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for perovskite solar cells
Benjamin Brandes, Björn A. Weber and René Csuk *
Full Address: Martin-Luther-University Halle-Wittenberg, Organic Chemistry, Kurt-Mothes-Str. 2, D-06120
Halle (Saale), Germany

Abstract: Perovskite solar cells (PSC) are one of the most promising emerging photovoltaic technologies for a
sustainable and profitable energy economy. However, finding alternative, stable, and cheap hole transport
materials (HTM) required for these devices is one of the bottlenecks alongside finding optimal manufacturing
processes to increase the market viability further. Here we show the synthesis and characterization of six small
conjugated molecules HTMs and discuss their viability for future applications. For further validation, DFT
calculations were carried out to underline the usability of the HTMs. In the future, these HTMs might help build
cheaper and more efficient PSCs. Additionally, this work offers an insight on how to evaluate HTMs without
needing to assemble a PSC. Finally, this work might help boost research efforts also for research groups with
limited instrument availability.
Keywords: Hole Transport Material (HTM); Perovskite Solar Cell (PSC); Synthesis and Characterization, Energy
Level Alignment.
1. Introduction
The growing demand for sustainable and reliable
energy sources is prospering the research on
photovoltaics (PV). The photovoltaic sensitizing
effect of perovskite was firstly reported 1 in 2009, and
the first certified Perovskite solar cells (PSCs)
emerged 2 only a couple of years later. Nowadays, for
some of them, an outstanding performance has been
reported 2,3 holding a certified power conversion
efficiency (PCE) of up to 25.7%. However, using
lead-based perovskites causes a toxicity problem;
thus, research in the field of alternatives is flourishing
to find more eco-friendly systems 4,5. PSCs are also
frequently used in tandem solar cells because of their
complementing absorption spectra. The concept for
these cells originates from dye-sensitized solar cells
(DSSCs), but they differ in structure, efficiency, and
stability issues. A hole transport material (HTM) is
used to extract the holes generated in the perovskite
absorption layer. Replacing the well-established
HTM spiro-OMeTAD, being much more often used
in combination with an additional dopant, is believed
to be the most promising attempt 6-8 to boost both
stability and cost efficiency of the cells but also to
improve the environmental impact of PSCs. To be
competitive in the market, PSCs life spans > 20 years
and PCE of 18% are needed (assuming HTM costs
78 $/g). Spiro-OMeTAD, however, is only
commercially available 9 in Europe from European
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vendors (for example, Merck-Sigma-Aldrich or abcr
GmbH) for > 210 $/g (typical lab quantities).
Therefore, developing dopant-free HTMs to be used
in PSCs is still the focus of scientific interest.
However,
polymeric
HTMs
like
PTAA
[poly(triaryl)amine]
and
P3HT
[poly(3hexylthiophene)] were successfully used in highperformance and more thermostable PSCs but
suffered from batch-to-batch inconsistency and higher
costs 10. Moreover, developing suitable HTMs seems
to be the bottleneck of perovskite solar cell
modules 11 and thus for their worldwide
commercialization. Herein we report the synthesis
and characterization of chemically and optically
stable small molecule HTMs, and their potential is
discussed.
2. Results and Discussion
2.1. Design and synthesis
For the HTMs five core structures were
chosen (Figure 1): hexaphenylbenzene (1),
tetraphenylmethane (4), tetraphenylethene (10),
spirobifluorene (16), and fluorene (21). Most of these
are common structures in small molecule HTMs; most
of these compounds can be obtained from local
suppliers 12 at a reasonable price since they are already
produced in large batches. For efficient hole transport,
the morphology of the HTM is a vital parameter
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strongly affected by π-π stacking and solid-state
interactions. Thus, HTMs 3, 6, 12, 19, 20, and 23 were
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chosen as promising candidates and thus synthesized
(Figure 1).

