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Two classes of blue emitters bearing electron-rich or electron-deficient units were developed for
organic light-emitting diodes. Such shape persistent three-dimensional (3D) structures provided
six molecules emitting pure and stable blue light. The photophysical, electrochemical, and thermal
properties as well as the thin film morphologies of these blue emitters were investigated in detail.
These results indicated that the side groups did not change the photophysical properties, but
significantly affected the electrochemical properties to improve the charge injection and the
aggregation behaviours of the molecules. The electroluminescence performance was greatly
improved without using 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI) as an electron
injection layer after the introduction of Taz and Oxd as the side groups. In comparison with
sFOMe, 9,9’-spirobifluorene-containing compounds (sFTaz, and sFOxd) exhibited better
electroluminescence due to the improvement of the electron injection ability after the introduction
of electron-deficient groups. These investigations provide us with an important way to improve
the OLED efficiency through the modification of the chemical structure.

Introduction

Organic light-emitting diodes (OLEDs) have attracted con-
siderable attention in the past two decades due to their
application in full-color flat panel displays and solid-state
light sources.! For a long time, as one of three elementary
colors and good energy transfer donors, blue emitters with
good stability, chromaticity, and high efficiency have been very
limited.>* Among blue light emitting materials, oligo- and
polyfluorene derivatives (PFs) are the most promising candidates
for OLEDs.* However, the formation of ketone defects or
excimers/aggregates during device fabrication and operation
prevents PFs from being excellent commercial blue emitters.’
In contrast, spiro-linked molecules including 9,9’-spirobifluorene
derivatives exhibit excellent thermal stabilities, amorphous
film morphologies, increased glass-transition temperatures
(T), and high quantum efficiencies for OLEDs.%”?

In our previous contributions,®  we designed and synthesized
a three-dimensional (3D) skeleton, which was constructed
by a truxene core® and three spiro-linked fluorene moieties
(as shown in Scheme 1). Such skeleton has two readily
modifiable sites: (i) the conjugated arms, which can introduce
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chromophores simply through a Suzuki—-Miyaura coupling
reaction;®* (ii) the planar truxene core, which can be modified
by various functional groups without much interference to the
arms (Scheme 1). The rigid 3D structures can form excellent
amorphous states to prevent the formation of the long wave-
length emission induced by excimers or aggregates, and they
display excellent thermal stability and good EL performance
without ketone defects.® Recently, we successfully applied this
structure in the synthesis of a new family of highly stable
small-molecular blue emitters with the fabrication of multi-
layer devices ITO/PEDOT/PVK /blue emitter/TPBI/Ba/Al).*
However, during the operation of these devices, we observed
an imbalance of the hole and electron transport in the active
layer. As we know, OLEDs are “dual-injection” devices, which
need holes and electrons, respectively, injected into the emission
layer under an electric field.! Therefore, it is important to
lower the charge injection barrier and balance their transport in
the design of high performance OLED devices. To achieve high
performance from our materials, poly(N-vinylcarbazole) (PVK)
and 1,3,5-tris(N-phenylbenzimidazol-2-yl)benzene (TPBI) were,
respectively, used as a hole and electron injection/transport
layer in this device structure. Such a multilayer device com-
plicates the fabrication, and more importantly, TPBI needs a
high vacuum vapor deposition process, which greatly raises the
costs and prevents their industrial application.

The strategy of chemical structure modification of the light-
emitting molecule is also an efficient way to improve the
charge injection. This approach can balance hole and electron
transport in the emitting layer, and in the same time, reduce
the complexity of devices through the incorporation of the
charge transport moieties on a main chain,’ chain ends,'® and
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Scheme 1 Three dimensional skeleton and our design strategy.

the side of a chain.!' Herein, we introduced the electron-rich unit
(carbazole) and electron-deficient moieties (1,2,4-triazole and
2,5-diphenyl-1,3,4-oxadiazole) to our 3D skeleton. These func-
tional groups were widely applied in the enhancement of the
charge injection and transport of light-emitting materials.” '3
After appending with different hole or electron injection mate-
rials with flexible alkyl chains, we developed six blue light
emitting materials (Scheme 2 shows the structures of compounds
sFCbz, sFTaz, sFOxd, FCbz, FTaz, and FOxd) to investigate
their hole or electron injection abilities and device performances.
This investigation not only provides us with a way of improving
the OLED efficiency through the modification of the chemical
structure, but also reveals the side chain effects on the aggre-
gation behavior of molecules and their device performances.

