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ABSTRACT: A series of ladder-type thienoacenes based on
benzo[1,2-b:4,5-b′]dithiophene (BDT) have been synthesized
and characterized. They were shown to be p-type semiconductors
with wide band gaps and able to support multiple stable cationic
states. As the conjugation lengthens, these oligomers become
more emissive, showing high quantum yields. They were shown
to be good two-photon absorbers, exhibiting high two-photon
absorption coefficients.

■ INTRODUCTION

It is well-known that the charge transport through organic
materials is strongly influenced by π−π-stacking interactions.1,2
Ladder-type conjugated molecules, in which the π systems are
locked into a planar structure, thus eliminating the bond
twisting in linear conjugated polymers and enhancing the π−π
stacking, are an effective structure to explore materials for high
mobility.3 Ladder polymers with longer conjugation and
stronger π−π stacking have also been continuously investigated
in the past few decades with the expectation that they will
exhibit interesting electro-optic properties.3−9 Theoretical
calculations on polyacenes have predicted that when the
conjugation length of the polyacene is long enough, its band
gap will approach zero.10 Of course, the dilemma is that
extended fused aromatic systems, which are most likely to
undergo π−π stacking, are insoluble in organic solvents.11,12 A
typical example is graphite, which is insoluble in any organic
solvent because of π−π stacking of the graphene layers.
Another closely related example is that when the number of
benzene rings in polyacene systems is larger than five, the
materials become very difficult to dissolve in organic solvents.13

The same problem had been a major obstacle in the
development of linear conjugated polymers, which was
overcome by the introduction of flexible side chains. This
strategy worked in ladder polymer systems to a certain
degree.10,14,15

Many different types of target ladder structures have been
attempted, ranging from full hydrocarbon polyacenes14,15 to

systems containing heterocyclic aromatic rings.6,16 Small
molecular ladder oligomers show interesting properties. For
example, single-crystal ruberene and pentacene can reach field-
effect transistor (FET) mobilities as high as 40 cm2 V−1 s−1,
rendering them among the best p-type organic semiconduc-
tors.17 ,18 Derivatives of [1]benzothieno[3,2-b][1]-
benzothiophene (BTBT) and its further p-extended analogue
dinaphtho[2,3-b:2′,3′-f ]thieno[3,2-b]thiophene (DNTT) can
also show high charge carrier mobilities.19−21 Nitrogen-
containing acenes (azaacenes) were found to be potentially
useful materials for light-emitting diodes (LEDs), sensors, and
FETs.22,23 However, most ladder polymers are insoluble and do
not exhibit unique physical properties compared with the small
analogues.10,24−26 The soluble versions of the ladder polymers
required drastic alteration in their structures, such as the
introduction of tetrahedral centers in the backbone with bulky
substituents.27 These structural modifications defeat the
original purpose to utilize the strong π−π interactions. Thus,
the development of new soluble ladder polymers or oligomers
that exhibit desired electronic and structural properties in the
solid state is still a challenging task.
In this paper, we report the synthesis and characterization of

a series of soluble ladder-type thienoacenes with well-defined
structures based on benzo[1,2-b:4,5-b′]dithiophene (BDT).
Though these oligomers are quite large and fully conjugated,
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they have sites available for side-chain modification to tune the
properties. These oligomers with well-defined lengths represent
a new class of materials and enable us to correlate various
physical properties with the chain length and provide an
experimental basis for future theoretical investigations.

■ RESULTS AND DISCUSSION
Synthesis of Compounds. Scheme 1 shows the synthesis

of the BDT-based thienoacenes, which involves an iterative

strategy that utilizes the shorter oligomers as precursors of the
longer ones. A key building block is compound 1, which was
used to couple with precursors bearing triisopropylsilyl (TIPS)
end-capping groups. The crucial step of the process is the
formation of aromatic C−S bonds by a cyclization reaction via
an intramolecular electrophilic addition of acid-activated methyl
sulfoxide to adjacent thiophene units. This is a well-known
reaction and has been used to construct oligomers and
polymers based on fused thiophene units in high yields by
the groups of Müllen and Tsuchida,28−33 who used a strong
acid, triflic acid. In this report, milder conditions using modified
Eaton’s reagent (TFA/P2O5) as the acidic agent were found to
carry out the cyclization reaction well, followed by
demethylation of sulfonium salt intermediates.34 For example,
a nine-ring distannane (compound 7) was used as the building
block for the synthesis of a compound with 21 rings, FBT-21R
(Fused BenzoThiophene 21 Rings). The final compound
exhibits a calculated molecular length of 4.4 nm, making it one
of the longest soluble thienoacenes. It is clear that this synthetic
approach is potentially feasible for the synthesis of longer
oligomers if proper precursors are used.
The structures of the resulting compounds were investigated

