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a b s t r a c t

A series of monodisperse, well-defined, star-shaped truxene derivatives bearing oligo(fluorene ethyny-
lene) (OFE) branches were constructed through a convergent synthetic strategy. The radius of the largest
molecule TOFE4 was up to about 4.5 nm. Linear OFE branches with different length were first con-
structed in high yields alternately using the Sonogashira cross-coupling and propargyl alcohol de-
protection reaction. The detailed investigation of their photophysical properties in solution and in film
indicated that these star-shaped molecules exhibited obvious size effects on their distinct photo-
luminescence and electroluminescence behaviors. Furthermore, good performances were achieved from
the fabrication of double-layer organic light-emitting diodes using these star-shaped molecules as active
materials.

� 2009 Elsevier Ltd. All rights reserved.
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1. Introduction

Organic semiconductors with an extended p-conjugation sys-
tem have been intensively pursued for photonics and electronics,
such as organic light-emitting diodes (OLEDs),1 organic field effect
transistors (OFETs),2 photovoltaic cells,3 and lasers.4 In contrast to
polymers and small molecules, star-shaped molecules and den-
drimers possess well-defined and uniform molecular structure as
well as superior chemical purity, which still retain the solution
processable and precisely designable advantage of polymers in
device fabrication.5–7 These attractive features facilitate us not only
to investigate their potential application in various fields, but also
to understand their unique properties, as the diameters increase
and the topologies change.

The modified truxene moiety, by virtue of its unique three-di-
mensional topology, has become an ideal building block in the
application of organic materials especially in OLED.8 In our previous
contributions, we reported some conjugated dendrimers, star-
shaped molecules, and three-dimensional architectures for OLED
applications.9 Herein, we design and synthesize four monodisperse,
well-defined, star-shaped truxene derivatives, TOFE1–TOFE4, as
shown in Chart 1, bearing three oligo(fluorene ethynylene)10 arms.
These molecules show highly efficient greenish-blue emissions,
5.
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and excellent thermal and electrochemical stabilities. Good per-
formances are obtained from the device fabrication of OLEDs using
TOFE2–TOFE4 as active materials. In addition, the interesting size
effect of TOFE4 is represented and discussed. Unfortunately, in the
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Chart 1. The structure of star-shaped molecules TOFE1–TOFE4.
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Scheme 1. Synthetic route to arms of the star-shaped molecules. Reagents and conditions: (a) Pd(PPh3)2Cl2, CuI, Et3N, PPh3, THF; (b) NaOH, toluene, reflux.
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preparation of this paper, Huang and co-workers reported their
synthesis and preliminary device results of TOFE1–TOFE3.8a

However, our synthetic route is different which seems more ef-
fective; furthermore, giant molecules TOFE4 and OLED devices’
results are not included in their paper.
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Scheme 2. Synthetic route to star-shaped molecules. Reagents and conditions: (a)
Pd2(dba)3, CuI, Et3N, PPh3, toluene, reflux.
2. Results and discussion

The general structure of oligo(fluorene ethynylene) truxenes is
depicted in Chart 1. The divergent synthetic strategy of star-shaped
molecules reported by our group before was not taken in this
project,9a which was proved to give low yields and too many
byproducts as the arms expand. So we first synthesized linear
conjugated fluorene ethynylene oligomers, and then a Sonogashira
cross-coupling reaction was implemented efficiently in good yields.

The preparation of linear oligo(fluorene ethynylene) arms
(OFEs) started from two compounds: 2-ethynyl-9,9-dihexyl-
fluorene (OFE1) and 2-bromo-9,9-dihexyl 7-iodofluorene (1). OFE1
was synthesized via a Pd/Cu-catalyzed Sonogashira coupling re-
action between 2-bromo-9,9-dihexylfluorene and 3-methyl-1-
butyn-3-ol followed by a deprotection of the propargyl alcohol
group. As illustrated in Scheme 1, the synthesis of OFE2–OFE4 was
processed mainly through selective Sonogashira reactions between
arylethynylenes and 2-bromo-7-iodo-9,9-dihexylfluorene 1, utiliz-
ing the different reactivities between aryl bromide and aryl iodide.
Compound 1 reacting with 1 equiv of OFE1 at room temperature
selectively led to 2 in 87% yield. Through a cross-coupling reaction
between 2 and 3-methyl-1-butyn-3-ol followed by a similar
deprotection step, OFE2 was obtained in 68% yield over two steps.
Repetitively utilizing the Sonogashira cross-coupling and propargyl
alcohol deprotection reaction smoothly afforded other two conju-
gated arms OFE3 and OFE4 in 65% and 64% yields, respectively. This
strategy was different from the previous report on the synthesis of
OFEs,8a and exemplified a feasible synthetic strategy for the syn-
thesis of oligoaryl ethynylene derivatives with a satisfactory result.