Results and discussion
Synthesis

The general synthetic routes to the six compounds are illustrated
in Scheme 3. Compounds 7 and 9 were synthesized according
to the literature.!'!'* Compound 8 was obtained by treating
commercially available 1,2.4-triazole with DBU (1,8-diazabi-
cyclo[5.4.0Jundec-7-ene) and 1,6-dibromohexane in THF. For
the synthesis of target molecules, sSFOMe or FOMe *“ was first
treated with BBr; and then subjected to an alkylation reaction
with 7, 8, or 9 to afford the six blue emitters in yields of
80-90%. These compounds showed good solubility in com-
mon solvents, such as CH,Cl,, THF, toluene, and dimethyl-
formamide (DMF). Molecular modeling indicated that
sFCbz exhibited a highly rigid skeleton appended with three
“antenna” groups, which was helpful for carrier injection
(Fig. S11).1%
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Thermal properties

The thermal properties of the six emitters were investigated by
thermogravimetric analysis (TGA) and differential scanning
calorimetry (DSC). All six compounds exhibit excellent thermal
stabilities, and the 5% weight loss occurring from 330 °C to
425 °C indicates that the side chains have sufficient thermal
stabilities. DSC results showed that sFCbz, sFtaz, and sFOxd
exhibited no glass transition temperatures (7,) or melting
points from 25 to 350 °C. The results are consistent with our
previous results for sFOMe and FOMe. In contrast, the
obvious melting peaks were observed to be at around 294 °C
for FCbz, 290 °C for FTaz, and 252 °C for FOxd after
introducing the side chains (Fig. S5t1). This result suggests
that although the side chains usually do not affect the photo-
physical properties (vide infra), the aggregation behavior can
be significantly changed.

Photophysical properties

Fig. 1 shows the UV-vis absorption and photoluminescence
(PL) of three compounds based on 9,9'-spirobifluorenes
(sFCbz, sFTaz, and sFOxd). These compounds showed almost
identical absorptions and PL features with sFOMe both in
solution and solid state.® The main absorption peaks at
350 nm are assigned to the conjugated arm m—m* transitions
and the extinction coefficients are more than 10°. The PL
maximum Ay, of SFCbz, sFTaz, and sFOxd in the solid state
shows merely about 10 nm red-shifts relative to that of dilute
solutions. These results indicate that the conjugated arms
of the main skeleton are not affected by the various side
groups because of the non-conjugated manner of linking. It
also demonstrates that the shape-persistent 3D structure can
efficiently reduce the intermolecular m—r interactions. The
arising shoulder of the absorption spectra of sFOxd around
310 nm can be attributed to the absorption of the oxadiazole
segments,'%“? and the emission of these segments does not
affect the PL spectra whether in solution or in solid state. As
indicated in Table 1, there is a good match of the emission of
the Oxd units and the absorption of the conjugated arms,
which meets the requirement of the Férster energy transfer.'®
When excited at 310 nm, the PL spectrum shows the same
emission as when excited at 348 nm whether in dilute solution
or in solid state. This complete quenching of the emission
of Oxd indicates an efficient intramolecular energy transfer
between the side groups and the conjugated arms (Fig. S31).'%
FCbz, FTaz, and FOxd based on 9,9-dihexylfluorene also
did not exhibit obvious changes compared with FOMe, and
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Scheme 2 The structures of the six 3D blue emitters.
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Scheme 3 Synthetic routes to the six blue emitters.

display similar changes to sFCbz, sFTaz, and sFOxd (Fig. S2).
These results support our assumption that the decreased
solubility and changed morphology (vide infra) of FCbz, FTaz,
and FOxd are caused by the interaction of the side chain and
alkyl chains, not by the interaction with the conjugated arms.
Table 1 summarizes the photophysical properties of the six
blue emitters.

Electrochemical properties in thin film

We employed cyclic voltammetry (CV) to investigate the
electrochemical properties of the six emitters in thin films
and to estimate the energy levels of their highest occupied
molecular orbital (HOMO) and lowest unoccupied molecular
orbital (LUMO). The measurements were performed by drop-
casting the THF solutions of the compounds on a glassy
carbon electrode in an electrolyte of 0.1 M n-BuyNPFg in
acetonitrile using Ag/AgCl (4.6 eV below the vacuum level) as

the reference electrode. The HOMO and LUMO levels in the
solid states were estimated by the onset of the oxidation and
the reduction processes (Enomo = —FEox —4.6 €V, ELymo =
—FE,. —4.6 eV). As shown in Fig. 2, the HOMO levels of
sFCbz, sFTaz, and sFOxd exhibited almost identical values at
ca. —5.6 eV. However, their LUMO levels were quite different
(for sFCbz, Erymo = —2.4 eV; sFTaz, Fyymo = —2.7 eV,
sFOxd, E1 ymo = —2.6 eV). In consideration of the unchanged
photophysical properties, this result was not caused by the
central chromophores, which indicated that the introduction
of the electron withdrawing groups might lower the LUMO
levels of the desired compound. Additionally, the LUMO
level of 2-(4-biphenyl)-5-(4-zert-butylphenyl)-1,3,4-oxadiazole
(PBD) is close to our result.'® Therefore, we rationally
ascribed the observed LUMO levels to the LUMO of the
side electron-deficient moieties. Similar phenomena were also
observed in FCbz, FTaz, and FOxd.'°* However, the HOMO
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Fig. 1 The normalized absorption and PL spectra of sFCbz, sFtaz, and sFOxd: (a) in dilute toluene solutions (I x 107 M); (b) in solid state (spin

casting from toluene).
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Table 1 Photophysical and electrochemical properties of the six compounds

