solution of 4 (2.05 g, 6.1 mmol, 1.0 equiv) in
dried ether (30 mL) was carefully added to the mixture. The resulted
orange suspension was stirred under ice bath for 1 h and the reaction
was then quenched with saturated NH,Cl. The aqueous phase was
extracted with DCM (50 mL) for 3 times, and the combined organic
phase was washed with water (100 mL), dried with Na,SO, and
concentrated under reduced pressure to afford dark red oil (2.97 g),
which was purified on chromatography (20% DCM/PE) to afford pure
product as brown powders (2.8 g, 71%) "H NMR (400 MHz, CDC;) §
[ppm] =7.53 (s, 1H), 6.87(d, ] = 4.8 Hz, 3H), 6.47(d, ] = 3.4 Hz, 1H),
2.48 (s, 1H), 0.33 (s, 9H), 0.26 (s, 27H) “C{*H} NMR (100 MHz,
CDCL,) & [ppm] = 158.4, 142.9, 141.9, 141.6, 139.3, 139.1, 139.0,
136.6, 135.1, 133.4, 129.2, 128.6, —0.2 MS (MALDI-TOF) calcd. for
CyoH 4, 08,8, m/z = 644.86 [M]*, found 644.74.
2,6-Dibromo-4-(5,5'-dibromo-[2,2'-bithiophen]-3-yl)-4H-
cyclopental2,1-b:3,4-b’dithiophen-4-ol (6). To a solution of 4 (1.03
g, 1.53 mmol 1.0 equiv) in dried chloroform (15 mL) under nitrogen
was added NBS (1.1 g, 6.46 mmol, 4.2 equiv) at —25 °C. The dark
brown solution was stirred for 1.5 h under this temperature. The
resulted mixture was washed with water, extracted with chloroform (3 x
10 mL), dried and concentrated to afford brown oil (1.3 g), which was
purified by column chromatography (DCM/PE to 20% Acetone/PE)
to afford pure product as brown powders. (79%) '"H NMR (400 MHz,
CDCly) 6 [ppm] = 7.35 (s, 1H), 6.84 (s, 2H), 6.76 (d, ] = 4 Hz, 1H),
6.24 (d,J =4 Hz, 1H), 2.38 (s, 1H) *C{*'H} NMR (100 MHz, CDCl,)
8 [ppm] = 153.2, 138.1, 137.1, 133.3, 130.7, 130.5, 129.3, 129.2, 124.9,
114.4,112.9,112.3,77.7. MS (MALDI-TOF) calcd. for C,,H,Br,0S,,
m/z = 672.5 [M]*, found 672.11.
2,2',6,6’-Tetrabromo-4,4’-spirobi[cyclopenta[2,1-b:3,4-b’]-
dithiophene] SCT-Br,. To a solution of BF;-OEt, (1 mL, 7.5 mmol, 5.0
equiv) in dried DCM (700 mL) under argon was added dropwise a
solution of 6 (0.997 g, 1.5 mmol, 1.0 equiv) in dried DCM (60 mL).
The colorless solution turned dark green for 30 min, and the TLC
indicated completion of the reaction. The dark green solution was
concentrated, washed with water (100 mL), and dried with Na,SO,.
The solvent was removed to afford green powders (1.5 g), which was
purified by column chromatography (PE to 50% DCM in PE) to afford
product SCT-Br, as brown powders (69%). '"H NMR (400 MHz,
CDCl,) 6 [ppm] = 6.54 (s, 4H). 3C{'"H} NMR (100 MHz, CDCl;) §
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[ppm] = 146.7, 138.6, 123.9, 112.3, 58.3. MS (MALDI-TOF) calcd.
for m/z = C;;H,S,Br, 655.59 [M]*, found 655.36.

5,5',5",5"-(4,4'-Spirobi[cyclopenta[2,1-b:3,4-b’ ]dithiophene]-
2,2',6,6'-tetrayl)tetrakis(4-hexylthiophene-2-carbaldehyde) SCT-
(TCHO),. A mixture of SCT-Br, (500 mg, 0.76 mmol, 1.0 equiv) with
B-TC4-CHO (6.0 equiv), Pd,(dba); (77 mg, 0.076 mmol, 0.1 equiv),
PH(#-Bu;)BF, (45 mg, 0.15 mmol, 0.2 equiv) was taken in a predried,
100 mL, two-necked, round-bottomed flask fitted with a condenser, a
magnetic stir bar and an argon inlet. THF (50 mL) was added followed
by K,CO; solution (1M, 10 mL, 8.0 equiv). The dark red mixture was
refluxed under argon for 16 h (on a heating mantle), which was further
extracted with DCM (20 mL) for 3 times, washed with water (250 X 3
mL), dried with Na,SO,, and concentrated under reduced pressure to
afford dark orange oil. The oil was purified by column chromatography
eluting with 50% DCM in hexane and gel permeation chromatography
(GPC) eluting with THF to afford product as orange-red solid (60%).