Four star-shaped giant molecules were prepared as shown in
Scheme 2. A Sonogashira coupling between 5,5,10,10,15,15-hexa-
hexyl-2,7,12-triiodotruxene and 3.3 equiv of OFE1–4 afforded final
products TOFE1–4 in 87, 75, 72, and 54% yields, respectively. In
these reactions, we utilized more active Pd2(dba)3 catalyst to in-
hibit the homocoupling of OFEs and to increase the yields. As the
size of TOFEs increases, their purification became more and more
difficult, due to the similar polarity between the target molecules
and the homocoupling byproducts, all of which reduced their iso-
lated yields. All four compounds were readily soluble in common
organic solvents, such as hexane, CH2Cl2, CHCl3, THF, which allowed
us to conveniently obtain their 1H and 13C NMR spectra, and
MALDI-TOF MS characterization data to verify the structure and the
purity of dendrimers.



Figure 1. (a) Absorption and (b) emission spectra of TOFE1–4 in THF solutions (1.0�10�6 M) at room temperature. The emission spectra were recorded using the following
excitation wavelengths: 349 nm for TOFE1; 377 nm for TOFE2; 383 nm for TOFE3; 388 nm for TOFE4.

S.-C. Yuan et al. / Tetrahedron 65 (2009) 4165–4172 4167
2.1. Photophysical properties in solution and in thin film

Figure 1 shows the absorption and emission spectra of TOFE1–
TOFE4 in dilute THF solutions (1.0�10�6 M). The absorption fea-
tures of TOFEs with two major absorption bands were all similar
with the previously reported oligo(fluorene ethynylene)s with
same conjugation length.10c The molar extinction coefficient of the
molecules was gradually enhanced as the branch lengths increased
(Table 1). Their absorption maximum lmax peaked at 349 nm for
TOFE1, 377 nm for TOFE2, 383 nm for TOFE3, and 388 nm for
TOFE4, respectively, displaying a distinct red shift as their arm
lengths increased. In the emission spectra, these four molecules
also showed similar behaviors as the lengths of oligo(fluorene
ethynylenes) arms increased. As reported, the PL quantum effi-
ciencies of the linear OFEs with 2, 3, 4, and 5 fluorene moieties were
49%, 52%, 63%, and 64%, respectively.10c However, the PL efficiencies
of these star-shaped molecules showed obvious changes in the
comparison with the OFE counterparts and were characterized to
be 47%, 62%, 77%, and 80%, respectively. We can conclude that the
star-shaped molecules could obtain high PL quantum efficiencies
compared with linear molecules.

Figure 2 shows the absorption and emission spectra of TOFE1–
TOFE4 in thin films, spin coated from their THF solution (10 mg/
mL). The absorption spectra of these four molecules in thin films
show almost identical features as those in dilute solutions. The
emission spectra of the four giant molecules displayed obvious
changes compared with those in dilute solutions: First, the out-
lines of the spectra have changed, possibly due to the formation of
aggregates or excimers in solid states. Second, all the molecules
displayed a sharp red shift (60 nm for TOFE1; 61 nm for TOFE2;
51 nm for TOFE3; 31 nm for TOFE4). The excitons are delocalized
in the solid state through p–p interaction and thus had a lower
energy state than one localized in a single molecule.11 Third,
Table 1
Photophysical, thermal properties, of TOFE1–4

Compounds labs [nm]a (log(3[M�1 cm�1])) (THF) labs [nm] (film) lPL
a [nm

TOFE1 349 (5.82), 374 (5.84) 351, 379 382, 399
TOFE2 377 (6.05), 394 (5.95) 380, 400 407, 427
TOFE3 383 (6.20), 401 (6.14) 388, 406 416, 437
TOFE4 388 (6.23), 403 (6.21) 390, 409 422, 440

a From THF solution (10�6 M).
b FF was measured in THF using 9,10-diphenylanthracene (in cyclohexane, FF¼1.00) a
c Bandgap estimated from the long-wavelength onset of the absorption band (in THF)
d Measurement by DSC at 10 �C/min.
e Temperature with 5% mass loss measured by TGA at 10 �C/min.
TOFE4 exhibited interesting blue shift comparing with TOFE2 and
TOFE3 in solid states. Further molecular modeling indeed shows
that the possible molecular configuration of TOFE4 has largely
departured from a planar conformation, as the size increases
(Fig. 3).12 These results were attributed to the size effect of the
giant molecules13 because the increasing length of the bent con-
jugated arms reduced the intermolecular interactions. Table 1
summarizes their photophysical properties both in solutions and
in thin films.