Figure 1. Core structures of the synthesized HTMs. HTMs 3, 6, 12, 19, 20, and 23 were soluble in common
solvents for aromatic compounds (for example DCM, CHCl 3, chlorobenzene, and toluene)
Their straightforward synthesis started from 1 as a
commercially available starting material; the reaction
sequence included a bromination reaction (→ 2)
followed by a Buchwald-Hartwig reaction to yield

HTM 3 in a total yield of 79% (Scheme 1). This
sequence proved more convenient than other
syntheses, and the costs per gram (21.03 $/g) depend
strongly on the expenses of 1 13,14.
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Scheme 1. Synthesis of HTM 3: a) Br2, RT, 50 min, 97% → EtOH, -20°C → RT, 6 h; b) t-BuOK, toluene, 0°C,
15 min → 4,4‘-dimethoxydiphenylamine, Pd(t-Bu3P)2, toluene, RT → 111 °C, 24 h, 81%
The synthetic costs were calculated using assumptions
adapted from literature and can be found for every
compound in the supporting material 12. Following the
same synthetic scheme route for the synthesis of HTM

3, HTM 6 was obtained in three steps with a total yield
of 78%; other procedures 15 failed to deliver higher
yields (Scheme 2).

Scheme 2. Synthesis of 6: a) aniline, triphenylchloromethane, 190°C, 15 min → HCl (2 M), MeOH, 80°C, 30
min → conc. H2SO4, isopentyl nitrite, -15°C, 1 h → hypophosphorous acid (50%), 50 °C, 87%; b) Br2, RT, 20
min → EtOH, - 78 °C, 94%; c) t-BuOK, toluene, 0°C, 15 min → 4,4‘-dimethoxydiphenylamine, Pd(t-Bu3P)2,
toluene, RT → 111°C, 16 h, 95%
However, a different cross-coupling route was called
for synthesizing HTM 12. Firstly, the boronic acid
pinacol ester 9 was synthesized by Friedel-Crafts
alkylation, followed by bromination and lithiationborylation, summing up to a total yield of 56%.
Furthermore, the brominated core structure 11 was

synthesized from benzophenone via a McMurry
coupling reaction and a subsequent bromination
yielding 11 in a total yield of 93%. In addition, a
fourfold Suzuki-Miyaura reaction gave 12 in a
diminished but acceptable total yield of 15%
(Scheme 3).
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Scheme 3.
Synthesis of HTM 12: a) pyrene, t-BuCl, AlCl3, DCM, 0°C, 1 h, 80% → RT, 12 h; b) HBR (47%), H2O2 (30%),
Et2O/MeOH, 0°C → RT, 12 h, 83%; c) n-BuLi, THF, -78°C, 2 h → 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2dioxaborolane, - 78°C → RT, 12 h, 84%; d) P(t-Bu)3, Pd(OAc)2, K2CO3, toluene/H2O, reflux, 33 h, 15%; e)
TiCl4, zinc, THF, -40°C → 90°C, 2 h → benzophenone, 0°C → 90°C, 12 h, 98%.; f) FeCl3, Br2, CHCl3, RT,
12 h., 95%
For the synthesis of HTMs 19 and 20, the brominated
spirobifluorene 18 was synthesized in four steps with
a total yield of 53%. In contrast, boronic acid pinacol

ester 14 was synthesized by a Suzuki-Miyaura
reaction with a total yield of 50%. The fourfold
Suzuki-Miyaura reaction of 14 with 11 yielded an
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insoluble product that could only be characterized by
IR (ATR); its solubility was too low even for
measurements by NMR. Furthermore, HTM 19 was
accessed with a yield of 13%; this compound was
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soluble and thus characterized in full. Again, a
fourfold Suzuki-Miyaura reaction between 9 and 18
was used to obtain HTM 20 with a total yield of 20%
(Scheme 4).

Scheme 4. Synthesis of HTM 19 and 20: a) 4-bromo-1-iodobenzene, P(t-Bu)3, Pd(OAc)2, K2CO3, toluene,
reflux, 10 h, 69%; b) n-BuLi, THF, -78°C, 2 h → 2-isopropoxy-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, - 78°C
→ RT, 12 h, 72%; c) P(t-Bu)3, Pd(OAc)2, K2CO3, toluene/H2O, reflux, 38 h, 23%; d) 2-aminobiphenyl, conc.
HCl, H2O, RT → NaNO2, 0°C, 45 min → KI, 0 °C,→ RT, 12 h, 71%; e) t-BuLi, Et2O, -78 °C, 1 h → fluorenone,
-78°C, 45 min → RT, 1 h, 87%; f) HCl, AcOH, reflux, 30 min, 95%; g) FeCl 3, Br2, CHCl3, 0°C → RT, 3 h →
cyclohexene, RT, 1 h, 90%; h) 9, P(t-Bu)3, Pd(OAc)2, K2CO3, toluene/H2O, reflux, 31 h, 20%
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To investigate HTMs of smaller molecular size,
fluorene (21) was brominated and used as a starting
material in a Buchwald-Hartwig reaction to obtain
HTM 23 with a total yield of 69% (Scheme 5).
Thus, most of the HTMs’ precursors procedures were
found that give good to excellent yields; all of them
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were optimized to provide easy workup procedures
for future industrial use, thus focusing on easy
recrystallization rather than purification procedures
based on chromatography except for those HTMs that
were obtained from Suzuki-Miyaura reactions.