"H NMR (400 MHz, CDCl,) § [ppm] = 9.78 (s,4H), 7.55 (s, 4H), 6.81
(s,4H),2.81 (t,J = 12 Hz, 8H), 1.36 (m, 32H), 0.85 (t, J = 12 Hz, 12H).
BC{'H} NMR (100 MHz, CDCl;) § [ppm] = 182.4, 150.4, 141.1,
140.5, 140.3, 138.9, 137.3, 121.2, 31.6, 30.1, 29.6, 29.1, 22.6, 14.1 MS
(MALDI-TOF) calcd. for CqHg,O,Ss m/z = 1116.26 [M]*, found
1116.91.

2,2',2"",2"-((4,4'-Spirobi[cyclopental2,1-b:3,4-b’ |dithiophene]-
2,2',6,6'-tetrayltetrakis(4-hexylthiophene-5,2-diyl))tetrakis-
(methaneylylidene))tetrakis(1H-indene-1,3(2H)-dione) SCT-(TID),.
SCT-(TCHO), (400 mg, 358 ymol), and 1H-indene-1,3(2H)-dione
(ID) (310 mg, 2.15 mmol) was dissolved in 120 mL CHCIl,. The
reaction was heated to 65 °C (on a heating mantle). 0.1 mL piperidine
was added dropwise as the base for this reaction. The reaction was
monitored by TLC and mass (MALDI-TOF). After stirring 18 h, the
reaction mixture was concentrated and was recrystallized in MeOH,
650 mg dark blue solid was obtained as crude product. The crude
product was purified by column chromatography on silica gel eluting
with 5% DCM/PE to give preliminary product. The product was
further purified by gel permeation chromatography eluting with THF to
afford pure product as dark blue solids. (410 mg, 70%) "H NMR (400
MHz, CDCL;) 6 [ppm] = 8.03—7.46 (broad, 24H), 3.03—2.65 (broad,
8H), 1.28—1.19 (broad, 32H), 1.03—0.79 (broad, 12H); “C{'H}
NMR (100 MHz, CDCL,) & [ppm] = 141.9, 134.8, 122.6, 21.8, 29.9,
29.7,29.6,22.8, 14.2; MS (MALDI-TOF) calcd. for Cy;HgyOsSs m/z
= 1628.36 [M]*, found 1628.39.

2,2',2",2"-((2E,2'E,2""E,2"E)-((4,4'-Spirobi[cyclopenta[2,1-b:3,4-
b’]dithiophene]-2,2’,6,6'-tetrayltetrakis(4-hexylthiophene-5,2-
diyl))tetrakis(methaneylylidene))tetrakis(3-oxo-2,3-dihydro- 1H-in-
dene-2,1-diylidene))tetramalononitrile SCT-(TIC),. SCT-(TCHO),
(400 mg, 358 pmol), and 2-(3-o0x0-2,3-dihydro-1H-inden-1-ylidene)-
malononitrile (IC) (420 mg, 2.15 mmol) was dissolved in 120 mL
CHCl,. The reaction was heated to 65 °C (on a heating mantle). 0.1 mL
pyridine was added dropwise as the base for this reaction. The reaction
was monitored by TLC and mass (MALDI-TOF). After stirring 18 h,
the reaction mixture was concentrated and was recrystallized in MeOH,
700 mg dark blue solid was obtained as crude product. The crude
product was purified by column chromatography on silica gel eluting
with 5% DCM/PE to give preliminary product. The product was
further purified by gel permeation chromatography eluting with THF to
afford pure product as dark blue solids. (540 mg, 85%) "H NMR (400
MHz, CDCLy) 6 [ppm] = 7.99—7.50 (broad, 24H), 3.03—2.65 (broad,
8H), 1.89—1.03 (broad, 32H), 1.02—0.71 (broad, 12H); 3C{'H}
NMR (100 MHz, CDCL) & [ppm] = 159.8, 148.8, 142.0, 140.3, 139.4,
136.6, 135.0, 133.7, 123.5, 122.1,114.6, 114.1, 31.7, 30.3, 30.0, 29.7,
22.7, 142; MS (MALDI-TOF) calcd. for C;ooHgoNgO,Ss m/z =
1821.41 [M]", found 1820.91.