2.2. Thermal properties

Thermal properties of the star-shaped molecules, which were
crucial for device fabrication and stability, were measured by
thermogravimetric analyses (TGA) and differential scanning cal-
orimetry (DSC). TGA results clearly indicated that all the star-
shaped molecules exhibited good thermal stability without any
sign of decomposition at temperature below 410 �C in an inert
atmosphere (as shown in Table 1). The measurement results of
the glass-transition temperatures (Tgs) of these molecules
showed that TOFE1 displayed some crystallinity at 58 �C; how-
ever, other three molecules formed amorphous in solid
states.7e,9a

2.3. Electrochemical properties in the solid state

In the research of organic light-emitting diode materials, the
relative HOMO and LUMO energetic positions are crucial in the
determination of device fabrication. The HOMO and LUMO energy
levels for TOFE1–TOFE4 in solid states were estimated by con-
ventional electrochemical techniques: cyclic voltammetry (CV) of
drop cast films of TOFE1–TOFE4 performed in CH3CN and n-
Bu4NPF6 was used as the supporting electrolyte. All compounds in
] (THF) lPL [nm] (film) FF
b (THF) Eg

c [eV] Tg
d [�C] Td

5% e [�C]

442 (467) 47 3.25 58 411
468 (498) 62 3.04 85 418
467 (495) 71 2.97 105 426
451 (462) 80 2.95 118 427

s reference.
.



Figure 2. (a) Absorption and (b) emission spectra of TOFE1–4 in thin films at room temperature. The emission spectra were recorded using the following excitation wavelengths:
351 nm for TOFE1; 380 nm for TOFE2; 388 nm for TOFE3; 390 nm for TOFE4.

Figure 3. Molecular model of TOFE4. Energy was minimized using the Merck
Molecular Force Field 94 (MMFF94).
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thin films showed reversible oxidation and reduction waves. Their
HOMO and LUMO levels were determined using the onset posi-
tions of the oxidation peaks and the reduction peaks, respectively.
As the conjugation arms expand, the oxidation of the molecules
shifted negatively from 1.53 to 1.40 V, while the reduction shifted
positively from �2.18 to �1.98 V. Eg

CV estimated from the differ-
ence between the onsets of the reduction wave and the first ox-
idation peak was found to vary in the range 3.38–3.71 V (Table 2),
which is consistent with the UV–vis absorption spectra. HOMO
Table 2
CV data and device performances of compounds TOFE1–TOFE4

Compounds Eox
onset [V] Ered

onset [V] Eg
a [V] HOMO [eV] LUMO [eV] EL (nm)

TOFE1 1.53 �2.18 3.71 �5.83 �2.12
TOFE2 1.47 �2.03 3.50 �5.77 �2.27 472
TOFE3 1.43 �2.00 3.43 �5.73 �2.30 470
TOFE4 1.40 �1.98 3.38 �5.70 �2.32 448, 469

a Bandgap estimated from the onset for the reduction and oxidation peaks.
b The voltage with a brightness of 1 cd/m2.
and LUMO levels of these molecules were determined by the Eox
1/2

and Eg
CV (HOMO¼Eox

1/2þ4.4 eV; LUMO¼HOMO�Eg
CV).
2.4. Electroluminescence

To investigate the electroluminescence properties of those ma-
terials, double-layer devices with the configuration of ITO/
PEDOT:PSS/polyTPD and PVK/TOFEs/Ca/Al were fabricated. PVK is
introduced as hole transporting and electron blocking material in
OLEDs,14a,b in consideration of the low electron affinity (ca. 2.3 eV)
and ionization potential (ca. 5.8 eV) of TOFEs. The hole-injection
barrier from PEDOT:PSS layer to PVK one is 0.4 eV; however, that
from PEDOT:PSS layer to poly-(N,N-bis(4-butylphenyl))-N,N-
bis(phenyl)benzidine (polyTPD) one is only 0.1 eV, which indicated
that the hole injection from the anode to polyTPD layer should be
much easier than that to PVK layer. Therefore, polyTPD was doped
into PVK to improve the hole-injection capabilities of the desired
devices.14c

As shown in Figure 4, compared with its PL features in the
thin film, the EL lmax of TOFE4 exhibited blue shift. The emission
peaks of devices were located at 472 nm, 470 nm, and 448 nm for
TOFE2, TOFE3 and TOFE4, respectively (Fig. 4a). All in all, the EL
spectra from devices are almost identical in peak position and
line-width with PL emissions, where we also observed the size
effect of giant molecules. The preliminary device performances
are shown in Table 2. The devices turn on at a voltage of 3.7 V,
4.5 V and 5.3 V (1.0 cd/m2) for TOFE2, TOFE3, and TOFE4, re-
spectively (Fig. 4d). The maximum brightness and luminous ef-
ficiency are 5176 cd/m2 and 0.6 cd/A achieved by TOFE3 based
devices (Fig. 4b and c).