and confirmed by NMR spectroscopy and MALDI-TOF mass
spectrometry. For example, Figure 1 shows the partial 1H NMR
spectra of compound 4 and the cyclized product FBT-11R.
After cyclization, the protons in the aromatic region of 4 turned
into two doublet peaks in the spectrum of FBT-11R, which
were assigned to H3 and H4. Also, the H1 protons turned into

two sets of protons, H5 and H6, corresponding to the protons
in −CH2− groups of the alkoxy side chains. In addition, the H2
peaks corresponding to the protons in the methylsulfinyl goups
(−S(O)CH3) disappeared after cyclization, indicating the
removal of the methylsulfinyl groups. The molecular weight
of FBT-11R (calcd 1394.58 g/mol) was determined by
MALDI-TOF mass spectrometry (Figure S1), which exhibited
the molecular ion peak of FBT-11R at m/z 1394.86.

Linear Optical Properties. These thienoacene oligomers
showed interesting electronic and optical properties. Their
UV−vis absorption spectra showed broad absorption from 300
to 500 nm, typical acene-type absorption spectra with
distinctive and narrow vibronic features (Figure 2).35−37 A
bathochromic shift in the absorption onset from 459 to 502 nm
was observed as the conjugation length increased, indicating a
decrease in the optical energy band gap (Eg) from 2.71 eV in
FBT-11R to 2.47 eV in FBT-21R. The highest molar extinction
coefficient (ε) also increased from 6.7 × 104 M−1 cm−1 (441
nm) for FBT-11R to 2.2 × 105 M−1 cm−1 (483 nm) for FBT-

Scheme 1. Synthesis of Ladder-Type Thienoacenesa

aReaction conditions: (a) Pd(PPh3)4, toluene. (b) (i) CF3COOH/
P2O5; (ii) pyridine, reflux; (iii) TBAF, THF. The molecular length was
calculated using DFT at the B3LYP/6-31G(d) level.

Figure 1. 1H NMR spectra of 4 and FBT-11R.

Figure 2. UV−vis absorption spectra of the FBT series molecules in
dilute CHCl3 solution.
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21R, which was expected because of the increase in the number
of aromatic units. The absorption peaks between 300 and 360
nm were similar in going from FBT-11R to FBT-21R and were
independent of the conjugation length, suggesting localized
excitations, possibly due to the fact that the rigid conjugation
system diminished the bond rotation in the backbones of the
molecules. The absorption peaks in this region can be
attributed to vibronic and exciton couplings to a fundamental
excitation, which progresses along the backbone of molecule.
Similar vibrational progressions had been observed in rigid
annulene derivatives and were assigned to a fundamental π →
π* transition and various vibronic and exciton couplings.38

To better understand the conformation of these molecules,
geometry optimization was carried out by density functional
theory (DFT) calculations. The results showed that these fully
conjugated molecules adopt planar conformations (Figure S2).
Therefore, C−C bond rotation was prohibited, and thus, the
vibronic couplings would be mainly associated with the
lengthening/shortening of the C−C bonds.
Electrochemical Properties. Cyclic voltammetry was also

performed to measure the energy levels of these molecules. A
very interesting observation was that the cyclic voltammograms
(CVs) of the three ladder-type oligomers were similar, all
exhibiting multiple redox peaks as shown in Figure 3.

Compared with the CVs of nonfused conjugated molecules
such as oligo(phenylene vinylene)39−41 and oligothio-
phenes,42,43 which normally show higher first oxidation
potentials and fewer redox peaks, the results indicated that
these compounds can be oxidized to multiple cationic states
and stabilized by their large conjugation systems. For example,
FBT-11R showed four reversible redox peaks in the region of
0−1.5 V, and the Epc/Epa values for the four peaks were 0.43/
0.31, 0.76/0.65, 1.07/0.96, and 1.35/1.27 V, respectively.
However, as the molecules became larger, the redox processes
became less reversible, as shown in the CVs for FBT-15R and
FBT-21R, possibly because larger molecules in solution were
slower when diffusing to the electrode. The results suggest that
these molecules might be useful as hole-transporting materials.
From the CVs, the HOMO energy levels of these oligomers
were estimated to increase from −4.94 eV for FBT-11R to
−4.82 eV for FBT-21R, as shown in Figure 4. The LUMO
levels were deduced from the HOMO levels and the Eg values
obtained from UV−vis absorption onsets.
DFT Calculations. To further explore the effect of

