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ABSTRACT: The development of large m-conjugated polycyclic heteroaromatic materials is of



immense interest, both in the academic as well as the industrial community. Herein, we present the
efficient one-pot synthesis of novel pyreno[2,l1-b]Jfuran molecules from a newly designed
intermediate, which display intense green emission (505-516 nm) in solution and a large red shift
emission (625-640 nm) in the solid state, due to strong -t stacking. More interestingly, the
compounds exhibit novel two-photon absorption (TPA) properties and the TPA cross section (d)
value was increased to 533 GM by regulating the electronic effects of the substituents of the
pyreno[2,1-b]Jfuran molecules. This study not only offers a facile strategy for constructing new
pyrene fused luminescence materials with two-photon absorption properties, but also provides a

new chemical intermediate that opens up a new pathway to advanced materials.

1. Introduction

Pure organic m-conjugated luminescence molecules have attracted intense interest
because of their practical applications in the fields of organic electronics, nonlinear optics,
energy storage devices, ! 2 and bioimaging. *  In recent years, much effort has been devoted
to the construction of multi-functional organic luminescence materials with blue/green/red
(RGB) emission. Moreover, organic fluorophores with two-photon absorption (TPA)
properties exhibit unique advantages for cell imaging, biomedical diagnosis and therapy,
due to their long excitation wavelengths, less photobleaching, higher 3D resolution and
penetration depths. > The main strategy for developing the TPA properties of organic
luminescent materials is to explore their donor-acceptor (D-A) structures, and the electronic

push-pull capability, whilst the length of 7-conjugation and planarity of the m-center play a



crucial role in improving the TPA cross sections (0). * However, facile access to organic
luminescent materials with tuneable emission color, high fluorescence yield, and a high
TPA cross sections remains a challenge.

Pyrene, a four ring fused polycyclic aromatic hydrocarbon (PAH) with r-center
characteristics, possesses good thermal stability, high carrier mobility, and intensive blue
emission with high fluorescence efficiency. 7 ® Thus, pyrene-based derivatives are an
important building block not only for exploring high performance n-type organic
semiconductors, ° but also are widely used as organic luminescent materials for organic
light emitting diodes (OLEDs), '° and fluorescent probe applications. On the other hand, it
is very popular to prepare pyrene-based D-A molecules with intriguing optoelectronic
properties via a rational molecular design. For example, Klaus reported a multi-step
synthetic protocol to asymmetrically functionalize pyrene at the 4,5- and 9,10-positions, to
afford a red luminescent molecule (613 nm) via tuning of the HOMO-LUMO gap to 2.26
eV. ! Moreover, our group presented new pyrene-based dipolar molecules via controllable
regioselective substitution at the 1,3- and 6,8- (or 5,9-) positions of pyrene, which exhibited
wide tuneable emission over the range from blue (437 nm) to orange-red (571 nm) in
solution. More importantly, there is no doubt that expanding the m-conjugation molecular
skeletons of pyrene with suitable D-A substituents is an available method to achieve novel
TPA properties © 1213 and long wavelength emission fluorescent materials. '* However,

pyrenes possessing more j-conjugated aromatic rings not only suffer from decreased air



stability, solubility and fluorescence properties, but also are increasingly difficult to
synthesize.

Polycyclic heteroaromatics are an important class of m-conjugated compounds, where
the molecular skeletons containing N, O or B atom can enhance the thermal/air stability
and tuneable optoelectronic properties, as well as increase the electron affinity. Liu et al.
reported a series of pyrene-fused thioxanthenes, which possessed a high HOMO level and
a narrow energy gap. '> Moreover, Liu proposed novel n-type pyrene-based azaacences via
incorporating boron—nitrogen coordination bonds at the pyrene core, which exhibited low-
lying LUMO energy levels and high electron affinities with electron mobility of ~ 1.60 cm?
V-1 g7l 1617 Meanwhile, the K-region of pyrene-fused furan derivatives is not only used to
access synthetic intermediates,'® but also to afford excellent blue light materials for OLEDs.
192021 Tt is noteworthy that the arylethynyl group when at the 1,3,6,8-positions of pyrene
can influence the S,;<—S, and S;<—S, transitions, '* and lead to emission across the visible
region. 2 Recently, our group synthesized a new pyrene-based intermediate 1,3,6,8-
tetrabromo-2-hydroxypyrene (1) for the preparation of solid-state dual emission materials.
2 It was found that the 1-, 3-, 6- and 8- substituted alkynylpyrene derivatives exhibited
marked electrogenerated chemiluminescence,?* and TPA properties with a large § value. °
We were inspired by the knowledge that 2-(4-methoxyphenyl)benzofuran (MBF) can be
accessed via two synthetic steps involving a Pd-catalyzed Sonogashira reaction and a
cyclization reaction using a 2-bromophenol precursor albeit in a relatively low yield, 2

which also can be achieved by a one-step synthesis using specific palladium catalysts