Scheme 5. Synthesis of HTM 23: a) Br2, FeBr3, CHCl3, in the dark, 0°C → RT, 3 h, 89%; b) 4,4‘dimethoxydiphenylamine, t-BuONa, Pd(OAc)2, t-Bu3P, toluene, RT → 111 °C, 12 h., 78%
During the latter reactions, many by-products were
formed, including boronic ester dimerization products
but also not fully reacted brominated core structures.
However, this obstacle can be avoided by adding the
boronic esters in smaller batches and optimizing the
trans-metalation reaction by optimizing the polarity of
the reaction 16 or synthesizing iodinated core
structures instead of brominated compounds. We
refrain from a full estimation of the costs for all the
HTMs due to the cost-diminishing effect of upscaling
and costs of reagents, catalysts, and solvents
depending both on their respective point of sale and
quantity.
2.2. DFT calculations
Time-dependent density functional theory (TD-DFT)
was used to get some insights into the electrical

behavior of the synthesized HTMs. These TD-DFT
calculations involved a standard Becke-three-LeeYang-Parr (B3LYP) hybrid functionalization based
on optimized geometries with basis sets 6-31g(d,2p),
6-311g(d,p), and cc-pvtz. Carrier transport in organic
semiconductors preferentially occurs in the highest
occupied molecule orbital (HOMO) for holes and the
lowest unoccupied molecule orbital (LUMO) for
electrons. Therefore, a well-spread delocalization of
orbitals and high dipole moments are favorable for
charge transport and hole transfer integral to provide
a good hole transport 17. Thus, visualization of the
HOMOs (Figure 2) and the calculated dipole
moments give information on these parameters and
can be used to discuss electronical donor and acceptor
mechanisms.
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Figure 2. Visualization of the HTM’s HOMO and the calculated dipole moments: HTM 3: 4.84 D, HTM 6: 2.78
D, HTM 12: 1.23 D, HTM 19: 0.89 D; HTM 20: 1.01 D; HTM 23: 3.69 D
As a result, the tert. butyl groups of the pyrene-based
HTMs 12 and 20 are not involved in the HOMO and
the LUMO, and the methoxy groups of HTMs 3
and 6 could be helpful for perovskite anchoring and
an inhibition of dimerization. The absence of large
orbitals in the benzene unit of the benzo[b]thiophene
could also benefit HTM 19. The most polar HTM
seems to be HTM 3, which holds a calculated dipole
moment of 4.84 D while HTM 19 showed the lowest
dipole moment of 0.89 D.

reversible shape behavior in the limited scan window,
while the onset potential used for calculation did not
change significantly at lower scan rates. The HTMS
6, 12, 19, and 20 seem to be suitable for a n-i-p device
setup if MAPbBr3 was used 18, while HTMs 3 and 23
showed good ELA with a p-i-n device setup if
MAPbI3 was used (Figure 3) 19. All HTMs offered
sufficient electron blocking capability due to a higher
electron affinity (EA) than the conduction band of the
perovskite.

As typical for DFT calculations, the calculated
HOMOs of the HTMs are to be regarded as being
systematically underestimated in the same order as the
obtained HOMOs obtained from cyclic voltammetry
(CV) experiments (Table 1). Interestingly, the
calculated singlet excitations for the isolated state of
the HTMS were in excellent agreement with the 0-0
transitions obtained from combined UV-Vis and
excitation spectra.