increasing the number of BDT units on the electron
delocalization of molecules, DFT calculations were performed

on model compounds with methyl groups in place of long alkyl
side chains. The calculated HOMO energy levels were
consistent with the CV results. In addition, the calculation
results showed that the HOMO and LUMO energy levels will
eventually reach saturation as the oligomers become longer
(Figure 4). This trend could also be seen in the absorption
spectra, where the bathochromic shift decreased from 26 nm
for going from FBT-11R to FBT-15R to 17 nm for going from
FBT-15R to FBT-21R. This phenomenon was more clearly
viewed by the changes in the frontier orbitals of these
molecules (Figure S3). In 3- and 5-BDTs, the HOMOs/
LUMOs were delocalized along the entire molecular back-
bones, while as the length of molecule increased, the HOMO/
LUMO tended to localize in the middle of the molecule. Thus,
for 13- and 15-BDTs, both the HOMO and LUMOs rarely
existed on the terminal rings. Therefore, the saturation of
physical properties was estimated to occur at about 15 BDT
units, corresponding to 45 aromatic rings, with which an
effective conjugation length (ECL) was achieved for these
thienoacenes.44 The calculation results also showed that the
energy band gap of the thienoacenes could possibly be inversely
proportional to their conjugation length. When the calculated
Eg was plotted versus the reciprocal of the conjugation length,
represented by the reciprocal of the number of rings (1/N), a
linear relationship was observed, and a saturation band gap of
around 2.53 eV was therefore found (Figure S4). A similar
trend has been reported for calculations on fused conjugation
systems such as BTBT and DNTT derivatives and fused
polythiophenes, showing that the band gap decreases as the
number of fused rings increases and a linear relationship for Eg
versus 1/N.45−47 This result indicates that the corresponding
polymers will be wide-band-gap semiconductors.

Photoluminescence Properties. Besides the absorption,
the emission of the FBT oligomers was also investigated
(Figure 5). A bathochromic shift of the emission maximum was
observed in going from FBT-11R to FBT-21R. However, the
Stokes shift showed a decreasing trend as the conjugation
length increased (Table 1), suggesting that the molecules
became more rigid.48 Taking the integration of the emission
signal from the spectra, the quantum yields (Q.Y., ϕ) of these
molecules were calculated to be 0.43, 0.87, and 0.87 for FBT-
11R, FBT-15R, and FBT-21R, respectively, in chloroform
(Table 1), with coumarin 307 in methanol as the reference (ϕ
= 0.53).49 The increase in conjugation enhanced the emission
rate while the increase in the rigidity of the molecules reduced
the nonradiative decay rate, and these two effects combined to

Figure 3. CVs of the FBT series molecules.

Figure 4. Measured energy levels of the FBT series molecules and
energy levels of the FBT series molecules calculated using DFT at the
B3LYP/6-31G(d) level.
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contribute to the increase in Q.Y. in going from FBT-11R to
FBT-21R. Additionally, the anti geometry of the sulfur atoms
in the FBT molecules prompted effective π conjugation and
contributed to the observed high Q.Y. Similar and smaller
analogues of the FBT molecules based on benzothiophenes
(BTs) have been previously reported.48,50 Their emission
profiles resembled those of the FBT molecules, and an increase
in the Q.Y. as the conjugation became longer was also found.
Time resolved fluorescence upconversion was used to better

understand the emission mechanism of the FBT molecules
(Figure 6a). The emission dynamics of the FBT molecules were
very similar, and the emission decays were fitted to a single-
exponential function (Figure 6b). The emission lifetimes of the
three molecules were found to be similar at 150 ps (Table 1),
suggesting that the change in rigidity and conjugation should
have little effect on the emission dynamics and that the three
molecules have similar emissive states. The difference in Q.Y. is
probably due to the increase in energy transferred into the
emissive state as the conjugation and rigidity increase. The
decrease in nonradiative states leads to a higher energy transfer
efficiency and an increase in Q.Y. of these molecules.
Two-Photon Absorption. Further studies indicated that

these molecules exhibit strong two-photon absorption, which
involved the absorption of two longer-wavelength photons
(800 nm) to excite the same emission state accessible by
shorter-wavelength excitation (400 nm). For highly conjugated
systems, it is well-known that charge delocalization and charge
transfer can occur, which can be measured using two-photon
techniques.38,51−53 Compared to one-photon excitation, a red
shift in the two-photon-excited emission peaks was also
observed for these thienoacenes (Figure 7). The emission
wavelengths of the FBT molecules are the same for one-photon
and two-photon excitations. The two-photon-excited emission
lacks the vibronic splitting seen in the one-photon-excited
emissions because of the low spectral resolution of the two-