2,2',2",2"-((2E,2'E,2""E,2" E)-((4,4'-Spirobilcyclopenta[2,1-b:3,4-
b’]dithiophene]-2,2’,6,6'-tetrayltetrakis(4-hexylthiophene-5,2-
diyl))tetrakis(methanylylidene))tetrakis(5,6-difluoro-3-oxo-2,3-di-
hydro-1H-indene-2,1-diylidene))tetramalononitrile SCT-(TFIC),. A
mixture of SCT-(TCHO), (230 mg, 0.21 mmol, 1.0 equiv) and 5,6
difluoro-1H-indene-1,3(2H)-dione (FIC) (284 mg, 1.23 mmol, 6.0
equiv) was dissolved in chloroform and was heated to 50 °C (on a
heating mantle). Pyridine (0.5 mL) was then added. The dark blue
solution was further refluxed for 18 h and was concentrated and purified
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by column chromatography eluting with 50% DCM in hexane. The
resulted residue was recrystallized with methanol to give the target
product as dark blue solid. (240 mg, 60%). '"H NMR (400 MHz,
CDCl;) 6 [ppm] = 8.66—6.67 (broad, 20H), 3.10—2.76 (broad, 8H),
0.88—2.03 (broad, 44H); *C{'H} NMR (100 MHz, CDCl,) § [ppm]
=157.6, 148.5, 140.8, 136.6, 135.7, 133.6, 114.5, 112.9, 31.7, 30.2, 39.7,
24.7,22.8, 14.2; MS (MALDI-TOF) calcd. for C,40H,,FsNgO,Ss m/z
= 1964.33 [M]*, found 1964.91.
5,5'-(4,4-Bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']-
dithiophene-2,6-diyl)bis(4-hexylthiophene-2-carbaldehyde) CPDT-
(TCHO),. A mixture of CPDT-Br, (500 mg, 0.89 mmol, 1.0 equiv)
mixing with B-TC6-CHO (862 mg, 2.67 mmol, 3.0 equiv), Pd,(dba),
(82 mg, 0.089 mmol, 0.1 equiv), PH(t-Bu;)BF, (51 mg, 0.18 mmol, 0.2
equiv), was taken in a predried, 100 mL, two-necked, round-bottomed
flask fitted with a condenser, a magnetic stir bar and an argon inlet. THF
(50 mL) was added followed by K,COj solution (1M, 4 mL, 8.0 equiv).
The dark red mixture was refluxed under argon for 16 h, which was
further extracted with DCM (20 mL) for 3 times, washed with water
(250 x 3 mL), dried with Na,SO,, and concentrated under reduced
pressure to afford dark orange oil. The oil was purified by column
chromatography eluting with 50% DCM in hexane to give pure product
as red-orange oil (585 mg, 83%). 'H NMR (400 MHz, CDCL,) & [ppm]
=9.83 (s,2H), 7.60 (s, 2H), 7.17—7.15 (t, ] = 8 Hz, 2H), 2.85—2.82 (t, ]
= 6 Hz, 4H), 1.97—1.89 (m, 4H) 1.72—1.69 (m, 4H), 1.43—1.24 (m,
28H), 1.01—0.91 (m, 28H), 0.73—0.62 (m, 16H); *C{'H} NMR (100
MHz, CDCL,) & [ppm] = 182.4, 158.6, 142.1, 139.9, 139.1, 138.77,
135.4, 122.6, 54.3, 43.1, 352, 34.3, 31.6, 30.2, 29.7, 29.5, 29.2, 28.6,
27.4,22.7,22.6, 14.1,10.7; MS (MALDI-TOF) calcd. for C,,Hg0,S,
m/z = 79039 [M]", found 790.13.
2,2'-(((4,4-Bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-b']-
dithiophene-2,6-diyl)bis(4-hexylthiophene-5,2-diyl))bis-
(methaneylylidene))bis(1H-indene-1,3(2H)-dione) CPDT-(TID),.
CPDT-(TCHO), (200 mg, 252 pmol), and 1H-indene-1,3(2H)-
dione (ID) (S5 mg, 756 umol) was dissolved in 20 mL CHCl;. The
reaction was heated to 65 °C (on a heating mantle). 0.1 mL pyridine
was added dropwise as the base for this reaction. The reaction was
monitored by TLC and mass (MALDI-TOF). After stirring 18 h, the
reaction mixture was concentrated and was recrystallized in MeOH,
210 mg dark blue solid was obtained as crude product. The crude
product was purified by column chromatography on silica gel eluting
with 25% DCM/PE to give preliminary product. The product was
further recrystallized in MeOH to afford pure product as dark blue
solids. (185 mg, 71%) "H NMR (400 MHz, CDCl,) & [ppm] =7.99 (t,]
=8 Hz, 8H),7.92 (s, 4H), 7.87—7.75 (m, 12H), 7.44(t, ] = 8 Hz), 4H),
2.91(t,J = 8 Hz, 8H), 2.03 (m, 8H), 1.79 (m, 8H), 1.50—1.25 (m, 24H),
1.11-0.71 (m, 44H), 0.71-0.65 (m, 24H); *C{'"H} NMR (100 MHz,
CDCL) & [ppm] = 190.2, 189.9, 159.5, 146.4, 145.8, 142.0, 140.4,
139.7,136.5,135.6,134.9,134.7,134.3,123.5, 122.9, 122.8, 122.7, 54.3,
432,35.4,34.2,31.7,30.0,29.7, 29.6, 28.6, 27.4, 22.8, 22.6, 14.1, 14.05,
10.7; MS (MALDI-TOF) calcd. for C¢sH,,0,S, m/z = 1047.54 [M]*,
found 1047.22.