Lifetime measurements of excited states showed less
than 1 ns for all HTMs, which was the equipment's
detection limit. Since the melting point and the glasstransition temperature (𝑇𝑔 ) are important parameters
of HTMs, DSC measurements were carried out to
determine the thermal properties and stabilities. HTM
23 showed a very low 𝑇𝑔 of 38.7°C, which makes it
unsuitable for applications in PSCs, despite a proper
ELA. In addition to the thermal instability, HTM 23
was soluble in DMSO, making it unusable for spincoating applications. Despite these thermal and
solubility issues, HTM 23 was used in a p-i-n device
setup, which delivered an average PCE of 12.41 ±
0.66% 20. Paralleling our investigations, another
research group managed to build a PSC using HTM 3,
which showed to give just 0.7% less PCE than spiroOMeTAD with an average PCE of 16.4% 14.

2.2. 2.3. Electrophysical and thermal properties
The energy level alignment (ELA) is one of the most
important parameters of HTMs 17. Cyclic
voltammograms
and
emission
spectroscopy
experiments were carried out to determine the energy
levels. The supplementary materials file depicts cyclic
voltammograms and emission spectra of HTMs. The
HTMs 3, 6, 12, 19, 20, and 23 showed quasi-
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Figure 3. Possible n-i-p/p-i-n device structures for synthesized HTMs with ELA. Spiro-OMeTAD was used as a
reference, while the respective perovskite was chosen because of their measured IE and EA as films on TiO 2
For good hole transport efficiencies, the Coulomb
attraction between the electron-hole pair has to be
overcome in the perovskite layer to separate positive
and negative charges 21. The charge separation energy
is often called the transport gap , which is different
from the optical band gap
, since the electron and
hole in organic semiconductors are not on the same
molecule 22. Since CV experiments were taken in
solution; the values differ from those obtained from
UV photoelectron spectroscopy (UPS) measurements
in solid-state because the solvation energy is usually
higher than the polarization energy in bulk solids. A
study about small organic semiconductor bandgaps
showed
to be underestimated by 16% on average
if electrochemical measurements were used to
measure the electrochemical gap 23. Thus, HOMO
values taken from CV experiments are sometimes
underestimated by a factor
that can be used to
calculate the better ionization energy
:
. While
is the oxidation
potential from CV, represents the unit charge, and

is (with 4.8 eV) the ferrocenium/ferrocene
(Fc+/Fc) vacuum level. Therefore, an empirical
correction of the experimental data
was assumed
to be 1.16 (16% underestimation). In addition,
calculating the LUMO from the reduction cycle of the
CV experiments for the bandgap can be way off since
the LUMO contains no extra electron. In this work,
the LUMO was estimated from the sum of the HOMO
and the 0-0 transition energy, defined as the
intersection of the UV-Vis spectrum and the
excitation spectrum in solution. Using the TAUC plot
for optical band gap calculation is acceptable for
inorganic semiconductors. For some HTMs, using the
onset of the absorption maxima of the analyte (being
dissolved in CHCl3) also provides a good
estimation 24. In an empirical study by J. Sworakowski
et al. 23 the average underestimation of the transport
gap
using this technique was reported at 37% 15.
These
results
can
be
expressed
as
. The empirically
adjusted n-i-p/p-i-n setups (Figure 3) revealed that
almost all HTMs are still viable in their ELA.

Table 1. Thermal and electronical properties of HTMs: a) 0-0 transition determined by the intersection of
absorption and emission spectra taken in solution; b) determined by CV measurements about the (Fc+/Fc) vacuum
level (details in the experimental part); c) deduced from the addition of Eg (0-0) and the HOMO.
HTM

Bandgap (Eg)[eV]
Melting point / ( )

0-0a)

DFT

HOMOb)
[eV]

LUMOc)
[eV]

[eV]

[eV]

3

> 330 °C

3.29

3.25

3.24

-4.96

-1.67

-4.99

4.51

6

> 330 °C

3.65

3.58

3.52

-5.8

-2.15

-5.96

5.00

12

> 330 °C

2.96

2.9

3.08

-5.52

-2.56

-5.64

4.06

19

271.4 °C

3.15

3.08

3.1

-5.77

-2.63

-5.93

4.47

20

> 300 °C

3.12

3.12

3.07

-5.65

-2.53

-5.78

4.27

23

76 °C / (38.7 °C)

3.09

3.13

3.01

-4.78

-1.68

-4.77

4.24

It also has to be considered that band bending may
occur with gradual deposition of the organic material,
so HTMs 6 and 19 may still be able to transport holes
to the gold anode. The actual positions of the energy

levels probably lie between the observed and the
empirically corrected values. In summary, each of our
HTMs showed similar or even better electron
blocking capabilities than spiro-OMeTAD.