photon-excited fluorescence. The two-photon absorption
(TPA) cross section was typically high for organic mole-
cules,53,54 and the cross sections of these molecules at 800 nm
were calculated to be 64, 72, and 83 GM for FBT-11R, FBT-
15R, and FBT-21R, respectively, in chloroform (Table 1),
which are comparable to those of donor-π-acceptor-type
compounds bearing a trivalent boron group.55 The TPA cross
section enhancement of these molecules was possibly due to
the increasing conjugation and faster intramolecular charge
transfer over longer molecular distance, which has been
observed in branched alkene and alkyne chromophores.51,56

However, their TPA cross sections are relatively small
compared with those of other ladder-type polymers, such as
poly(p-phenylene), which has a TPA cross section of 72 000
GM,57 and some other linear conjugated compounds with 800
nm excitation.58 To improve the TPA cross sections of the FBT
molecules, structural modifications of both the side-chain
groups and backbones may be needed to achieve more effective
intramolecular charge transfer.59,60

■ CONCLUSION
A series of ladder-type thienoacenes based on BDT repeating
units with extended conjugation have been synthesized by an
effective acid-assisted intramolecular cyclization method. The
synthetic approaches developed are versatile and enable the
preparation of new thienoacene oligomers with precise
structures. Optical and electrochemical characterization of
these oligomers showed that they are wide-band-gap p-type
semiconductors that can support multiple stable cationic states.
As the conjugation increases, the band gaps of these oligomers
tend to decrease and saturate. These oligomers also become

Figure 5. Fluorescence emission spectra of the FBT series molecules.

Table 1. Summary of Optical Properties for the FBT Series
Oligomers

sample
max ε

(M−1 cm−1) ϕ
fluorescence
lifetime (ps)

Stokes
shift

(cm−1)
δ

(GM)

FBT-
11R

6.7 × 104 0.43 ± 0.086 150 ± 10 1450.7 64

FBT-
15R

1.0 × 105 0.87 ± 0.174 150 ± 10 749.0 72

FBT-
21R

2.2 × 105 0.87 ± 0.174 150 ± 10 542.6 83

Figure 6. (a) Emission dynamics of the FBT series molecules. (b) Fit
of the emission dynamics of FBT-21R to a single-exponential decay.
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more emissive as the conjugation increases, showing high
quantum yields and two-photon absorption coefficients.

■ EXPERIMENTAL SECTION
Materials and Instrumentation. Unless otherwise stated, all

chemicals obtained from commercial suppliers were used without
further purification. All solvents were purified with a standard
distillation procedure prior to use. All reactions were carried out
under an argon atmosphere. NMR spectra were recorded on a 500
MHz Bruker DRX-500 spectrometer in CDCl3 or C2D2Cl4 with
tetramethylsilane as an internal reference; chemical shifts (δ) are
reported in parts per million. Mass spectra were obtained on a Bruker
Daltonics UltrafleXtreme MALDI-TOF system with a reflective
positive method using dithranol as the matrix. High-resolution mass
spectrometry (HRMS) was performed on an Agilent 6224 Tof-MS
system. Column chromatography was carried out on silica gel (silica
60M, 400−230 mesh).
Characterizations. Cyclic voltammetry was used to study the

electrochemical properties of these thienoacenes. They were measured
as 10−5 M solutions in anhydrous CH2Cl2 containing 0.1 M Bu4NPF6
as the electrolyte with glassy carbon as the working electrode, Ag/Ag+

as the reference electrode, and a Pt wire as the contrast electrode at a
scan rate of 50 mV/s. For calibration, the redox potential of ferrocene/
ferrocenium (Fc/Fc+) was measured under the same conditions and it
was located at 0.15 V vs Ag/Ag+. It was assumed that the redox
potential of Fc/Fc+ has an absolute energy level of −4.80 eV relative to
vacuum.61 The HOMO level was then calculated according to the
following equation:

ϕ= − +E ( 4.65) eVHOMO ox

where ϕox is the onset oxidation potential vs Ag/Ag+.