Compds  Aaps/nm (log &) (Toluene)  Aups/nm (Film)®  Jpp/nm (Toluene)  App/nm (Film)*  HOMO/eV (Film)> LUMO/eV (Film)?
sFChz 348 (5.35) 351 408 423 —5.6 24
sFTaz 351 (5.34) 355 411 425 -5.6 -2.6
sFOxd 351 (5.33), 325 (5.30) 355 411 421 -5.6 =27
FCbz 347 (5.00) 349, 327 407 423 —5.8 -2.3
FTaz 349 (4.95) 345, 327 407 421 -59 =25
FOxd 348 (5.52), 327 (5.53) 348, 327 403, 418 425 -59 =25

“ Spin-cast from toluene solution (5 mg mL™"). ? Drop-cast from THF solution (2 mg mL™").

level of sFCbz does not show much change, which can be
explained by the small difference between the HOMO level of
carbazole (Egomo = —5.5 eV)lzd and the conjugated arms
(Eqomo = —5.6eV). FCbz, FTaz, and FOxd also show similar
trends of the movement of LUMO levels, however, the
HOMO and LUMO levels of FCbz, FTaz, and FOxd exhibit
some differences comparing with the sF series, which might
attributed to the greatly changed film morphologies
(vide infra). (Fig. S4,1 Table 1).

Surface morphology of thin film

Inspired by the DSC results, we further investigated the film
morphologies of sFCbz, sFTaz, sFOxd, FCbz, FTaz, and
FOxd by tapping-mode atomic force microscopy
(TM-AFM). Fig. 3 shows the height and phase images of
sFTaz and FTaz in thin film spin-cast on a quartz plane. As
shown by the height image, the sFTaz film displays a neat film
with roughness lower than 10 nm; in contrast, the FTaz film
has a roughness greater than 50 nm and many crystalline
domains. AFM phase imaging is more sensitive to the com-
position, friction, and grain edges of the sample. As indicated
by the phase image, sFTaz formed a uniform and homogenous
film; however, the FTaz film was inhomogeneous and dis-
played some highlighted edges and small zones, which can be
attributed to the partial crystallization of the film. This
phenomenon also existed in the Cbz and Oxd substituted
counterparts (Fig. S7t). Considering the DSC results, we can
conclude that the side chains significantly affect the aggre-
gation of FCbz, FTaz, and FOxd, and result in different film
morphologies. Therefore, the investigation of the OLED
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Fig. 2 Cyclic voltammograms of drop casting films of sFCbz, sFtaz,
and sFOxd. Scan rate, 100 mV s~'; working electrode, glassy carbon;
auxiliary electrode, Pt wire; reference electrode, Ag/AgCl; supporting
electrolyte n-BuyNPFg (0.1 M, CH3;CN).

device performance was only carried out using sFCbz, sFTaz,
and sFOxd.

Electroluminescence properties and OLED performances

To further investigate the effects of the side chains, single-layer
and double-layer OLED devices were fabricated. First, we
fabricated single layer devices with a configuration of ITO/
PEDOT (40 nm)/EL (60 nm)/Ba (4 nm)/Al (150 nm), which
reflected the intrinsic charge injection/transport abilities of the
emissive layer (Fig. 4a). The luminescence efficiencies (LE) of
sFCbz, sFTaz, and sFOxd are much better than their parent
compound sFOMe (0.01 cd A™"). This improvement can be
rationally attributed to the introduction of the side chains
(Table 2). sFTaz and FTaz showed the best luminous efficiency
up to 0.1 cd A~" with the single layer device configuration. The
current density—voltage (J—V)) characteristics were also investi-
gated to illustrate the device performance. As shown in
Fig. 5a, all the devices were turned on at low voltages around
5.0 V. Compared with the current density of the sFOMe
device, those of the devices fabricated with sFCbz show little
change; in contrast, the current densities of sFTaz and sFOxd
are clearly lowered. These results indicated that the intro-
duction of the Cbz groups did not apparently change the trans-
port of the charge carriers, and in the case of sFTaz and
sFOxd, the transport of holes and electrons becomes more
balanced, which resulted in an increase of the recombination
and efficiencies. Therefore, electrons were considered as the
minor carriers in skeleton sFOMe and the introduction of

!,ll-llflm

Fig. 3 TM-AFM height images and phase images of (a) sFTaz
(1 x 1 um), (b) FTaz (5 x 5 um) in thin film (spin-cast on a quartz
plane from 5 mg mL™! toluene solution).
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Fig. 4 Energy level scheme for (a) single-layer device; (b) double-
layer device. EL level was estimated according to the CV data. The
LUMO energy level was lowered from —2.4 eV (sFOMe, dashed
line)® to —2.7 eV (sFTaz, solid line).

electron-deficient units can lead to the increase of electron
injection/transport by lowering the electron injection barrier
(Fig. 4). Importantly, the substitutions only occurred at the
planar truxene moiety, which leads to the preservation of the
maximum effective conjugated length and similar optical
spectra to their parent compound sFOMe. Hence, the EL
chromatic coordinates (CIE 1931) of all compounds proved
them promising pure blue emitters (Table 2).