Mediterr.J.Chem., 2022, 12(1)

B.Brandes et al.

59

3. Conclusion
A series of small molecule HTMs was synthesized,
characterized, and discussed for future testing in
PSCs. Nearly each synthesized HTM showed suitable
ELA with selected perovskites and even better
electron blocking capabilities than “gold standard”
spiro-OMeTAD while being more non-polar and
more stable against moisture. This makes them
promising candidates for extended testing in
assembled PSCs.
4. Experimental
NMR spectra were recorded using the Agilent
spectrometers DD2 500 MHz, and VNMRS 400 MHz
( given in ppm, J in Hz; typical experiments: APT,
H-H-COSY, HMBC, HSQC, NOESY), MS spectra
were taken on an Advion Expression CMS
instrument. TLC was performed on silica gel
(Macherey-Nagel, detection with cerium molybdate
reagent); melting points were uncorrected (Leica hot
stage microscope, or BUCHI melting point M-565),
and elemental analyses were performed on a FossHeraeus Vario EL (CHNS) unit. IR spectra were
recorded on a Perkin Elmer FT-IR spectrometer
Spectrum 1000 or a Perkin-Elmer Spectrum Two
(UATR Two Unit). Lifetime measurements were
carried out with a Spectrofluorometer FS5 from
EDINBURGH INSTRUMENTS using a picosecond
pulsed light-emitting diode and degassed solutions of
HTMs in CHCl3. Emissions spectra were measured
with a LS 50 B luminescence spectrometer from
PERKIN ELMER. DSC measurements were
performed with a DSC 8000 from PERKIN ELMER.
Cyclic voltammetry was carried out with a compact
potentiostat from METHROHM using an Ag/AgCl
reference, glassy carbon, and a platinum electrode
from eDAQ tetrabutylammonium hexafluorophosphate solution (0.1 M) in degassed DCM 25. For
reference, the analyte solution (2 mM) was measured
with and without approximately the same amount of
ferrocene
at
alternating
scanning
ranges
(20/100/300 mV/s) and directions (+/-) 26-29. The
electronic window of the electrolyte was tested in
advance, and the scanning directions were alternated
with every new scan, which started at the open-circuit
voltage. For the HOMO calculation, the formula:
was used with
being the ferrocenium/ferrocene vacuum level (4.8
eV). For this, the average onset potential calculated
from the analyte (
) from three scans was
used, referencing the average ferrocene onset
potential from three scans by subtraction. The
solvents were dried according to usual procedures.
Fresh distilled and degassed solvents and dried
glassware were used for air-sensitive reactions. A
combination of the Nova and Origin 2019 software
was used for the calculations 30. DFT calculations
were executed with Gaussian 16 31. Costs were
calculated by comparing and choosing the cheapest
vendor prices per g of local European vendors.