To our best knowledge, this is the first time to investigate the EL
performance of star-shaped OFE derivatives as active light-emitting
materials. TOFE2–TOFE4 displayed good EL performance. In com-
parison with devices of TOFE2 and TOFE3, that of TOFE4 exhibited
lower luminous efficiency and maximum brightness, which can be
fwhm (nm) Turn-on voltageb (V) CE (cd/A) Imax [mA/cm] Lmax (cd/m2, V)

66 3.7 0.55 666 4618, 21
67 4.5 0.60 1639 5176, 21
92 5.1 0.41 1163 2861, 21



Figure 4. Electroluminescence properties of TOFE2–TOFE4; (a) normalized EL spectra; (b) current density–voltage, (c) efficiency–current density, and (d) brightness–voltage
diagrams for double-layered devices.
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attributed to the blue shift of EL spectra, which was in turn due to
obvious self-absorption caused by the overlap of its absorption and
emission spectra.

3. Conclusions

In summary, we have constructed a series of monodisperse,
well-defined, star-shaped truxene derivatives bearing oligo-
(fluorene ethynylene) branches, through a new convergent
synthetic strategy in high yields. These star-shaped molecules
represent highly efficient greenish-blue light emissions, and ex-
cellent thermal, electrochemical stabilities. Bright EL emission with
good device performances is achieved from double-layer devices
using TOFE2–TOFE4 as the active materials. The size effect of giant
molecules TOFE4 is first investigated to reveal its different PL and
EL behaviors, as well as the OLED performances. We believe that
these investigations are instrumental for us to understand the
optical properties and device performances of giant molecules.

4. Experiment section

4.1. General methods

All chemicals, reagents, and solvents were used as received
from commercial sources without further purification except
tetrahydrofuran (THF), triethylamine (Et3N), and toluene had
been distilled over sodium/benzophenone, CaH2, and sodium,
respectively. All nonaqueous operations were carried out under a
dry, oxygen-free, nitrogen atmosphere. Pd/Cu-catalyzed couplings
of aryl halides and terminal alkynes were conducted according to
reported procedures.15 Precursors OFE1,10c,1b compound 1,16 and
5,5,10,10,15,15-hexahexyl-2,7,12-triiodotruxene11 were prepared
according to literature procedures. Column chromatography was
carried out on silica gel (100–200 m). 1H and 13C NMR spectra were
recorded on a Mercury plus 300 MHz or Bruker 400 MHz using
CDCl3 as solvent and tetramethylsilane (TMS) as internal standard
in all cases. Elemental analyses were carried on Elementar Vario EL
(Germany). Mass spectra were obtained with a JEOL JMS-70 spec-
trometer in EI mode and a MALDI-TOF (matrix assisted laser de-
sorption ionization/time-of-flight)-MS mass spectrometer Bruker
BIFLEX III. UV–vis spectra were recorded on PerkinElmer Lambda
35 UV–vis spectrometer. PL spectra were carried out on Perkin-
Elmer LS 55 Luminescence Spectrometer. Thermal gravity analyses
(TGA) were carried out on a TA Instrument Q600 analyzer. Differ-
ential scanning calorimetry (DSC) was run on a Mettler DSC 822e

module in conjugation with a Mettler Thermal Analyst STARe

system under a heating rate of 10 �C/min and a nitrogen flow rate of
60 cm3/min. Cyclic voltammetry (CV) was performed using BASI
Epsilon workstation and measurements were carried out in ace-
tonitrile containing 0.1 M n-Bu4NPF6 as a supporting electrolyte.
Carbon electrode was used as a working electrode and a platinum
wire as a counter electrode; all potentials were recorded versus
Ag/AgCl (saturated) as a reference electrode. The scan rate was
100 mV/s.