(Schemel). 26 Thus, the key intermediate 1 could also allow for the formation of pyreno[2,1-
b]furan molecules with excellent optical properties. With this in mind, we describe herein
a facile, one-pot synthesis of a series of novel pyreno[2,1-b]furan derivatives 2a-¢ and 3
which exhibit excellent optical behavior with TPA properties. More importantly, we
successfully regulated the two-photon absorption cross section (0) value up to 533 GM via
introducing electron donating groups. To the best of our knowledge, this is the first example
to achieve highly efficient luminescent materials by expanding the s-conjugated pyrene

skeleton using a one-step classical synthetic reaction.

2. Results and discussion

2.1 Synthesis and characterization

According to Scheme 1, the pyreno[2,1-b]furan molecules 2 and 3 were synthesized by
a one-pot synthesis using a Pd-catalyzed Sonogashira coupling reaction in high yield. The
structures of all compounds were confirmed by 'H/"*C NMR spectra, high resolution mass
spectrometry (HRMS), as well as by single crystal X-ray diffraction analysis. The
substituents (such as the 4-methoxyphenylethynyl, 4-(zert-butyl)phenylethynyl,
trifluoromethylphenyl, ethynylthiophenyl) were selected for regulating the electron effect
in order to optimize the optical behavior. However, the expanding st-conjugated compounds
display a relatively low solubility in organic solvents, and did not dissolve in water.

Based on our experiments, if the substituted group occupies the 1,3,6,8-positions of

pyrene, the symmetric molecules would show simple 'H NMR proton peaks at low field in



the region 8.2-9.0 ppm, whilst the proton signal for the -OH is located at 5.36 ppm.
However, considering 2b as an example, four pairs of double proton peaks at & 8.71, 8.64,
8.59, 8.34 and a singlet peak at 8.31 ppm respectively, with integrations of 1:1:1:1:1:1 are
observed, while the singlet peak for the -OH has disappeared, implying that the target
compound 2b possesses an unsymmetric structure. (Figure S4) Moreover, 'H-'H NOSEY
NMR spectroscopy of 2 and 3 was performed to confirm the molecular structures. In the
case of 2b, the single peak at 7.62 ppm was assigned to the proton at the furan ring, which
correlates with the double peak at 7.51 ppm from the proton of the phenyl ring (Figure
S14). Thus, both NMR spectroscopy and the HRMS are in agreement with a pyreno[2,1-

b]furan structure.
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Scheme 1. Synthetic route to pyreno[2,1-b]furan molecules 2 and 3; top right: ORTEP
drawing of crystal 2b. the ellipsoid probability is 30%; insert: the compounds 2 and 3 under
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Fortunately, single crystals of 2b (CCDC: 2166623) suitable for X-ray crystallography
were cultivated from CHCI; solvent, which were not stable under air (the small size of
crystals led to weak diffraction and high R indices). The X-ray crystallographic analysis
provides direct evidence to confirm the exact structure of the pyreno[2,1-b]furan molecule
2b. The crystal of 2b crystallizes in the triclinic system with a P-1 space group. The
compound 2b forms an almost co-planar molecular framework with a dihedral angle of
~30.27 ° between the pyreno[2,1-b]furan core and the 4-(fert-butyl)phenylethynyl units.
Moreover, the molecule adopts a face-to-face st-7t interaction with a distance of 3.38 A,
(Figure S21) indicating that the compounds prefer to form a dimer in the aggregated state

or in the solid state.
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Scheme 2. The proposed mechanism of the one-pot synthesis of pyreno[2,]1-b]furan

molecules 2 and 3.