On the other hand, PVK (HOMO —5.8 ¢V)!” was introduced
as a hole transporting layer or an electron blocking layer to
build double-layer devices with the configuration of ITO/
PEDOT (40 nm)/PVK (40 nm)/EL (60 nm)/Ba (4 nm)/Al
(150 nm) (as shown in Fig. 4b). The uniform polymer layer
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Fig. 5 (a) J-V characteristics of single layer devices with structure:
ITO/PEDOT/EL/Ba/Al; (b) J-V—L Characteristics of the double layer
devices with structure 2: ITO/PEDOT/PVK/EL/Ba/Al.

of PVK can also effectively decrease the leakage current.'®
By this configuration, although the turn-on voltage increases
by ca. 1.5-3 V, the maximum efficiency can also reach
0.39-0.80 cd A~'. As shown in Table 3, the Cbz substituted
blue emitter gives a small improvement in LE (0.04 cd A~
relative to sFOMe, while the other two exhibited increased
efficiency of 0.17 cd A~! for sSFOxd and 0.41 cd A~! for sFTaz.
Therefore, we can conclude that the electron-deficient groups
are much better for our structure to improve the device
performance. This result is caused by the increased electron
injection by the electron-deficient group. In the density—voltage—
luminance (J-V—-L) characteristics (Fig. S5b), the current
density of sFTaz was an order of magnitude lower than that
of sFOMe, but the luminous efficiency remained at a higher
level. Compared to the single-layer devices, double-layer
devices showed much lower current density, which can be
attributed to the decreased leakage current and the balanced
charge carrier injection. The Taz unit substituted molecule
exhibited a more obvious enhancement than that of Oxd,
which is consistent with the previous literature.'® Thus, Taz
is a better group for this system, and this may be explained by
its much lowered LUMO levels. The current density—luminous
efficiency (J-LE) curve demonstrates the trend in LE as the
current density increases. Stable luminous efficiency was
obtained in the device fabricated with sFCbz as well as that
with sFOMe (Fig. S8%). The results showed that the hole
and electron recombination was disturbed at high operation
current densities for sFOxd and sFTaz.

The electroluminescence spectra recorded for the double-
layer devices reveals three similar main emission peaks for all
emitters, two very sharp peaks at ca. 412 nm and ca. 428 nm
and one much broader centered around 460 nm (Fig. 6a).
Moreover, the emission Ayax 1S similar to that of their PL
spectra. All the devices showed blue light with chromatic
coordinates (CIE 1931) in a range of (0.17-0.18, 0.07-0.10).
Importantly, as the operation voltage increased in a rational
range, the EL intensity of all the devices was enhanced but the
shape and emission wavelength remained unchanged as well as
the chromatic coordinates, which proved the optical spectrum
stability under an electric field (Fig. 6b, Fig. S91). Additionally,
for all the compounds, the PL efficiencies of the films were
measured by integrating a sphere system before and after
annealing at 150 °C under nitrogen atmosphere. Although
the PL efficiencies in thin film did not show much increase
(Table 2), the device performances obtained a small improve-
ment (10-20%) for double-layer devices. This can be attributed
to the optimization of the interface characteristic and the film
morphologies, which leads to the minimized crystal interface
and the improved film conductivity.'’

Conclusion

Six new three-dimensional blue emitters bearing electron-rich
(Cbz), or electron-deficient (Taz and Oxd) groups have been
developed for organic light-emitting diodes. The investigation
of their photophysical properties showed that such 3D skeleton
can be orthogonally modified without affecting the conjugated
arms. Electrochemical results directly demonstrate the side
chain effect on the HOMO and LUMO levels. Especially, the
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Table 2 Device performance with the single-layer: ITO/PEDOT/ EL/Ba/Al

Compds Von/V Linax/cd m™2 LEax/cd A7! CIE 1931(x, y) D D 1
sFChz 4.7 230 0.04 0.20, 0.21 0.22 0.39
sFTaz 52 150 0.10 0.17, 0.12 0.21 0.19
sFOxd 52 250 0.08 0.17,0.11 0.19 0.22

“ Measured after annealing at 150 °C under nitrogen atmosphere.

introduction of the electron-deficient groups can obviously
lower the LUMO levels of the molecules, which can help the
injection of the electron from the anode. However, thermal
properties and AFM results show that the enhanced side
interaction of FCbz, FTaz, and FOxd changed its film
morphologies; in contrast, sSFCbz, sFTaz, and sFOxd exhibit
much better thermal stabilities and film morphologies. The
single-layer device results proved the improvement of the
electron injection abilities, and the double-layer devices exhibit
largely improved efficiencies after the introduction of Taz and
Oxd side groups. Although this molecule only exhibited
moderate device performances, we have demonstrated this
way of improving the device efficiency through chemical
modification is indeed effective. To further improve device
performances using sFCbz, sFTaz, or sFOxd as the active
materials, we are currently investigating molecules modified
with different types and numbers of side groups and their
device performances.