OLED was fabricated on pre-patterned indium-tin oxide (ITO)
with sheet resistance 10–20 U/cm2. The substrate was ultrasonic
cleaned with acetone, detergent, deionized water, and 2-propanol.
Oxygen plasma treatment was made for 10 min as the final step of
substrate cleaning to improve the contact angle just before film
coating. Onto the ITO glass was spin-coated a layer of PEDOT:PSS
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film with thickness of 50 nm from its aqueous dispersion, to im-
prove the hole injection and to avoid the possibility of leakage.
PEDOT:PSS film was dried at 80 �C for 2 h in the vacuum oven. The
solution of all materials in p-xylene was prepared in a nitrogen-
filled drybox and spin coated on top of the ITO/PEDOT:PSS surface.
Typical thickness of the emitting layer was 50–80 nm. Then a thin
layer of barium as an electron injection cathode and the subsequent
200 nm thick aluminum protection layers were thermally de-
posited by vacuum evaporation through a mask at a base pressure
below 2�10�4 Pa. The deposition speed and the thickness of the
barium and aluminum layers were monitored by a thickness/rate
meter. The cathode area defines the active area of the device. The
typical active area of the devices in this study is 0.15 cm2. The EL
layer spin-coating process and the device performance tests were
carried out within a glovebox with nitrogen circulation. The lumi-
nance of the device was measured with a calibrated photodiode.
External quantum efficiency was obtained by the measurement of
the integrating sphere, and luminance was calibrated after the
encapsulation of devices with UV-curing epoxy and thin cover
glass.

4.2. General methods for the preparation of linear and star-
shaped oligo(fluorene ethynylene) derivatives

4.2.1. General procedure for compounds 2–4
To a solution of OFE1–3 (1 equiv) and 2-bromo-7-iodo-9,9-

dihexylfluorene (1.05 equiv) in a mixture of THF (20 mL/mmol) and
Et3N (6 mL/mmol) were added Pd(PPh3)2Cl2 (0.03 equiv), PPh3

(0.06 equiv), and CuI (0.02 equiv). After it was stirred under nitro-
gen atmosphere for 20 h at room temperature, the mixture was
quenched with NH4Cl. The aqueous solution was extracted with
CH2Cl2. The combined organic extracts were washed with brine,
and then dried over anhydrous MgSO4. After removal of the sol-
vents under reduced pressure, the residue was purified by column
chromatography on silica gel to afford compounds 2–4,
respectively.

4.2.2. General procedure for compounds OFE2–4
To a solution of compounds 2–4 (1 equiv) and 2-methyl-1-but-

3-yn-3-ol (2 equiv) in a mixture of THF (20 mL/mmol) and Et3N
(6 mL/mmol) were added Pd(PPh3)2Cl2 (0.04 equiv), PPh3

(0.08 equiv), and CuI (0.04 equiv). After it was refluxed for 24 h, the
mixture was quenched with NH4Cl. The aqueous solution was
extracted with CH2Cl2. The combined organic extracts were washed
with brine, and then dried over MgSO4. After removal of the sol-
vents under reduced pressure, the residue was purified by column
chromatography on silica gel to afford OFEOH. OFEOH was dis-
solved in toluene (20 mL/mmol) and then NaOH (4 equiv) was
added to this solution. The mixture was refluxed for 10 h and then
quenched with NH4Cl. The aqueous solution was extracted with
CH2Cl2. The combined organic extracts were washed with brine,
and then dried over MgSO4. After removal of the solvents under
reduced pressure, the residue was purified by column chromato-
graphy on silica gel to afford OFE2–4, respectively.

4.2.3. General procedure for compounds TOFE1–4
A flask with a side arm was charged with oligo(fluorene ethy-

nylene) branches (1.1 equiv/reaction site), 5,5,10,10,15,15-hex-
ahexyl-2,7,12-triiodotruxene (1 equiv), Pd2(dba)3 (0.02 equiv), PPh3

(0.1 equiv), CuI (0.02 equiv), and dry Et3N (30 mL/mmol of iodide).
The flask was then evacuated and back-filled with nitrogen three
times, capped and stirred at 60 �C. After completion of reaction, the
reaction mixture was diluted with dichloromethane. After extrac-
tion, the combined organic layers were washed with water and
brine, followed by removal of solvents. The residue was purified by
flash chromatography to afford the desired product.
4.3. TOFE1