Previously, the metal-catalyzed cyclization reaction of o-alkynyl phenols to
benzofurans have been summarized.?’” Following these reports, a plausible reaction

mechanism for the Pd-catalyzed one-pot synthesis of pyreno[2,1-b]furan has been proposed



in Scheme 2.28293%3!1 The mechanism of the Pd-catalyzed Sonogashira coupling reaction to
arylethynyl was thoroughly investigated. We speculate that a Pd-catalyzed coupling
reaction of the pyrene-based precursor 1 affords the symmetric compound a. Then, the
Pd(II)-catalyzed cyclization occurred via attack of the triple bond to form the pyreno|[2,1-
b]furan intermediate c¢. Following, protonation of the intermediate ¢, the compounds 2 or 3
were afforded. 253
2.2 UV-vis and fluorescence spectra

The photophysical properties of 2 and 3 were investigated in dilute THF solution (~10-°
M) at room temperature, and their corresponding photophysical data are summarized in
Table 1. As shown in Figure 1A, the UV-vis spectra of the four compounds exhibited
similar absorption behavior, i.e. two distinct absorption bands are located in the range 300-
370 nm and 400-525 nm, respectively. The short-wavelength absorption band can be
assigned to a vibronic feature characteristic of the s-conjugated pyreno[2,1-b]furan
skeleton absorption, and the long-wavelength absorption band originates from
characteristic n—st* transitions. Clearly, the maximum long-wavelength absorption band of
compounds 2 and 3 are more than 10 nm red shifted compared to 1,3,6,8-tetrakis[(4-
methoxyphenyl)ethynyl]pyrene, 2> which may be ascribed to the expanded m-conjugated
pyreno[2,1-b]furan core. Additionally, among the four compounds, 2a displayed the largest
absorption wavelength (A= 495 nm), which can be attributed to the methoxy group having
the strongest electron-donating ability of the four different substituents. With the

substituents replaced by ethynylthiophenyl units, compound 3 exhibits a higher molar



absorption coefficient of € = 1.15 x10° M! cm!, indicating that 3 forms a more planar
structural conformation with a larger st-conjugation system compared to compound 2.
Furthermore, the absorption of compounds 2-3 were measured in thin films (Figure 1C),
and 2a exhibits a large red shifted absorption peak compared to in solution, while the short
wavelength absorption bands of 2b and 2c¢ exhibit only slight changes. However, the
maximum long wavelength absorption peaks of the compounds were blue shifted to 470
nm for 2b and 464 nm for 2¢, respectively. In contrast to 2a, the maximum short wavelength
absorption peak of compound 3 was red shifted to 355 nm, and the maximum long
wavelength absorption peaks was blue shifted to 472 nm. In addition, the compounds 2a,
2¢ and 3 display a broader absorption band in range 310-800 nm, which may be ascribed
to their different molecular packing via intramolecular interactions, such as st-7 stacking,

and hydrogen bonding interactions.
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Figure 1. (A), (C) UV-Vis absorption and (B), (D) normalized PL of the pyreno[2,1-
b]furan molecules 2 and 3 in THF (10 uM) and in the solid state at room temperature. Insert:
fluorescent photographs of 2 and 3 taken under 365 nm UV irradiation in THF solution and

in the solid state, respectively.

Table 1. Physical and Electrochemical Properties of pyreno[2,1-b]furan molecules 2 and 3.

Nabs AmaxpL, Stock shift T LUMO HOMO Eg
Comd. (on
(nm) (nm) (nm) (ns) (eV)b (eV)P (eV)b
348,495 516,550 212 0.8392 2682
2a 233 -4.76 243
373,540° 636° 96 0.155° 775"
342,489 510,543 21 0.851 261
2b -2.49 -4.95 2.46
344,470 625 155 0.266 16.97
342,488 508, 540 20 0.777 2.64
2¢ -3.20 -5.64 244
341, 464 639 175 0.157 18.86
338,484 505,536 21 0.791 2.72
3 -2.56 -5.05 2.50
355,472 640 168 0.028 6.68

4 Absorption wavelength measured in THF solution at room temperature. » in thin film,© DFT (B3LYP/6-311G (d,p)) calculations.