Geometry optimizations were carried out using the Gaussian 09
program package with the DFT method at the B3LYP/6-31G(D)
level.62

Steady-state absorption and emission measurements were per-
formed at room temperature with a 10 mm thick quartz sample cell.
The materials were dissolved in spectroscopic grade chloroform before
the experiments. Optical absorption measurements were carried out
using an Agilent 8432 UV−vis absorption spectrometer. Emission
spectra were measured using a Fluoromax-2 fluorimeter. The quantum
yields of the molecules were measured using coumarin 307 in
methanol as the standard (ϕ = 0.53). The reference solutions were
excited at 400 nm, and the emission was measured at 495 nm. The
quantum yield was calculated using data at three different
concentrations. The slopes of the fluorescence intensity versus
concentration plots of the standard and the sample were used to
calculate the quantum yield.

The two-photon absorption cross section was calculated from the
two-photon-excited emission experiment.51,54 The TPA cross section
was calculated by comparison to a known standard (coumarin 307, δ =
15 GM) over a range of powers. The samples were excited using a
mode-locked laser (Kapteyn-Murnane Laboratories, pumped by a
Spectra Physics Millenia), and the pulsed laser was tuned to 800 nm
with a pulse width of 30 fs. The emission was collected using a
Hamamatsu photomultiplier tube and a photocounting unit at the
maximum emission wavelength of the sample, as selected using an
Oriel Cornerstone monochromator.

The time-resolved fluorescence upconversion measurements were
performed according to reported procedures.63,64 Briefly, the samples
were excited with frequency-doubled light from a mode-locked
Ti:sapphire laser at 400 nm. All of the samples were held in a 1
mm thick rotating sample cuvette. Fluorescence emitted from the
sample was upconverted in a nonlinear crystal of barium borate (BBO)
after passing through a variable-delay line. The instrument response
function (IRF) has a duration of ∼200 fs for visible excitation.64,65 The
energy per excitation pulse did not exceed 600 pJ for any experiment.
Standard dyes were used to calibrate the system. Lifetimes of the
fluorescence decay were obtained by fitting the experimental profiles
with multiexponential decay functions convoluted with the IRF.

Syntheses. The compounds 1,4-dibromo-2,5-bis(2-ethylhexyloxy)-
3,6-bis(methylsulfinyl)benzene (1) and 2,10-bis(trimethyltin)-
4,8,12,16-tetrakis(2-ethylhexyl)-6,14-dialkoxybenzo[1″,2″:2,3-
b;4″,5″:2′,3′-b′]dithieno[2,3-b;2′,3′-b′]bis(benzo[1,2-b:4,5-b′]-
dithiophene) (7) were synthesized according to reported proce-
dures.34

Compound 2a. Compound 1 (1.00 g, 1.62 mmol) was weighed
into a 100 mL round-bottom flask. 2-Trimethyltin-5-triisopropylsi-
lylthiophene (0.652 g, 1.62 mmol) and Pd(PPh3)4 (80 mg) were
added. The flask was evacuated and protected with argon, and then
toluene (50 mL) was added. The reaction was carried out at 100 °C
for 12 h, after which the solution was diluted with dichloromethane
and passed through Celite. The solvent was removed, and the crude
product was purified through chromatography on silica gel with
hexanes/ethyl acetate (6/1) to give the final product 2a (0.829 g,
65%) as a pale-yellow oil. 1H NMR (CDCl3, 500 MHz): δ 0.67−0.98
(12H, m), 1.11−1.15 (18H, m), 1.20−2.08 (21H, m), 2.93−3.09 (6H,
m), 3.45−4.30 (4H, m), 7.13−7.17 (1H, m), 7.24−7.27 (1H, m). 13C
NMR: δ 10.76, 10.78, 10.94, 10.97, 11.00, 11.28, 11.32, 11.34, 11.86,
11.89, 14.14, 14.16, 12.22, 14.24, 18.67, 18.69, 18.74, 23.13, 23.14,
23.22, 23.26, 23.53, 23.55, 28.81, 28.91, 28.95, 28.98, 29.04, 29.14,
29.16, 29.82, 29.94, 29.99, 30.04, 30.12, 30.13, 38.55, 38.57, 38.61,
38.63, 38.78, 38.81, 38.97, 39.62, 39.64, 40.04, 40.07, 40.17, 79.42,
79.49, 79.70, 79.79, 80.07, 118.12, 119.81, 119.86, 130.85, 131.20,
131.22, 131.24, 131.28, 135.07, 135.53, 137.15, 137.26, 137.43, 137.50,
141.27, 141.33, 141.39, 143.76, 143.79, 153.04, 153.09, 153.14, 153.38,
153.40, 153.66, 154.10, 154.21. MALDI: calcd, 776.1; found, 776.1.