Experimental
General methods

Chemicals were purchased and used as received. All air and
water sensitive reactions were performed under nitrogen atmos-
phere. Toluene and tetrahydrofuran (THF) were distilled from
sodium and benzophenone ketyl. '"H and '*C NMR spectra
were recorded on a Varian Mercury plus 300 MHz and Bruker
ARX-400 (400 MHz) using CDCl; as solvent. All chemical
shifts were reported in parts per million (ppm), 'H NMR
chemical shifts were referenced to TMS (0 ppm) or CHCl;
(7.26 ppm), and '*C NMR chemical shifts were referenced to
CDCl; (77.00 ppm). Absorption spectra were recorded on a
PerkinElmer Lambda 35 UV-vis Spectrometer. PL spectra
were carried out on a PerkinElmer LS55 Luminescence Spectro-
meter. MALDI-TOF mass spectra were recorded on a Bruker
BIFLEX III time-of-flight (TOF) mass spectrometer (Bruker
Daltonics, Billerica, MA, USA) using a 337 nm nitrogen laser
with dithranol as matrix. Elemental analyses were performed
using a German Vario EL III elemental analyzer. Thermal
gravity analyses (TGA) were carried out on a TA Instrument
Q600 analyzer and differential scanning calorimetry analyses
were performed on a METTLER TOLEDO Instrument

EL Intensity (a. u.)

400 500 600 700 800
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1.2 T T T T
(b)
1k : —%—sFTaz41V .
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Fig. 6 (a) Normalized electroluminescence spectra for double-layer
devices. (b) Electroluminescence spectra of devices at various driving
voltages of the double-layer device: ITO/PEDOT/PVK /sFTaz/Ba/Al.

DSC822 calorimeter. Cyclic voltammetry was performed using
a BASI Epsilon workstation and measurements were carried
out in acetonitrile containing 0.1 M nBuyNPFg as a supporting
electrolyte. A carbon electrode was used as a working
electrode and a platinum wire as a counter electrode; all
potentials were recorded versus Ag/AgCl (3M NacCl (aq.)) as
a reference electrode. The scan rate was 100 mV s~!. Atomic
force microscopy studies were performed with a Nanoscope
IITa microscope (Extended Multimode, Digital Instruments,
Santa Barbara, CA). All experiments were carried out in tapping
mode at ambient temperature. A silicon nitride cantilever
(Budget Sensors Tap300Al) was used with a resonant frequency
around 300 kHz. The absolute photoluminescence efficiencies
of compounds in film were measured in an integrating sphere

Table 3 Device performance with structure double-layer: ITO/PEDOT/PVK/EL/Ba/Al

Compds Von/V LmuX/Cd m72 LEmax/Cd Ail ;“max/nm CIE 1931(,‘(, }’)
sFOMe 6.9 1980 0.39 426 0.17, 0.07
sFChz 6.9 1550 0.43 426 0.18, 0.10
sFTaz 8.1 463 0.80 428 0.17, 0.08
sFOxd 6.6 414 0.56 430 0.17, 0.07
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system (IS-080, Labsphere) under excitation from the 325 nm
line of a HeCd laser.

Device fabrication and characterization

LED was fabricated on pre-patterned indium-tin oxide (ITO)
with sheet resistance 10-20 Q/square. The substrate was
ultrasonically cleaned with acetone, detergent, deionized
water, and 2-propanol. Oxygen plasma treatment was per-
formed 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 film with
thickness of 50 nm from its aqueous dispersion, aiming
to improve the hole injection and to avoid the possibility of
leakage. The PEDOT:PSS film was dried at 200 °C for 10 min.
The solutions of all materials in p-xylene were 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 aluminium
protection layers were thermally deposited by vacuum
evaporation through a mask at a base pressure below 2 X
10~* Pa. The deposition rate and the thickness of the barium
and aluminium 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 cm?.
The EL layer spin coating process and the device performance
tests were carried out within a glovebox with nitrogen circulation.
The luminance of the device was measured with a calibrated
photodiode. External quantum efficiency was verified by the
measurement of the integrating sphere, and luminance was
calibrated after the encapsulation of devices with UV-curing
epoxy and thin cover glass.

Synthesis

sFOMe and FOMe were synthesized according to our previous
report 6

1-(6-Bromohexyl)-1H-1,2,4-triazole (8)

To a stirred suspension of 1,2,4-triazole (1.00 g, 0.0144 mol)
and 1,6-dibromohexane (10.6 g, 0.0435 mol) in THF (30 mL)
was added DBU (2.19 g, 0.0144 mol) via syringe pump. After
at room temperature for 24 h, the mixture was filtered and the
cake was washed with THF (50 mL). After the filtrate was
concentrated, the residue was purified by silica gel chromato-
graphy (eluent: EtOAc) to give a colorless oil. Yield: 50%.
"H NMR (CDCls, 300 MHz, ppm): 4 8.07 (1H, s), 7.95 (1H, s),
4.16-4.21 (2H, m), 3.38-3.42 (2H, m), 1.83-1.95 (4H, m),
1.47-1.52 (2H, m), 1.32-1.36 (2H, m). '*C NMR (CDCl;,
75 MHz, ppm): 6 152.1, 143.0, 49.6, 33.7, 32.5, 29.8, 27.6, 25.8.
EI-MS: m/z 231.0 M "' —1),233.0 M ™" + 1), which is 100%.