Upon excitation, all compounds emit intense green emission with maximum emission
peaks at 516 nm for 2a, 510 nm for 2b, 508 nm for 2¢ and 505 nm for 3 (Figure 1B),
respectively, with high fluorescence quantum yields (@y) in the range 0.78-0.85 in THF
solution, in the order fert-butyl (2b) > methoxyl (2a) > thiophenyl (3) > trifluoromethyl
(2¢). In addition, compound 2a exhibits a red shifted emission of 20 nm compared with
1,3,6,8-tetrakis(4-methoxy-phenylethynyl)pyrene. 22 On the other hand, all compounds in
the solid state are orange-red in color with a broaden absorption band from 320-800 nm.
The maximum long wavelength absorption exhibited by 2a is red shifted to 540 nm. The
pyreno[2,1-b]furan molecules exhibit a blue shifted absorption peak at 489 nm for 2b, 488
nm for 2¢ and 472 nm for 3, respectively. The former originate from the J-aggregation and
the latter may be attributed to the formation of H-aggregation, 3 which is consistent with
the crystal packing pattern. The maximum photoluminescence (PL) peaks of compounds 2
and 3 were recorded in the range 625-640 nm, and a large red shifted emission (~82 nm)
was observed for these compounds in the film state compared to in THF solution. This is
due to the expanded m-conjugated molecular structures, resulting in stronger n-r stacking
interactions in the solid state, and @rdecreased to 0.03-0.27. The concentration-dependent
PL spectra for compounds 2 and 3 were also measured. Taking compound 2a as example,
it exhibits a maximum emission peak at 514 nm with a shoulder peak at 550 nm over the
concentration range 1077 to 10> M. As the concentration increased from 10 to 10 M, the
shoulder emission peak at 550 nm was enhanced with a fading emission peak at 514 nm.

We infer that the emission peak at 550 nm is originating from different vibrational



progression. ** Also, the compounds 2b, 2¢ and 3 show a similar concentration-dependent
PL behavior (Figure S27). Moreover, as the concentration increased, the proton peaks of
the pyreno[2,1-b]furan framework and the phenyl ring were shifted upfield according to
their 'H NMR spectra, indicated that compounds 2 and 3 exhibit strong n-7 stacking

interactions (Figures S9-S12).

2.3 DFT calculations

Furthermore, the optimized geometric conformation and electron distributions were
investigated at the 6-311G(d,p) basis set using Gaussian 09 program by DFT calculations.
The optimized geometries revealed that the pyreno[2,1-b]furan molecules arrange with near
co-planar conformations, with a twist angle less than 2°, which is beneficial to forming
n---m stacking in the aggregated state, which is consistent with the optical properties.
Compared to alkynylpyrene derivatives,?*3° the highest occupied molecular orbitals
(HOMO) and the lowest unoccupied molecular orbitals (LUMO) were both mainly located
on the pyreno[2,1-b]furan core, the furan ring and a fragment of the substituent groups
(Figure 2). The solvatochromic effect indicated that both UV-vis absorption and PL spectra
of compound 2 show a positive solvatochromism with a red shifted absorption band of ~15
nm and the emission was red shifted by 17~20 nm along with a successive decreased in
fluorescence intensity (Figures S23-S26). This studies indicated that the slightly separated

HOMO and LUMO lead to solvent dependent red shifted emission, which is due to the



synergetic effect of intramolecular charge transfer (ICT) and local excited state under
irradiation. 3¢

According to the DFT calculations, although compounds 2 have a similar energy gap, 2¢
illustrated higher HOMO and LUMO levels compared to 2a and 2b, and 3, which may

contribute to the easier hole injection and strength of the hole transport ability.37-%
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Figure 2. Molecular orbital plots of 2 and 3 calculated at the B3LYP/6-311G(d,p) level.

2.4 Two-photon absorption properties

Inspired by the two-photon absorption properties of 1,3,6,8-alkynyl-conjugated pyrenes,
6 two-photon excitation fluorescence spectra of the pyreno[2,1-b]furan molecules 2, were
performed in DMSO (5 uM). The emission signals were collected under different pulse

wavelength (740-880 nm) excitation. As shown in Figure S30, three compounds 2a-2c¢