Compound 2b. By means of the same procedure as for 2a but with
1 (0.70 g, 1.13 mmol) and 2-trimethyltin-6-triisopropylsilyl-4,8-bis(2-
ethylhexyloxy)benzo[1,2-b:4,5-b′]dithiophene (0.87 g, 1.13 mmol), 2b
was obtained as a bright-yellow oil (0.38 g, 0.34 mmol, 30%). 1H NMR
(CDCl3, 500 MHz): δ 0.54−0.69 (6H, m), 0.90−1.02 (24H, m),

Figure 7. (a) Two-photon emission spectra and (b) power
dependence of the two-photon-excited emission of FBT series
molecules.
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1.17−1.19 (18H, d, J = 7.5 Hz), 1.34−2.10 (33H, m), 3.02−3.15 (6H,
m), 3.64−4.34 (8H, m), 7.39−7.41 (1H, d, br), 7.64 (1H, s). 13C
NMR: δ 10.96, 11.01, 11.32, 11.33, 11.41, 11.43, 11.94, 13.86, 13.93,
13.94, 14.22, 14.23, 14.25, 18.72, 18.72, 22.89, 22.97, 23.22, 23.23,
23.24, 23.25, 23.29, 23.57, 23.94, 24.01, 28.92, 28.95, 28.98, 29.14,
29.15, 29.34, 29.39, 29.40, 29.82, 29.91, 30.16, 30.53, 30.67, 30.69,
38.92, 29.99, 40.11, 40.74, 40.76, 75.98, 76.06, 79.78, 80.12, 80.49,
120.72, 123.69, 128.60, 130.00, 130.44, 130.78, 130.81, 131.89, 131.94,
133.90, 133.94, 137.72, 137.81, 141.70, 141.83, 143.83, 143.89, 143.91,
144.67, 153.24 (m), 153.48 (m). MALDI: calcd, 1136.5; found,
1137.1.
Compound 4. Compound 2a (0.20 g, 0.16 mmol) was weighed into

a 100 mL round-bottom flask. 2,6-Bis(trimethyltin)-4,8-bis(2-
ethylhexyloxy)benzo[1,2-b:4,5-b′]dithiophene (BDT-ditin) (0.063 g,
0.081 mmol) and Pd(PPh3)4 (11 mg) were added. The flask was
evacuated and protected with argon, and then toluene (8 mL) was
added. The reaction was carried out at 100 °C for 12 h, after which the
solution was diluted with dichloromethane and passed through Celite.
The solvent was removed, and the crude product was purified through
chromatography on silica gel with hexanes/ethyl acetate (6/1) to give
the final product 4 (0.11 g, 0.060 mmol, 74%) as a golden-yellow oil.
1H NMR (CDCl3, 500 MHz): δ 0.45−1.06 (50H, m), 1.11−1.15
(18H, m), 1.22−1.98 (46H, m), 2.95−3.15 (6H, m), 3.36−3.72 (4H,
m), 3.96−4.30 (8H, m), 7.18−7.30 (4H, m), 7.45−7.50 (2H, m, br).
13C NMR: δ 10.57, 10.69, 10.85, 10.92, 10.97, 11.02, 11.42, 11.43,
11.85, 11.88, 11.89, 14.02, 14.07, 14.09, 14.13, 14.14, 14.22, 14.25,
18.67, 18.68, 18.69, 18.71, 22.94, 22.96, 23.06, 23.09, 23.15, 23.18,
23.20, 23.23, 23.28, 23.54, 23.90, 24.79, 28.56, 28.67, 28.77, 28.81,
28.88, 29.01, 29.05, 29.28, 29.30, 29.33, 29.76, 29.80, 29,89, 30.52,
36.74, 38.46, 38.75, 39.46, 39.94, 40.74, 40.76, 76.34, 79.44, 80.06,
80.16, 123.22, 123.72, 130.77, 130.90, 131.02, 131.29, 131.45, 131.52,
133.08, 133.22, 133.28, 137.15, 137.42, 137.64, 137.84, 138.06, 142.90,
142.94, 143.26, 143.49, 144.39, 153.88, 153.96. MALDI: calcd, 1837.0;
found, 1838.0.
Compound 6. By means of the same procedure as for 4 but with 2b