4.1. General procedure (GP 1) for BuchwaldHartwig reactions
To a solution of the aryl halide (6, 8, 22) in toluene
(100 mL/mmol) under argon atmosphere was added tBuOK, or t-BuONa at 0°C, and the solution was
stirred at that temperature for another 15 min. The
mixture was allowed to warm up to RT, and Pd(tBu3P)2 or Pd(OAc)2 and P(t-Bu)3 (5 mol%)
were
added.
After
adding
the
4,4‘dimethoxydiphenylamine (1.7 eq), the reaction was
stirred under reflux until TLC showed complete
consumption of the amine.
Hexakis(4-bromophenyl)benzene (2)
The compound was prepared as described 32 For
workup; the reaction mixture was cooled to -20°C.
EtOH (40 mL) was added at that temperature, and the
reaction was allowed to stir at RT for another 6 h. The
reaction mixture was stored at -20°C for 16 h, and the
precipitate was filtered off and washed with cold
EtOH. Compound 2 (3.66 g, 97%, [19057-50-2]) was
obtained as a white solid; m.p. >330°C (lit.:32
>300 °C); RF = 0.34 (n-hexane/ethyl acetate, 6:1);
IR (KBr): 𝜈̃ = 1636m, 1492m, 1391w, 1139w, 1072m,
1010m, 826m, 764m, 533w, 475w cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 246 (4.33), 269 (4.45),
300 (4.16) nm;
1
H NMR (500 MHz, CDCl3): δ = 7.44 (d, J = 8.4 Hz,
12H, 3-H), 6.96 (d, J = 8.4 Hz, 12H, 4-H) ppm;
13
C NMR (100 MHz, CDCl3): δ =139.9 (C-1), 138.6
(C-2), 133.0 (C-4), 131.0 (C-3), 121.1 (C-5) ppm.
Hexakis[N,N-bis(4-methoxyphenyl)-4aminophenyl]benzene (3)
Compound 3 was obtained by reacting 2 (1.0 g,
1 mmol) and t-BuOK (0.83 g, 7.4 mmol) using GP1.
After 24 hours of heating the mixture under reflux, the
solvent was evaporated at diminished pressure, the
residue was taken up in DCM (8 mL) and added
dropwise to ice-cold MeOH (160 mL); the solid was
filtered off, and washed with MeOH to obtain
compound 3 (1.53 g, 81%, [213553-59-4]) as a violet
solid; m.p. >330°C; RF = 0.15 (CHCl3/MeOH, 9:1);
IR (KBr): 𝜈̃ = 2832w, 1606w, 1505s, 1463w, 1316w,
1239s, 1178w, 1105w, 1036m, 826m, 621s,
568w cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 270 (4.24), 269 (4.74)
nm;
1
H NMR (500 MHz, CDCl3): δ = 6.93 (d, J = 8.9 Hz,
24H, 7-H), 6.77 (d, J = 9.0 Hz, 24H, 8-H), 6.68 (d,
J = 8.7 Hz, 12H, 4-H), 6.63 (d, J = 8.6 Hz, 12H, 3-H),
3.75 (s, 36H, 10-H) ppm;
13
C NMR (100 MHz, CDCl3): δ = 155.2 (C-9), 154.6
(C-5), 141.5 (C-6), 140.1 (C-1), 134.4 (C-2), 132.4
(C-4), 125.5 (C-7), 120.5 (C-3), 114.6 (C-8), 55.4 (C3 + C-10) ppm;
MS (ESI, CH2Cl2): m/z = 949.00 (100%, [M]2+),
1897.73 (14%, [M]+).
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Tetraphenylmethane (4)
Triphenylmethyl chloride (20.0 g, 71.1 mmol) and
aniline (17.02 mL, 187 mmol) were stirred at 190°C
for 15 min, cooled to RT, and the resulting solid was
crushed. The solid was treated with HCl (2 M, 80 mL)
in MeOH (120 mL), stirred at 80°C for 30 min,
filtered off, washed with water, and air-dried. The
dried solid was suspended in DMF (200 mL), the
solution was cooled to -15°C, and treated with conc.
H2SO4 (22 mL), and isopentyl nitrite (17 mL) were
added dropwise. The reaction was stirred for 1 h, and
hypophosphoric acid (50%, 36 mL) was added
dropwise. The reaction was stirred at 50°C until gas
evolution stopped. The solid was filtered off, washed
with DMF, water, and EtOH followed by
recrystallizing from DCM to yield compound 4