exhibit intense two-photon excitation fluorescence in the range 740-880 nm. Using
rhodamine B as the standard, the calculated two-photon absorption cross section (d) are
presented in Figure 3A, and the maximum 9 is 438 GM for 2a, 533 GM for 2b and 234 GM
for 2¢, under laser excitation at 800 nm, respectively. The results indicated that although
the compounds possess the same pyreno[2,1-b]furan skeleton and m-conjugated chain
length, the electron donating groups at the terminus play a significant role in improving the
TPA cross section in the pyrene system. Moreover, the fluorescence intensity enhanced
relatively linearly as the laser power increased, and the log-log plot of the fluorescence
integral versus pumped power were fitted linearly with slope of 1.86 for 2a, 1.81 for 2b
and 1.78 for 2¢, respectively, indicating a facile two-photon excitation mechanism for the
pyreno[2,1-b]furan molecules 2 (Figures 3C). Thus, the excellent PL properties with a high
0 value of 2 would make an impressive two-photon fluorescent material for potential

application in bioimaging.
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the fluorescence integral (Iou) versus pumped power (lin) and at different excitation

intensities (mW) irradiated by an 800 nm femtosecond pulsed laser light.

3. Conclusions

In summary, we report a facile, one-pot synthesis of pyreno[2,1-b]furan molecules from a
new bromopyrene intermediate. The molecular structures were fully characterized. The
new pyreno[2,1-b]furan molecules with expanded n-conjugated molecular skeletons
display differentiable emission behavior both in solution and in the solid state, which can
attributed to the planar structure, leading to m-m stacking. These preliminary results
indicated that the pyreno[2,1-b]furan molecules are excellent TPA fluorophores with a o
value of 533 GM in DMSQO, and the terminal group with electron donating properties plays
a significant role in regulating the & value. Thus, this study not only offers a synthetic
method to new pyreno[2,1-b]furan molecules and is beneficial for expanding the
applications of such molecules not only in organic electronics, but also would be as great
nonlinear optical materials yield for potential application in bioimaging. Further research

on the applications of such molecules is ongoing in our laboratory.

4. Experimental

4.1 Materials
Unless otherwise stated, all reagents used were purchased from commercial sources and

were used without further purification. Specpure grade solvents were used for spectroscopic



measurements. The pyrene-based intermediate 1,3,6,8-tetrabromo-2-hydroxypyrene (1)
was synthesized following the reported procedure.?

4.2 Characterization

'H and '3C NMR spectra were recorded on a Bruker AV 400M spectrometer using
chloroform-d solvent and THF-d§ and tetramethylsilane as internal reference. J-values are
given in Hz. '"H NMR and 'H-'"H NOSEY NMR spectroscopy were recorded on a Bruker
AV 600M using chloroform-d solvent and THF-d8 solvent. High-resolution mass spectra
(HRMS) were recorded on a LC/MS/MS, which consisted of a HPLC system (Ultimate
3000 RSLC, Thermo Scientific, USA) and a Q Exactive Orbitrap mass spectrometer. UV -
vis absorption spectra and photoluminescence (PL) spectra were recorded on a Shimadzu
UV-2600 and the Hitachi F-4700 spectrofluorometer. PL quantum yields were measured
using absolute methods using a Hamamatsu C11347-11 Quantaurus-QY Analyzer. The
fluorescence lifetime was recorded on an Edinburgh FLS 980 instrument and measured
using a time-correlated single-photon counting method. Thermogravimetric analysis was
carried on a Mettler Toledo TGA/DSC3+ under dry nitrogen at a heating rate of 10 °C/min.
The quantum chemistry calculations were performed using the Gaussian 09 (B3LYP/6—
311G (d,p) basis set) software package. Structural assignments were made with additional
information from gCOSY experiments.

4.3 X-ray Crystallography

Crystallographic data for 2b was collected on a Bruker APEX 2 CCD diffractometer with

graphite monochromated Mo Ko radiation (A = 0.71073 A) in the ® scan mode. 33 3* The



structure was solved by charge flipping algorithms and refined by full-matrix least-squares
methods on F2. 3 49 All esds (except the esd in the dihedral angle between two L.s. planes)
were estimated using the full covariance matrix. The cell esds were considered individually
in the estimation of esds in distances, angles and torsion angles. Correlations between esds
in cell parameters were only used when they were defined by crystal symmetry. An
approximate (isotropic) treatment of cell esds was used for estimating esds involving L.s.
planes. The final cell constants were determined through global refinement of the xyz
centroids of the reflections harvested from the entire data set. Structure solution and
refinements were carried out using the SHELXTL-PLUS software package. 3° Data
(excluding structure factors) on the structure reported here has been deposited with the
Cambridge Crystallographic Data Centre. CCDC 2166623 for 2b contains the
supplementary crystallographic data for this paper. These data could be obtained free of
charge from The Cambridge Crystallographic Data Centre via

www.ccdc.cam.ac.uk/data_request/cif.