The product was obtained as pale yellow solid following the
general procedure for coupling and purified by chromatography
over silica gel (petroleum ether/CH2Cl2, 15/1). Yield: 87%. 1H NMR
(CDCl3, 400 MHz, ppm): d 8.38–8.36 (3H, d, J¼8.3 Hz, Ar-H), 7.73–
7.59 (m, 18H, Ar-H), 7.38–7.33 (m, 9H, Ar-H), 3.00–2.93 (6H, m, CH2),
2.15–2.09 (6H, m, CH2), 2.03–1.99 (12H, t, J¼8.3 Hz, CH2), 1.16–1.06
(36H, m, CH2), 0.99–0.85 (42H, m, CH2), 0.80–0.77 (18H, t, J¼7.0
CH3), 0.65–0.61 (24H, t, J¼7.1 Hz, CH2, CH3), 0.53 (12H, br s, CH2).
13C NMR (CDCl3, 75 MHz, ppm): d 153.7, 151.0, 150.8, 145.9, 141.5,
140.4, 140.2, 138.0, 130.6, 129.9, 127.5, 126.9, 126.0, 125.3, 124.5,
122.9, 121.5, 121.2, 120.0, 119.7, 91.0, 90.2, 55.8, 55.2, 55.1, 40.5, 37.0,
31.5, 30.9, 29.7, 29.4, 24.0, 23.7, 22.6, 22.3, 14.0, 13.9. MALDI-TOF MS
(m/z): 2022 (MþAg)þ, 1830 (M�C6H13)þ. Anal. Calcd for C144H186: C,
90.22; H, 9.78. Found: C, 90.20; H, 9.68.

4.4. 2-Bromo-7-(9,9-dihexyl-9H-fluorene-2-ylethynyl)-9,9-
dihexyl-9H-fluorene (compound 2)

The product was obtained following the general procedure for
coupling and purified by chromatography over silica gel (petroleum
ether/CH2Cl2, 20/1). Yield: 89%. 1H NMR (CDCl3, 300 MHz, ppm):
d 7.71–7.64 (3H, m, Ar-H), 7.57–7.52 (5H, m, Ar-H), 7.48–7.44 (2H, m,
Ar-H), 7.35–7.31 (3H, m, Ar-H), 2.00–1.93 (8H, m, CH2), 1.16–1.04
(24H, m, CH2), 0.80–0.74 (12H, m, CH3), 0.62–0.60 (8H, m, CH2). 13C
NMR (CDCl3, 75 MHz, ppm): d 153.2, 151.0, 150.8, 150.4, 141.4, 140.4,
140.2, 139.5, 130.7, 130.6, 130.1, 127.5, 126.9, 126.1, 125.9, 122.8,122.1,
121.5, 121.4, 121.3, 120.0, 119.9, 119.8, 119.6, 90.9, 90.2, 55.5, 55.1,
40.5, 40.4, 31.5, 29.7, 29.7, 23.7, 22.6, 14.0. EI-MS (m/z): 770 (Mþ).
Anal. Calcd for C52H65Br: C, 81.61; H, 8.51. Found: C, 81.70; H, 8.65.

4.5. 2-(9,9-Dihexyl-9H-fluorene-2-ylethynyl)-7-ethynyl-9,9-
dihexyl-9H-fluorene (OFE2)

The product was obtained as pale yellow solid following the
general procedure. Overall yield: 68%. 1H NMR (CDCl3, 300 MHz,
ppm): d 7.72–7.63 (4H, m, Ar-H), 7.58–7.54 (4H, m, Ar-H), 7.51–7.47
(2H, m, Ar-H), 7.35–7.33 (3H, m, Ar-H), 3.16 (1H, s, C^C–H), 2.00–1.95
(8H, m, CH2),1.15–0.98 (24H, m, CH2), 0.79–0.74 (12H, m, CH3), 0.62–
0.58 (8H, m, CH2).13C NMR (CDCl3, 75 MHz, ppm): d 151.1,151.0,150.8,
141.5, 141.2, 140.4, 131.2, 130.7, 130.6, 127.5, 126.9, 126.5, 125.9, 122.8,
122.3,121.4,120.6,120.1,120.0,119.9,119.7, 91.0, 90.3, 84.6, 77.3, 55.2,
55.1, 40.5, 40.4, 31.5, 29.7, 23.7, 22.6,14.0. EI-MS (m/z): 714 (Mþ). Anal.
Calcd for C54H66: C, 90.70; H, 9.30. Found: C, 90.58; H, 9.12.

4.6. TOFE2

The product was obtained as yellow solid following the general
procedure for coupling and purified by chromatography over silica
gel (petroleum ether/EtOAc, 20/1). Yield: 75%. 1H NMR (CDCl3,
400 MHz, ppm): d 8.39–8.37 (3H, d, J¼8.2 Hz, Ar-H), 7.74–7.56 (m,
36H, Ar-H), 7.37–7.31 (m, 9H, Ar-H), 2.98 (6H, br s, CH2), 2.14 (6H, br
s, CH2), 2.01–1.97 (24H, m, CH2), 1.16–0.62 (198H, m, CH2, CH3). 13C
NMR (CDCl3, 75 MHz, ppm): d 153.7, 151.1, 151.0, 150.8, 145.9, 141.4,
140.8, 140.6, 140.4, 140.3, 138.0, 130.8, 130.6, 129.0, 127.5, 126.9,
125.9, 125.3, 124.6, 122.9, 122.1, 122.0, 121.4, 121.1, 120.0, 119.7, 90.9,
90.6, 90.4, 55.8, 55.3, 55.1, 40.6, 40.5, 37.0, 31.6, 31.5, 29.8, 29.7, 29.5,
24.0, 23.7, 22.7, 22.6, 22.3, 14.0, 13.9. MALDI-TOF MS (m/z): 3095
(MþAg)þ, 2902 (M�C6H13)þ. Anal. Calcd for C225H282: C, 90.48; H,
9.52. Found: C, 90.36; H, 9.51.