General procedures for sFOH and FOH

To a solution of sSFOMe or FOMe (0.1 mmol) in dry CH,Cl,
was added dropwise BBr3 (0.6 mmol) under cooling in an ice
bath. The mixture was stirred at room temperature for 8 h and
then saturated NaHCO; aqueous was added. The aqueous
layer was extracted with CH,Cl,. The combined extracts were
dried over MgSQO,. After removal of solvents under reduced

pressure, the residue was purified via chromatography over
silica gel to afford a white solid.

sFOH (eluent: CH,Cl,) (Yield: 90%): '"H NMR (CDCls,
400 MHz, ppm): 6 7.85-7.81 (m, 12H), 7.68-7.66 (d, J =
8.4 Hz, 6H), 7.60-7.58 (d, J = 8.0 Hz, 6H), 7.41-7.39 (d, J =
7.5 Hz, 6H), 7.33-7.20 (m, 30H), 7.05-6.93 (m, 30H),
6.71-6.69 (m, 18H), 6.30-6.27 (d, J = 8.5 Hz, 3H),
5.90-5.87 (dd, J = 8.5 Hz, J = 2.4 Hz, 3H), 5.704-5.698
(d, J = 2.4 Hz, 3H), 4.14 (s, 3H). >*C NMR (CDCls,
100 MHz, ppm): ¢ 154.8, 149.5, 149.4, 149.3, 148.7, 148.5,
141.7, 141.0, 140.7, 140.5, 140.3, 128.1, 127.9, 127.84, 127.76,
126.8, 124.11, 124.06, 122.5, 120.5, 120.4, 120.3, 119.9, 114.0,
109.3, 66.6, 66.0. MALDI-TOF MS: Calcd for Cy;3H;5003:
2726.93. Found: 2727.2 (M ™).

FOH (cluent: CH,CL-PE = 3:1) (Yield: 88%): 'H NMR
(CDCl3, 400 MHz, ppm): ¢ 8.11-8.09 (d, J = 7.8 Hz, 6H),
7.72-7.70 (d, J = 7.8 Hz, 6H), 7.57 (s, 6H), 7.42 (s, 6H),
7.30-7.20 (m, 24H), 6.91-6.88 (m, 6H), 6.60-6.58 (d, J = 8.4 Hz,
3H), 6.15-6.13 (dd, J = 8.4 Hz, J = 2.4 Hz, 3H), 6.02 (s, 3H),
4.33 (s, 3H), 1.00-0.86 (m, 36H), 0.86-0.84 (m, 24H), 0.71-0.56
(m, 54H), 0.52-0.48 (t, J = 7.5 Hz, 18H). '*C NMR (CDCl,,
100 MHz, ppm): § 154.9, 152.5, 151.4, 150.7, 149.6, 141.8,
141.7, 140.51, 140.47, 140.4, 139.7, 137.57, 131.6, 127.5, 127.0,
126.8, 125.7, 122.6, 121.8, 121.1, 120.7, 120.5, 120.2, 114.2,
109.5, 66.9, 55.1, 40.5, 40.3, 31.2, 31.0, 29.51, 29.48, 23.7, 23.5,
22.4,22.3,13.9, 13.7. MALDI-TOF MS: Calcd for C,13H2503:
2835.78. Found: 2836.1 (M ™).

General procedures for sF series and F series

To a mixture of sSFOH or FOH (0.05 mmol) and 8 or 9 or 10
(0.20 mmol) in aqueous DMF, K,CO; (0.40 mmol) were
added under nitrogen atmosphere. The mixture was stirred
at 100 °C. After 8 h, the mixture was cool to room temperature
and poured into water. The aqueous layer was extracted three
times with dichloromethane. The combined extracts were
dried over MgSO,. After removal of solvents under reduced
pressure, the residue was purified via chromatography over
silica gel.

sFCbz, white solid, (eluent: CH,Cl,-PE = 1:1), (Yield:
72%): "H NMR (CDCl;, 300 MHz, ppm): 6 8.08-8.05 (d, J =
8.1 Hz, 6H) 7.85-7.82 (m, 12H), 7.75-7.73 (d, J = 7.8 Hz, 6H),
7.58-7.55(d, J = 8.1 Hz, 6H), 7.40-7.15 (m, 42H), 7.09-6.93
(m, 36H), 6.77-6.72 (m, 18H), 6.36-6.33 (d, J = 8.7 Hz, 3H),
5.98-5.96 (d, J = 8.7 Hz, 3H), 5.76 (s, 3H), 4.17-4.12 (t, J =
6.9 Hz, 6H), 3.38-3.37 (t, 6H), 1.70-1.68 (m, 6H), 1.34-1.18
(m, 18H). '*C NMR (CDCl;, 75 MHz, ppm): 6 158.6, 152.0,
149.9, 149.6, 149.4, 148.9, 148.8, 142.0, 141.95, 141.85, 141.2,
141.17, 141.0, 140.7, 140.5, 137.3, 131.2, 128.1, 127.9, 127.4,
126.9, 125.8, 125.3, 124.4, 124.3, 124.2, 123.0, 122.7, 121.7,
120.7, 120.6, 120.5, 120.2, 118.9, 112.5, 108.8, 67.3, 66.9, 66.2,
43.0, 29.1, 28.8, 27.0, 25.8. MALDI-ICR HR-MS: Calcd for
C267H177N3O3Z 3472.37845. Found: 3472.39403 (M+)