4.4 Synthetic procedures

Synthesis of 2-hydroxypyrene (Py-OH).*

Under a nitrogen atmosphere, a mixture of pyrene-2-(4,4,5,5-tetramethyl-
[1, 3, 2]dioxaborolane) > (600 mg, 1.8 mmol, 1.0 eq.) and NaOH (270 mg, 4.6 mmol, 2.5
eq.) in THF (70 mL) was stirred for 10 min. Then, an aqueous solution of H>O> (0.5 mL,
30%) and 1 mL H>O was added into the mixture and stirred for 4 h at room temperature,

and then the solution was acidified to pH 1-2 by using 1 M HCIl. The product was



evaporated and extracted with dichloromethane (3 x 30 mL) three times, washed with
saturated brine (50 mL), and dried with MgSO4. The organic phase was evaporated and the
residue was dissolved in 3 mL ethyl acetate. Then, ethanol (200 mL) was added until the
precipitate appeared, which was further filtered under reduced pressure to afford compound
Py-OH as a light-green solid (360 mg, 91% yield). '"H NMR (400 MHz, CDCls): 6 8.16 (d,
J=7.6 Hz, 2H), 8.06 (d, J = 9.0 Hz, 2H), 7.98 — 7.90 (m, 3H), 7.64 (s, 2H), 5.45 (s, 1H,
OH) ppm, which is consistent with Marder’s report. 344!

Synthesis of 1,3,6,8-tetrabromo-2-hydroxypyrene (1)*

A mixture of bromine (0.65 mL, 12.0 mmol, 6 eq.) with nitrobenzene (10mL) was added dropwise
to a solution of Py-OH (516 mg, 2.0 mmol, 1 eq.) in nitrobenzene (40 mL). The mixture was
vigorously stirred at 120°C for 24 h. After cooling to room temperature, a brown precipitate formed.
The mixture was filtered with hexane (200 mL) under reduced pressure to afford compound 1 as
a bright-brown solid (941 mg, yield at 89%) (melting point: > 300°C), which was insoluble in
common organic solvents, such as chloroform and DMSO, but slightly soluble in ethanol. The
product was not further purified and was used as such for the Suzuki coupling reactions directly.
The solid was characterized by HRMS. HRMS (FTMS - p APCI) m/z: [M - H] Calcd for

C16HsBr4O 532.8268; Found, 532.7036.

Synthesis of 8-(4-methoxyphenyl)-1,3,6-tris((4-methoxyphenyl)ethynyl)pyreno(2,1-

b]furan (2a).



The pyreno[2,1-b]furans 2 and 3 were synthesized from 1,3,6,8-tetrabromo-2,7-
dihydroxypyrene (1) using the corresponding arylboronic acid by a Sonogashira reaction
in considerable yield. 43

A mixture of 1 (320 mg, 0.6 mmol, 1.0 eq.), 1-ethynyl-4-methoxybenzene (475 mg, 3.6
mmol, 6.0 eq.) and Cul (100 mg, 0.5 mmol, 0.9 eq.) were dissolved in DMF (5 mL) and
EtzN (5 mL) and stirred under a nitrogen atmosphere, then PdCIl>(PPhs), (50 mg, 0.07
mmol, 0.1 eq.) was added, and the mixture was vigorously stirred at 90°C for 48 h. After
cooling to room temperature, the reaction mixture was quenched with water (50 mL) and
extracted with ethyl acetate three times (3 x 30 mL). The combined organic layer was
washed with water and brine (100 mL), dried over MgSO4 and evaporated. The crude
product was further purified by column chromatography with hexane/ chloroform (Vnexane:
Vcuce = 2:1) as the eluent to afford 8-(4-methoxyphenyl)-1,3,6-tris((4-
methoxyphenyl)ethynyl)pyreno[2,1-b]furan (2a) as an orange-red solid (120 mg, 27%. Due
to the low solubility, the target compound 2a was adsorbed by silica gel in the purification
process, leading to a low yield.), which was recrystallization (Vhexane: Vcueiz = 1:2) to afford
2a as an orange-red solid. Melting point: 188-190 °C 'H NMR (400 MHz, CDCI3) & 8.73
(d, J=9.2 Hz, 1H), 8.67 (d, J = 8.9 Hz, 1H), 8.60 (d, J=9.2 Hz, 1H), 8.37 (d, J=9.0 Hz,
1H), 8.31 (s, 1H), 8.01 (d, J = 8.7 Hz, 2H), 7.77 (d, J = 8.7 Hz, 2H), 7.77 (d, J = 8.7 Hz,
2H), 7.67 (d, J = 2.1 Hz, 2H), 7.65 (d, J = 2.2 Hz, 2H), 7.57 (s, 1H), 7.05 (d, J = 8.8 Hz,
2H), 7.01 (d, J = 8.7 Hz, 2H), 6.97 (d, J = 8.2 Hz, 4H), 3.91 (s, 6H), 3.89 (s, 6H) ppm. 1*C