4.7. Compound 3

The product was obtained following the general procedure for
coupling and purified by chromatography over silica gel (petroleum
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ether/CH2Cl2, 20/1). Yield: 82%. 1H NMR (CDCl3, 300 MHz, ppm):
d 7.72–7.65 (5H, m, Ar-H), 7.59–7.53 (9H, m, Ar-H), 7.48–7.45 (2H, m,
Ar-H), 7.36–7.33 (3H, m, Ar-H), 2.04–1.96 (12H, m, CH2), 1.16–1.05
(36H, m, CH2), 0.85–0.0.74 (18H, m, CH3), 0.63–0.61 (12H, m, CH2).
13C NMR (CDCl3, 75 MHz, ppm): d 153.2, 151.1, 151.0, 150.8, 150.4,
141.5, 140.8, 140.6, 140.4, 140.3, 139.5, 130.7, 130.6, 130.1, 127.5,
126.9, 126.2, 125.9, 122.9, 122.1, 122.0, 121. 9, 121.5, 121.4, 121.3,
120.0, 119.8, 119.7, 90.9, 90.8, 90.7, 90.4, 55.5, 55.3, 55.1, 40.5, 40.4,
31.6, 31.5, 29.8, 29.7, 23.8, 23.7, 22.7, 22.6, 14.0. MALDI-TOF MS
(m/z): 1124 (Mþ). Anal. Calcd for C79H97Br: C, 84.23; H, 8.68. Found:
C, 84.05; H, 8.76.

4.8. OFE3

The product was obtained as pale yellow solid following the
general procedure. Overall yield: 65%. 1H NMR (CDCl3, 300 MHz,
ppm): d 7.72–7.63 (6H, m, Ar-H), 7.58–7.55 (8H, m, Ar-H), 7.51–7.48
(2H, m, Ar-H), 7.35–7.31 (3H, m, Ar-H), 3.16 (1H, s, C^C–H), 2.03–
1.96 (12H, m, CH2), 1.13–1.04 (36H, m, CH2), 0.80–0.74 (18H, m,
CH3), 0.62–0.60 (12H, m, CH2). 13C NMR (CDCl3, 75 MHz, ppm):
d 151.1, 151.0, 150.8, 141.4, 141.2, 140.7, 140.6, 140.5, 140.4, 131.2,
130.7, 130.6, 127.5, 126.9, 126.5, 125.9, 122.8, 122.1, 121.9, 121.4,
120.6, 120.1, 120.0, 119.9, 119.7, 90.9, 90.8, 90.7, 90.4, 84.6, 55.2, 55.1,
40.5, 40.4, 31.6, 31.5, 29.8, 29.7, 23.7, 22.6, 14.0. MS (MALDI-TOF):
1071 (Mþ). Anal. Calcd for C81H98: C, 90.78; H, 9.22. Found: C, 90.90;
H, 9.33.

4.9. TOFE3

The product was obtained as yellow solid following the general
procedure for coupling and purified by chromatography over silica
gel (petroleum ether/EtOAc, 10/1). Yield: 72%. 1H NMR (CDCl3,
400 MHz, ppm): d 8.37 (3H, br s, Ar-H), 7.75–7.57 (54H, m, Ar-H),
7.37–7.34 (9H, m, Ar-H), 2.98 (6H, br s, CH2), 2.15–1.98 (42H, m,
CH2), 1.17–0.63 (254H, m, CH2, CH3). 13C NMR (CDCl3, 100 MHz,
ppm): d 153.7, 151.11, 151.09, 151.07, 151.0, 150.8, 145.9, 141.4, 140.7,
140.7, 140.6, 140.4, 140.3, 138.0, 130.8, 130.7, 130.6, 127.5, 126.8,
125.9, 122.8, 122.1, 122.0, 121.9, 121.4, 121.1, 120.0, 119.6, 90.9, 90.8,
90.6, 90.3, 55.8, 55.3, 55.2, 55.1, 40.5, 40.4, 37.0, 31.6, 31.5, 29.8, 29.7,
29.4, 23.9, 23.7, 22.6, 22.3, 14.0, 13.8. MS (MALDI-TOF): 4164
(MþAg)þ, 3971 (M�C6H13)þ. Anal. Calcd for C306H378: C, 90.61; H,
9.39. Found: C, 90.49; H, 9.34.