2,2'-((2E,2'E)-(((4,4-Bis(2-ethylhexyl)-4H-cyclopenta[2,1-b:3,4-
b’]dithiophene-2,6-diyl)bis(4-hexylthiophene-5,2-diyl))bis-
(methaneylylidene))bis(3-oxo-2,3-dihydro-1H-indene-2,1-
diylidene))dimalononitrile CPDT-(TIC),. A mixture of CPDT-
(TCHO), (300 mg, 0.37 mmol, 1.0 equiv) and 3-
(dicyanomethylidene)indan-1-one (220 mg, 1.13 mmol, 3.0 equiv)
was dissolved in chloroform and was heated to SO °C (on a heating
mantle). Pyridine (0.5 mL) was then added. The dark blue solution was
further refluxed for 18 h and was concentrated and purified by column
chromatography eluting with 50% DCM in hexane. The resulted
residue was recrystallized with methanol to give pure product as dark
blue solid (450 mg, 64%). '"H NMR (400 MHz, CDCl,) 5 [ppm] = 8.80
(s, 2H), 8.71-8.69 (d, ] = 8 Hz, 2H) 7.95-7.93 (d, ] = 8 Hz, 2H),
7.78—7.74 (t, ] = 8 Hz, 4H), 7.67 (s, 2H), 7.50—7.47 (t, ] = 6 Hz, 2H),
2.81-2.87 (t, ] = 8 Hz, 4H), 2.03—2.00 (m, 4H), 1.79—1.75 (m, 8H),
1.47—-1.38 (m, 12H), 1,03—0.93 (m, 20H), 0.73—0.67 (m, 14H);
BC{'H} NMR (100 MHz, CDCl;) § [ppm] = 189.3, 160.9, 158.8,
149.8, 147.4, 142.9, 140.1, 137,1, 136.9, 135.1, 133.6, 126.0, 123.7,
123.3, 122.1, 113.72 69.0, 54.1, 43.4, 35.4, 34.2, 32.1, 29.9, 29.6, 29.4,
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28.6, 27.4, 22.8, 22.6, 14.1, 10.7; MS (MALDI-TOF) calcd. for
C,H,,N,0,S, m/z = 1142.47 [M]*, found 1142.26.
2,2'-((2E,2'E)-(((4,4-Bis(2-ethylhexyl)-4H-cyclopental[2,1-b:3,4-
b’]dithiophene-2,6-diyl)bis(4-hexylthiophene-5,2-diyl))bis-
(methaneylylidene))bis(5,6-difluoro-3-oxo-2,3-dihydro-1H-indene-
2,1-diylidene))dimalononitrile CPDT-(TFIC),. A mixture of CPDT-
(TCHO), (320 mg, 0.51 mmol, 1.0 equiv) and 2-(S5,6-Difluoro-3-oxo-
2,3-dihydro-1H-inden-1-ylidene )malononitrile (360 mg, 1.54 mmol,
3.0 equiv) was dissolved in chloroform and was heated to 50 °C (on a
heating mantle). Pyridine (0.5 mL) was then added. The dark blue
solution was further refluxed for 18 h and was concentrated and purified
by column chromatography eluting with 50% DCM in hexane. The
resulted residue was recrystallized with methanol to give pure product
as dark blue solid (324 mg, 70%). '"H NMR (400 MHz, CDCL;) §
[ppm] = 8.76 (s, 2H), 8.54—8.51 (t, ] = 6 Hz, 2H), 7.70—7.67 (m, 4H),
7.50—7.48 (t,] =4 Hz, 2H), 2.90—2.87 (t, ] = 6 Hz,4H), 2.04—1.98 (m,
4H), 1,78—1,74 (m, 4H), 1.48—1.38 (m, 14H), 1.04—0.92 (m, 28H),
0.74—0.66 (m, 16H); “C{'H} NMR (100 MHz, CDCl;) § [ppm]
186.1, 160.6, 1582, 155.4, 153.4, 150.7, 148.9, 141.2, 1372, 136.6,
134.4, 134.1, 123.5, 122.1, 115.0, 114.2, 112.5, 69.5, 54.5, 43.3, 35.4,
34.1, 31.6, 29.8, 29.7, 29.3, 28.6, 274, 22.8, 14.1, 10; MS (MALDI—
TOF) caled. for C,,H,,F,N,0,S, m/z = 1214.43 [M]*, found 1214.60.
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