(17.3 g, 87%, [630-76-2]) 33 as colorless crystals; m.p.
279°C (lit.:34 236-238°C); RF = 0.32 (hexane/DCM,
9.5:0.5);
IR (KBr): 𝜈̃ = 1636w, 1492m, 1441w, 1182w, 1081w,
1036w, 765m, 750m, 702s, 632m cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 248 (4.13), 279
(3.64) nm;
1
H NMR (500 MHz, CDCl3): δ = 7.28–7.17 (m, 20H,
3-H + 4-H + 5-H) ppm;
13
C NMR (100 MHz, CDCl3): δ = 147.3 (C-2), 131.6
(C-3), 127.9 (C-4), 126.4 (C-5), 65.5 (C-1) ppm;
MS (APCI): m/z = 242.8 (100%, [M-Ph]+).
Tetrakis(4-bromophenyl)methane (5)
To bromine (6.5 mL, 125 mmol) was added 4 (2.0 g,
6.4 mmol), and stirring at RT was continued for 20
min. The reaction mixture was cooled to -78°C, EtOH
(17.5 mL) was added, and the reaction was allowed to
warm up to RT. The precipitate was filtered off,
washed with a saturated sodium thiosulfate solution
and water. Subsequently, the dried solid was purified
by column chromatography (SiO2, hexane/DCM,
9.5:0.5) to obtain 5 (3.8 g, 94%, [105309-59-9]) as a
white solid; m.p. >330°C (lit.:34 > 300°C);RF = 0.64
(hexane/DCM, 9.5:0.5);
IR (KBr): 𝜈̃ = 1636w, 1480m, 1396w, 1078m, 1009s,
809m, 532w, 510w cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 248 (4.48), 289
(3.58) nm;
1
H NMR (500 MHz, CDCl3): δ = 7.40 (d, J = 8.8 Hz,
8H, 4-H), 7.02 (d, J = 8.8 Hz, 8H, 3-H) ppm; 13C NMR
(100 MHz, CDCl3): δ = 144.8 (C-2), 132.8 (C-3),
131.5 (C-4), 121.2 (C-5), 64.1 (C-1) ppm;
MS (APCI): m/z = 476.3 (100%, [M-PhBr]+).
Tetrakis[N,N-bis(4-methoxyphenyl)-4aminophenyl]methane (6)
Compound 5 was obtained by reacting 4 (1.0 g,
1.6 mmol) and t-BuOK (0.82 g, 7.3 mmol) following
GP1. After 16 hours of heating the reaction mixture
under reflux, the solvent was evaporated, the residue
was re-dissolved in CHCl3 (6 mL) and added
dropwise to ice-cold MeOH (150 mL), filtered,
washed with MeOH, and dried to obtain compound 3
(1.87 g, 95%, [362052-19-5]) as a violet solid;
m.p. >330°C; RF = 0.22 (CHCl3/MeOH, 9:1);
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IR (KBr): 𝜈̃ = 2834m, 1636m, 1504s, 1464w, 1318w,
1240m, 1036w, 825w cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 337 (4.06) nm;
1
H NMR (500 MHz, CDCl3): δ = 7.03 (d, J = 8.9 Hz,
16H, 7-H), 6.96 (d, J = 8.8 Hz, 8H, 4-H), 6.80 (d,
J = 9,0 Hz, 16H, 8-H), 6.78 (d, J = 8.8 Hz, 8H, 3-H),
3.78 (s, 24H, 10-H) ppm;
13
C NMR (100 MHz, CDCl3): δ = 155.8 (C-9), 146.4
(C-5), 141.3 (C-6), 139.6 (C-2), 131.8 (C-3), 126.6
(C-7), 119.2 (C-4), 114.8 (C-8), 55.6 (C-10) ppm;
MS (ESI, CH2Cl2): m/z = 614.27 (40%, [M]2+),
1228.4 (100%, [M]+).
2-tert-Butylpyrene (7)
Pyrene (6.0 g, 29.7 mmol) was dissolved in dry DCM
(100 mL) under argon atmosphere. At 0°C, 2-chloro2-methylpropane (3.22 mL, 29.7 mmol), and AlCl3
(4.75 g, 35.6 mmol) were added under stirring. The
reaction was stirred at that temperature for 1 h until
the reaction turned red and stirring was continued at
RT overnight. The reaction mixture was poured onto
ice in a separation funnel and washed with a saturated
sodium bicarbonate solution (50 mL). The aqueous
phase was extracted with DCM (3 × 100 mL), and the
organic phase was washed with water (100 mL), brine
(100 mL), and dried over MgSO4. Subsequently, the
solvent was removed under reduced pressure, and the
orange solid was recrystallized from minimal amounts
of MeOH in a microwave reactor at 120°C to obtain 7