{'"H} NMR (100 MHz, CDCl;) 6 160.7, 160.4, 160.2, 157.9, 152.5, 133.2, 133.0, 132.1, 130.8,



129.1, 126.6, 125.8, 125.6, 124.8, 124.7, 124.2, 123.7, 122.8, 120.9, 118.2, 118.2, 115.5,
115.4,114.2,114.1, 114.0, 103.1, 100.5, 98.8, 95.8, 95.6, 86.6, 86.6, 81.6, 54.7, 54.6, 29.7
ppm. HRMS (FTMS + p APCI) m/z: [M+H]" Calcd for Cs»H350s5 739.2479; Found,
739.2479.

Synthesis of 8-(4-(tert-butyl)phenyl)-1,3,6-tris((4-(zert-
butyl)phenyl)ethynyl)pyreno|[2,1-b]furan (2b).
8-(4-(tert-butyl)phenyl)-1,3,6-tris((4-(tert-butyl)phenyl)ethynyl)pyreno[2,1-b]furan (2b)
was purified by column chromatography using hexane as the eluent to afford 2b as an
orange-red solid (100 mg, 59%). 'H NMR (400 MHz, CDCls) & 8.71 (d, J = 9.2 Hz, 1H),
8.64 (d, J=9.0 Hz, 1H), 8.59 (d, J =9.2 Hz, 1H), 8.34 (d, J = 9.0 Hz, 1H), 8.31 (s, 1H),
8.00 (d, J=8.4 Hz, 2H), 7.78 (d, J= 8.3 Hz, 2H), 7.69 (d, J= 2.4 Hz, 2H), 7.67 (d, J=2.4
Hz, 2H), 7.63 (s, 1H), 7.55 (d, J = 8.4 Hz, 2H), 7.51 (d, J = 8.4 Hz, 2H), 7.48 (d, J = 1.0
Hz, 2H), 7.45 (d, J = 1.2 Hz, 2H), 1.42 (s, 18H), 1.39 (s, 18H) ppm. *C {'H} NMR (100
MHz, CDCLy) 6 157.7, 152.8, 152.2, 151.9, 151.7, 151.7, 132.6, 131.7, 131.6, 131.3, 131.1,
129.5, 127.4, 126.9, 125.9, 125.8, 125.5, 125.5, 125.3, 125.2, 125.1, 124.7, 124.2, 123.9,
120.9, 120.7, 120.6, 118.0, 103.1, 100.5, 99.7, 95.8, 95.6, 87.8, 87.7, 82.7, 68.0, 50.9, 35.0,
34.9,31.6,31.3,31.3,31.3 ppm. HRMS (FTMS - p APCI) m/z: [M-H] Calcd for Cs4Hs70
842.4493; Found, 842.4502.

Synthesis of 8-(4-(trifluoromethyl)phenyl)-1,3,6-tris((4-

(trifluoromethyl)phenyl)ethynyl)pyreno[2,1-b]furan (2¢).