(0.38 g, 0.34 mmol) and BDT-ditin (0.13 g, 0.17 mmol), 6 was
obtained as a golden-yellow oil (0.36 g, 0.14 mmol, 85%). 1H NMR
(CDCl3, 500 MHz): δ 0.46−0.60 (12H, m), 0.62−0.80 (18H, m),
0.82−0.94 (12H, m), 0.94−0.98 (24H, m), 1.00−1.08 (24H, m),
1.18−1.19 (36H, d, J = 7.5 Hz), 1.38−1.48 (40H, m), 1.58−1.64
(12H, m), 1.64−1.76 (8H, m), 1.78−1.86 (6H, m), 3.08−3.24 (12H,
m), 3.58−3.74 (4H, m), 4.12−4.28 (16H, m), 7.27−7.53 (4H, m),
7.65 (2H, m). 13C NMR: δ 10.72, 10.79, 10.92, 11.04, 11.07, 11.44,
11.46, 11.50, 11.74, 11.96, 12.18, 13.83, 13.84, 14.01, 14.05, 14.09,
14.12, 14.26, 14.27, 18.74, 18.75, 22.77, 22.88, 22.91, 22.99, 23.07,
23.12, 23.14, 23.22, 23.25, 23.35, 23.95, 23.99, 24.04, 28.81, 28.87,
28.89, 28.92, 29.17, 29.36, 29.38, 29.41, 29.45, 29.72, 29.78, 29.82,
30.05, 30.06, 30.59, 30.61, 30.71, 30.74, 31.03, 31.71, 36.74, 38.79,
39.24, 39.30, 39.44, 39.88, 40.04, 40.79, 40.83, 75.96, 75.98, 76.04,
76.07, 79.77, 80.60, 123.31, 123.40, 123.92, 126.53, 128.66, 128.71,
129.81, 130.17, 130.87, 130.96, 131.35, 131.47, 131.57, 132.44, 132.67,
133.20, 133.97, 137.57, 137.78, 143.30, 143.45, 143.50, 143.52, 143.62,
144.47, 144.68, 144.71, 154.08, 154.17, 154.29. MALDI: calcd, 2559.4;
found, 2560.7.
Compound 8. By means of the same procedure as for 4 but with 2b

(0.17 g, 0.15 mmol) and 7 (0.12 g, 0.073 mmol), 8 was obtained as a
golden-yellow oil (0.17 g, 0.049 mmol, 68%). 1H NMR (CDCl3, 500
MHz): δ 0.46−0.59 (12H, m), 0.68−0.80 (12H, m), 0.80−0.94 (12H,
m), 0.94−1.18 (76H, m), 1.18−1.20 (36H, d, J = 7.5 Hz), 1.48−1.58
(60H, m), 1.64−1.94 (40H, m), 2.11−2.38 (4H, m), 3.10−3.24 (12H,
m), 3.60−3.78 (4H, m), 4.12−4.42 (24H, m), 7.45−7.75 (6H, m). 13C
NMR: δ 10.81, 11.00, 11.02, 11.04, 11.07, 11.36, 11.42, 11.45, 11.46,
11.47, 11.49, 11.53, 11.97, 13.84, 13.86, 13.92, 14.00, 14.09, 14.23,
14.26, 14.28, 14.30, 14.35, 14.39, 18.74, 18.75, 22.77, 22.82, 22.89,
22.92, 22.94, 22.9, 23.06, 23.10, 23.25, 23.31, 23.32, 23.35, 23.93,
23.98, 24.01, 24.05, 24.08, 28.83, 28.89, 28.93, 29.40, 29.42, 29.45,
29.72, 30.03, 30.17, 30.55, 30.58, 30.61, 30.72, 30.75, 31.71, 38.84,
39.91, 39.96, 40.04, 40.10, 40.80, 40.83, 40.93, 53.53, 75.99, 76.08,
76.52, 76.61, 76.74, 77.10, 79.77, 80.60, 123.60, 123.97, 124.10,
125.47, 125.66, 126.16, 128.66, 129.83, 129.89, 130.29, 130.34, 130.70,

130.88, 130.96, 132.07, 132.22, 132.46, 132.74, 132.90, 133.23, 133.35,
133.58, 133.88, 133.96, 133.99, 137.63, 137.81, 143.32, 143.38, 143.46,
143.52, 143.60, 143.70, 144.64, 144.72, 145.49, 145.56, 154.09, 154.42,
154.48, 154.55. MALDI: calcd, 3399.5; found, 3400.5.