sFTaz, white solid, (eluent: CH,Cl,—Acetone 3:1),
(Yield: 80%): 'H NMR (CDCl;, 400 MHz, ppm):
0 7.93-7.83 (m, 18H) 7.78-7.76 (d, J = 8.0 Hz, 6H), 7.60-7.50
(d, J = 8.0 Hz, 6H), 7.41-7.27 (m, 30H), 7.20 (s, 6H), 7.09-6.97
(m, 30H), 6.77-6.75 (d, J = 7.5 Hz, 2H), 6.75-6.72 (m, 12H),
6.35-6.33 (d, J = 8.7 Hz, 3H), 5.99-5.96 (dd, J; = 8.7 Hz,
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J, = 2.3 Hz, 3H), 5.755-5.761 (d, J = 2.3 Hz, 3H), 4.02-3.98
(t, J = 7.1 Hz, 6H), 3.38-3.37 (t, J = 6.0 Hz, 6H), 1.75-1.68
(m, 6H), 1.38-1.35 (m, 6H), 1.14-1.11 (m, 12H). C NMR
(CDCl, 100 MHz, ppm): 158.4, 151.82, 151.76, 149.7, 149.5,
149.1, 148.7, 148.6, 141.8, 141.7, 141.6, 141.99, 141.96, 140.7,
140.5, 131.0, 128.1, 127.9, 127.7, 127.2, 126.7, 125.0, 124.14,
124.06, 124.02, 122.4, 121.5, 120.5, 120.4, 120.3, 120.0,
112.3, 108.6, 67.0, 66.7, 66.0, 53.4, 49.5, 29.5, 28.8, 26.0, 25.3.
MALDI-ICR HR-MS: Caled for Cy37H;59NogO;5: 3178.25604.
Found: 3178.26862 (M ™).

sFOxd, white solid, (eluent: CH,Cl,—ethyl acetate = 20:1),
(Yield: 85%): "H NMR (CDCls, 400 MHz, ppm): 6 8.14-8.12
(dd, J = 7.3 Hz, J = 2.4 Hz, 6H), 8.05-8.03 (d, / = 8.8 Hz,
6H), 7.86-7.81 (m, 12H) 7.78-7.76 (d, J = 8.0 Hz, 6H),
7.60-7.58 (d, J = 8.0 Hz, 6H), 7.54-7.52 (m, 9H), 7.41-7.29
(m, 24H), 7.22 (s, 6H), 7.07-6.96 (m, 36H), 6.77-6.75 (d, J =
7.6 Hz, 2H), 6.75-6.72(m, 12H), 6.36-6.34 (d, J = 8.7 Hz,
3H), 6.01-5.99 (dd, J, = 8.7 Hz, J, = 2.3 Hz, 3H),
5.784-5.778 (d, J = 2.3 Hz, 3H), 3.92-3.88 (t, / = 6.5 Hz,
6H), 3.43 (s, 6H), 1.68-1.64 (m, 6H), 1.42-1.43 (m, 6H),
1.31-1.22 (m, 12H). '*C NMR (CDCl;, 100 MHz, ppm):
164.6, 164.1, 161.9, 158.4, 151.8, 149.7, 149.5, 149.2, 148.7,
148.6, 141.8, 147.7, 141.6, 141.0, 140.8, 140.5, 137.1, 131.5,
131.0, 129.0, 128.6, 128.1, 127.9, 127.8, 127.7, 127.2, 126.8,
126.7, 124.15, 124.08, 124.0, 122.5, 121.5, 120.5, 120.4, 120.3,
120.0, 116.2, 114.9, 112.2, 108.7, 29.7, 29.0, 28.8, 25.7, 25.6.
MALDI-TOF MS: Calcd for Cy73H50NgOo: 3687.39. Found:
36882 (M + H)™ .

FCbz, white solid, (eluent: CH,Cl,-PE = 1:4), (Yield:
73%): 'H NMR (CDCl;, 300 MHz, ppm): & 8.10-8.04
(m, 12H), 7.71-7.68 (d, J = 6.9 Hz, 6H), 7.57 (s, 6H), 7.42
(s, 6H), 7.38-7.36 (d, J = 6.9 Hz, 6H), 7.32-7.15 (m, 36H),
7.03-7.01 (d, J = 7.5 Hz, 6H), 6.91-6.87 (m, 6H), 6.65-6.62
(d, J = 8.4 Hz, 3H), 6.22-6.19 (dd, J/ = 8.4 Hz, J = 2.4 Hz,
3H), 6.10-6.09 (d, J = 2.4 Hz, 3H), 4.21-4.16 (t, J = 6.9 Hz,
6H), 3.56-3.52 (t, J = 6.0 Hz, 6H), 1.95-1.92 (m, 24H),
1.76-1.75 (m, 6H), 1.50-1.40 (m, 6H), 1.26-1.10 (m, 12H),
1.07-1.00 (m, 36H), 0.89-0.82 (m, 24H), 0.80-0.59 (m, 54H),
0.50-0.45 (t, J = 7.5 Hz, 18H). *C NMR (CDCl;, 75 MHz, ppm):
0 158.5, 152.1, 151.4, 150.6, 149.9, 141.8, 141.6, 140.6, 140.44,
140.37, 140.3, 139.8, 137.6, 131.5, 127.4, 127.0, 126.8, 125.8,
125.5, 125.3, 122.7, 122.6, 121.9, 121.0, 120.7, 120.6, 120.4,
120.2, 118.8, 118.6, 111.9, 109.3, 108.5, 67.3, 66.9, 55.0, 42.7,
40.5, 40.3, 31.2, 31.0, 29.7, 29.5, 29.0, 28.6, 26.9, 25.7, 23.7,
23.5, 22.4, 22.2, 14.0, 13.8. MALDI-TOF MS: Calcd for
C267H285N3033 3583.23. Found: 3582.5 (M+)