The compound 8-(4-(trifluoromethyl)phenyl)-1,3,6-tris((4-(trifluoromethyl)phenyl)
ethynyl)pyreno [2,1-b] furan (2¢) was purified by column chromatography using
dichloromethane as the eluent to afford 2¢ as an orange-red solid (80 mg, 22%) Melting
point: 117-119 °C. '"H NMR (400 MHz, [Ds]-THF) & 8.78 (d, /= 4.9 Hz, 1H), 8.75 (d, J =
4.6 Hz, 1H), 8.65 (d, J = 9.3 Hz, 1H), 8.62 (d, J = 9.0 Hz, 1H), 8.41 (s, 1H), 830 (d, J =
6.4 Hz, 3H), 8.02 (d, J = 7.9 Hz, 2H), 7.90 (d, J = 5.8 Hz, 4H), 7.85 (d, J = 8.6 Hz, 2H),
7.82 (d, J = 8.5 Hz, 2H), 7.78 (d, J = 7.9 Hz, 4H) ppm. The 3C NMR spectrum of this
compound could not be determined due to its low solubility. HRMS (FTMS - p APCI) m/z:
[M-H] Calcd for Cs2H21F120 890.1485; Found, 890.1493.

Synthesis of 8-(thiophen-3-yl)-1,3,6-tris(thiophen-3-ylethynyl)pyreno[2,1-b]furan (3).
The 8-(thiophen-3-yl)-1,3,6-tris(thiophen-3-ylethynyl)pyreno[2,1-b]furan (3) was purified
by column chromatography using dichloromethane as the eluent to afford 3 as an orange-
red solid (40 mg, 16%) Melting point: 166-168 °C. Due to the low solubility, the target
compound 3 was adsorbed by silica gel during the purification process, leading to a low
yield. '"H NMR (400 MHz, [Ds]-THF) & 8.79 (d, J = 9.2 Hz, 1H), 8.74 (d, /= 9.0 Hz, 1H),
8.65 (d, J=9.2 Hz, 1H), 8.58 (d, J = 9.0 Hz, 1H), 8.32 (s, 1H), 8.14 (dd, J= 2.9, 1.1 Hz,
1H), 7.99 (dd, J= 2.9, 1.1 Hz, 1H), 7.90 (s, 1H), 7.87 (td, J= 2.9, 1.1 Hz, 2H), 7.75 (dd, J
= 5.0, 1.1 Hz, 1H), 7.62 (dd, J = 5.0, 2.9 Hz, 1H), 7.58 (dd, J = 4.9, 3.0 Hz, 1H), 7.56 —
7.52 (m, 2H), 7.50 (dd, J=4.9, 1.1 Hz, 1H), 7.40 (d, J = 5.0 Hz, 2H) ppm. The 3*C NMR
spectrum of this compound could not be determined due to its low solubility. HRMS

(FTMS - p APCI) m/z: [M-H] Calcd for C40H170S4 642.0246; Found, 642.0253.



Synthesis of 2-(4-methoxyphenyl)benzofuran (MBF).

A mixture of 2-bromophenol (350 mg, 2 mmol, 1.0 eq.), 3-ethynylthiophene (260 mg, 2
mmol, 6.0 eq.), PPh3 (100 mg, 0.4 mmol, 0.19 e.q.) and Cul (100 mg, 0.5 mol, 0.3 eq.) were
dissolved in DMF (5 mL) and EtsN (5 mL) and stirred under a nitrogen atmosphere, and
then PdCl>(PPh3)> (106 mg, 0.15 mmol, 0.08 eq.) was added and the mixture was
vigorously stirred at 120°C for 48 h. After cooling to room temperature, the reaction
mixture was quenched with water (50 mL), and extracted with DCM three times (3 x 30
mL). The combined organic layer was washed with water and brine (100 mL), then dried
over MgSO4 and evaporated. The crude product was further purified by column
chromatography using hexane/dichloromethane (Vhexane: Vchzcrz = 2:1) as the eluent to
afford 2-(4-methoxyphenyl)benzofuran (MBF) as a white solid (50 mg, 11%). 'H NMR
(400 MHz, CDCI3) 6 7.80 (d, J = 8.8 Hz, 2H), 7.55 (d, J =4 Hz, 1H), 7.50 (d, ] = 7.9 Hz,
1H), 7.22 (dt, J = 7.3, 4.1 Hz, 2H), 6.98 (d, J = 8.8 Hz, 2H), 6.89 (s, 1H) ppm, which is
consistent with Ollivier’s report.**

4.5. Preparation of the film: The pyreno[2,1-b]furan molecules (5 mg) were dissolved in
THF (10 mL) and spin-coated in silicon pellet at 500 rp/min at room temperature. The

prepared thin film was utilized for fluorescence measurements.
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