FBT-11R. Compound 4 (0.11g, 0.060 mmol) was put in a 100 mL
flask, and then P2O5 (0.28 g) was added quickly. The mixture was
suspended in trifluoroacetic acid (10 mL) and stirred at room
temperature for 16 h. Then it was poured into 100 mL of crushed ice
and stirred vigorously to afford a golden-yellow solid. The solid was
filtered, dried, and dissolved in pyridine (15 mL). The resulting
solution was refluxed for 12 h and then poured into 6 N HCl solution.
After extraction with dichloromethane, the organic solutions were
combined and dried over sodium sulfate. After that, the solvent was
removed, and the residue was dissolved in THF (15 mL). To this
solution was added a tetrabutylammonium fluoride solution (1 M, 1.2
mL) dropwise, and the resulting mixture was kept at room
temperature for 4 h. The solvent was removed, and the product was
purified by chromatography on silica gel with hexanes/dichloro-
methane (3/1) to afford the title compound FBT-11R (0.038 g, 0.027
mmol, 46%) as bright-yellowish-green gel. 1H NMR (CDCl3, 500
MHz): δ 0.92−0.98 (18H, m), 1.08−1.14 (18H, m), 1.40−1.52 (24H,
m), 1.56−1.90 (24H, m), 2.08−2.26 (6H, m), 4.31−4.34 (8H, m),
4.38−4.39 (4H, d, J = 6 Hz), 7.35−7.36 (2H, d, J = 5.5 Hz), 7.60−7.61
(2H, d, J = 5.5 Hz). 13C NMR: δ 11.38, 11.39, 11.41, 11.44, 11.56,
19.31, 19.88, 22.81, 22.85, 23.21, 23.32, 23.38, 23.91, 27.74, 27.88,
29.40, 29.46, 29.52, 29.65, 29.82, 29.86, 29.89, 30.19, 30.31, 30.44,
30.51, 30.56, 31.74, 32.09, 32.90, 37.25, 40.95, 41.02, 71.95, 76.33,
120.05, 125.68, 126.00, 128.75, 129.00, 129.84, 130.24, 132.44, 132.53,
143.95, 144.45. Calcd MW for C78H106O6S8, 1394.5755. Found:
MALDI-TOF MS, 1394.86; HRMS, 1394.5772.

FBT-15R. By means of the same procedure as for FBT-11R but
with 6 (0.15 g, 0.060 mmol), FBT-15R was obtained as a bright-green
gel (0.066 g, 0.031 mmol, 52%). 1H NMR (CDCl3, 500 MHz): δ
0.84−0.92 (12H, m), 0.96−1.02 (30H, m), 1.08−1.20 (36H, m),
1.42−1.54 (40H, m), 1.62−1.94 (44H, m), 2.12−2.28 (8H, m), 4.24−
4.42 (20H, m), 7.43−7.44 (2H, d, J = 5 Hz), 7.54−7.55 (2H, d, J = 5
Hz). 13C NMR: δ 11.39, 11.41, 11.42, 11.47, 11.53, 11.54, 14.27,
14.34, 22.81, 22.86, 23.30, 23.37, 23.93, 24.03, 29.41, 29.46, 29.50,
29.53, 29.83, 29.87, 29.90, 30.54, 30.58, 30.65, 31.75, 32.09, 40.93,
40.95, 40.98, 76.46, 77.08, 120.80, 125.92, 126.55, 129.18, 130.25,
130.32, 132.08, 132.39, 132.47, 133.03, 144.32, 144.43, 144.49, 145.18.
Calcd MW for C122H174O10S10: 2119.0314. Found: MALDI-TOF MS,
2119.36; HRMS, 2119.0286.

FBT-21R. By means of the same procedure as for FBT-11R but
with 8 (0.12 g, 0.049 mmol), FBT-21R was obtained as a bright-green
gel (0.030 g, 0.010 mmol, 20%). 1H NMR (C2D2Cl4, 500 MHz,
303K): δ 0.90 (42H, br), 1.08 (42H, br), 1.30−1.48 (60H, br), 1.57−
1.82 (54H, m), 2.04−2.15 (12H, br), 4.19−4.36 (28H, m), 7.38 (2H,
br), 7.46 (2H, br). 13C NMR: δ 11.40, 11.54, 14.28, 14.36, 19.88,
22.85, 23.30, 23.40, 23.86, 24.00, 26.85, 27.24, 29.40, 29.49, 29.86,
30.19, 30.31, 30.52, 32.08, 32.90, 37.25, 40.92, 76.32, 120.80, 126.10,
128.40, 130.40, 132.39, 144.38. Calcd MW for C170H242O14S14:
2955.4315. Found: MALDI-TOF MS, 2955.63; HRMS, 2955.4415.
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