FTaz, white solid, (eluent: CH,Cl,—ethyl acetate = 4:1),
(Yield: 70%): "H NMR (CDCls, 300 MHz, ppm): 6 8.12-8.09
(d,J = 7.8 Hz, 6H), 8.00 (s, 3H), 7.91 (s, 3H), 7.72-7.69 (d, J =
6.9 Hz, 6H), 7.58 (s, 6H), 7.42 (s, 6H), 7.38-7.36 (d, J =
6.9 Hz, 6H), 7.32-7.15 (m, 24H), 7.04-7.01 (d, J = 7.5 Hz,
6H), 6.91-6.87 (m, 6H), 6.65-6.62 (d, J = 8.4 Hz, 3H),
6.22-6.19 (dd, J = 8.4 Hz, J = 2.4 Hz, 3H), 6.10-6.09 (d, J =
2.4 Hz, 3H), 4.07-4.02 (t, J = 6.9 Hz, 6H), 3.60-3.56 (t, J =
6.0 Hz, 6H), 1.95-1.92 (m, 24H), 1.79-1.75 (m, 6H), 1.49-1.40
(m, 6H), 1.26-1.19 (m, 12H), 1.07-1.00 (m, 36H), 0.89-0.82
(m, 24H), 0.80-0.60 (m, 54H), 0.52-0.47 (t, J = 7.5 Hz, 18H).
13C NMR (CDCls, 75 MHz, ppm): d 158.4, 152.1, 151.8, 151.4
150.6, 149.9, 142.7, 141.7, 141.5, 140.6, 140.5, 140.3, 139.8,

137.7, 131.5, 127.3, 127.0, 126.8, 125.7, 125.3, 125, 122.6,
121.8, 121.0, 120.7, 120.5, 120.2, 111.9, 109.3, 67.2, 66.9,
55.0, 49.4, 40.5, 40.3, 31.2, 31.0, 29.51, 29.49, 29.4, 28.9,
26.1, 25.4, 23.7, 23.5, 22.4, 22.2, 13.9, 13.7. MALDI-TOF
MS: Caled for C37H67NoO5: 3289.1. Found: 3288.7 (M ™).

FOxd, white solid, (eluent: CH,Cl,—ethyl acetate = 20:1),
(Yield: 75%): '"H NMR (CDCls, 400 MHz, ppm): § 8.13-8.11
(m, 12H), 8.03-8.01 (d, J = 8.8 Hz, 6H), 7.70-7.69 (d, J =
8.0 Hz, 6H), 7.72-7.69 (d, J = 6.9 Hz, 6H), 7.57 (s, 6H),
7.54-7.52 (m, 12H), 7.42 (s, 6H), 7.29-7.27 (m, 6H), 7.24-7.17
(m, 24H), 7.03-7.01 (d, J/ = 7.5 Hz, 6H), 6.95-6.92 (d, J =
8.8 Hz, 6H), 6.90-6.86 (m, 6H), 6.63-6.61 (d, J = 8.7 Hz, 3H),
6.22-6.20 (dd, J = 8.7Hz,J = 2.4 Hz, 3H), 6.11-6.10 (d, J =
2.4 Hz, 3H), 3.93-3.90 (t, J = 6.4 Hz, 6H), 3.60-3.56 (t, J =
6.1 Hz, 6H), 1.94-1.90 (m, 24H), 1.72-1.70 (m, 6H), 1.57-1.53
(m, 6H), 1.35-1.32 (m, 12H), 1.02-0.99 (m, 36H), 0.87-0.82
(m, 24H), 0.72-0.67 (m, 30H), 0.61-0.57 (m, 24H), 0.51-0.47
(t, J = 7.5 Hz, 18H). '*C NMR (CDCl;, 100 MHz, ppm):
164.6, 164.1, 161.9, 158.5, 152.1, 151.4, 150.6, 149.9, 141.8,
141.6, 140.6, 140.5, 140.3, 139.8, 137.7, 131.5, 129.0, 128.6,
127.4, 127.0, 126.8, 125.7, 124.1, 122.6, 121.9, 121.0, 120.7,
120.5, 120.2, 116.2, 114.9, 68.0, 67.4, 66.9, 55.0, 40.5, 40.3,
31.2, 31.0, 29.5, 29.46, 29.1, 28.9, 25.8, 23.7, 23.5, 22.4, 22.3,
13.9, 13.73. MALDI-TOF MS: Calcd for C,73H,35NgO0:
3796.23. Found: 3797.2 (M + H)™".
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