4.10. Compound 4

The product was obtained following the general procedure for
coupling and purified by chromatography over silica gel (petroleum
ether/CH2Cl2, 15/1). Yield: 77%. 1H NMR (CDCl3, 300 MHz, ppm):
d 7.71–7.64 (8H, m, Ar-H), 7.59–7.52 (12H, m, Ar-H), 7.49–7.45 (2H,
m, Ar-H), 7.35–7.32 (3H, m, Ar-H), 2.16–1.96 (16H, m, CH2), 1.23–
1.05 (48H, m, CH2), 0.90–0.74 (24H, m, CH3), 0.63–0.61 (16H, m,
CH2). 13C NMR (CDCl3, 75 MHz, ppm): d 153.2, 151.1, 151.0, 150.8,
150.4, 141.4, 140.7, 140.6, 140.4, 140.2, 139.4, 132.2, 132.0, 130.7,
130.6, 130.1, 128.6, 128.4, 127.5, 126.9, 126.1, 125.9, 122.8, 122.1,
122.0, 121.9, 121.5, 121.4, 121.3, 120.0, 119.8, 119.6, 90.9, 90.8, 90.7,
90.4, 55.5, 55.2, 55.1, 40.5, 40.4, 31.6, 31.5, 29.7, 29.6, 23.7, 22.6, 14.0.
MS (MALDI-TOF): 1483 (Mþ). Anal. Calcd for C106H129Br: C, 85.85; H,
8.77. Found: C, 85.63; H, 8.51.

4.11. OFE4

The product was obtained as pale yellow solid following the
general procedure. Overall yield: 64%. 1H NMR (CDCl3, 300 MHz,
ppm): d 7.71–7.64 (8H, m, Ar-H), 7.59–7.55 (12H, m, Ar-H), 7.51–7.48
(2H, m, Ar-H), 7.36–7.33 (3H, m, Ar-H), 3.16 (1H, s, C^C–H), 2.04–
1.96 (16H, m, CH2), 1.17–1.06 (48H, m, CH2), 0.80–0.75 (24H, m,
CH3), 0.62–0.61 (16H, m, CH2). 13C NMR (CDCl3, 75 MHz, ppm):
151.1, 151.0, 150.8, 141.4, 141.2, 140.7, 140.6, 140.5, 140.4, 131.3, 130.7,
130.6, 127.5, 126.9, 126.5, 125.9, 122.8, 122.1, 122.0, 121.9, 121.4,
120.6, 120.1, 120.0, 119.9, 119.7, 90.9, 90.8, 90.7, 90.4, 84.6, 55.3, 55.2,
55.13, 40.6, 40.5, 31.6, 31.5, 29.8, 29.7, 23.8, 23.7, 22.6, 14.00. MS
(MALDI-TOF): 1428 (Mþ). Anal. Calcd for C108H130: C, 90.83; H, 9.17.
Found: C, 90.86; H, 9.34.

4.12. TOFE4

The product was obtained as yellow solid following the general
procedure for coupling and purified by chromatography over silica
gel (petroleum ether/EtOAc, 10/1). Yield: 54%. 1H NMR (CDCl3,
400 MHz, ppm): d 8.32 (3H, br s, Ar-H), 7.74–7.56 (72H, m, Ar-H),
7.37–7.32 (9H, m, Ar-H), 2.98 (6H, br s, CH2), 2.17–1.97 (54H, m,
CH2), 1.25–0.62 (320H, m, CH2, CH3). 13C NMR (CDCl3, 100 MHz,
ppm): d 153.7, 151.1, 151.0, 150.8, 145.9, 141.4, 140.7, 140.6, 140.4,
140.3, 138.0, 130.7, 130.5, 127.5, 126.8, 125.9, 122.8, 122.1, 122.0,
121.9, 121.4, 121.1, 119.9, 119.6, 90.9, 90.8, 90.6, 90.3, 55.8, 55.2, 55.1,
40.5, 40.4, 31.6, 31.5, 29.7, 29.4, 23.7, 22.6, 22.2, 14.0, 13.8. MALDI-
TOF MS m/z: 5234 (MþAg)þ, 5040 (M�C6H13)þ. Anal. Calcd for
C387H474: C, 90.68; H, 9.32. Found: C, 90.69; H, 9.24.
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