(6.16 g, 80%, [78751-62-9]) as white plates;
m.p. 110°C (lit.:35 110–112°C); RF = 0.5 (petroleum
ether/DCM, 9:1);
IR (KBr): 𝜈̃ = 2961s, 1602m, 1461w, 1386w, 1356w,
1225m, 876s, 840m, 815m, 800w, 712s cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 248 (4.4), 267 (4.08),
278 (4.24), 296 (3.55), 310 (3.72), 324 (4.09), 339
(4.3) nm;
1
H NMR (500 MHz, CDCl3): δ = 8.27 (s, 2H, 14-H +
16-H), 8.18 (d, J = 7.6 Hz, 2H, 11-H + 13-H), 8.09
(m, 4H, 1-H + 2-H, 8-H + 9-H), 8.00 (t, J = 7.6 Hz,
1H, 12-H), 1.64 (s, 9H, 18-H3) ppm;
13
C NMR (126 MHz, CDCl3): δ = 149.0 (C-15), 131.0
(C-5), 131.0 (C-4), 127.6 (C-1 + C-9), 127.3 (C-2 +
C8), 125.5 (C-12), 124.8 (C-11 + C-13), 124.7 (C-3 +
C-7), 123.0 (C-6 + C-10), 122.2 (C-14 + C-16), 35.3
(C-15), 32.0 (C-18) ppm;
MS (ASAP): m/z = 359.0 (100%, [M]+).
6-Bromo-2-(tert-butyl)pyrene (8)
Compound 7 (3.0 g, 11.6 mmol) was dissolved in
Et2O/MeOH (1:1, 60 mL), cooled to 0°C, and HBr
(47% in H2O, 1.48 mL, 12.8 mmol) was added. Then
H2O2 (30% in H2O, 1.19 mL, 11.6 mmol) was added
dropwise during 5 min at 0°C. Once the solution
turned red, the solution was allowed to warm to RT
and stirred overnight. Subsequently, a saturated
sodium bicarbonate solution (10 mL) was added, and
the organic phase was separated. The aqueous phase
was extracted with DCM (3 × 50 mL), while the
combined organic phases were washed with water
(50 mL), brine (50 mL), and dried over MgSO4.The
yellowish solid, obtained from removing the solvent,
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was recrystallized from hexane in an microwave oven
at 120°C to obtain 8 (3.24 g, 83%, [78751-74-3]); m.p.
157°C; RF = 0.57 (petroleum ether/DCM, 9:1);
IR (KBr): 𝜈̃ = 2962s, 1627m, 1590s, 1475m, 1386m,
1360m, 1228s, 1159m, 1014m, 922w, 878s, 838s,
820m, 804m, 710s cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 250 (3.9), 271 (3.56),
283 (3.74), 304 (2.93), 318 (3.29), 332 (3.7), 349
(3.9) nm;
1
H NMR (500 MHz, CDCl3): δ = 8.39 (d, J = 9.2 Hz,
1H, 2-H), 8,27 (d, J = 1.6 Hz, 1H, 16-H), 8.26 (d,
J = 1.6 Hz, 1H, 14-H) 8.18 (d, J = 8.2 Hz, 13-H), 8.15
(d, J = 9.1 Hz, 1H, 1-H), 8.06 (d, J = 8.9 Hz, 1H,
9-H), 7.98 (d, J = 9.0 Hz, 1H, 12-H), 7.96 (d, J = 8.2
Hz, 1H, 8-H), 1.60 (s, 9H, 18-H3) ppm;
13
C NMR (126 MHz, CDCl3): δ = 149.9 (C-15), 131.2
(C-5), 131.0 (C-4), 130.6 (C-3), 129.8 (C-13), 129.6
(C-6), 129.3 (C-1), 128.0 (C-9), 127.0 (C-12), 125.9
(C-10), 125.9 (C-2), 125.4 (C-8), 123.2 (C-14), 122.4
(C-16), 122.4 (C-7), 119.8(C-16), 35.4 (C-17), 32.1
(C-18) ppm;
MS (ASAP): m/z = 336.9 (100%, [M]+).
7-tert-Butylpyrenylboronic acid pinacol ester (9)
Under argon atmosphere, compound 8 (3.0 g,
8.9 mmol) was dissolved in THF (100 mL), and
cooled to -78°C. Then under stirring n-BuLi (2.5 M in
hexane, 6.4 mL, 16 mmol) was added dropwise,
stirring was continued for 2 h, 2-isopropoxy-4,4,5,5tetramethyl-1,3,2-dioxaborolane (3.63 mL, 16 mmol)
was added dropwise, and the reaction mixture was
allowed to warm to RT. The reaction was stirred
overnight, quenched with HCl (1 M, 20 mL), the
organic phase separated, and the aqueous phase
extracted with DCM (3 × 20 mL). The combined
organic phases were washed with water (50 mL),
brine (50 mL), and dried over MgSO4. The solvent
was evaporated under reduced pressure, and
compound 9 (2.87 g, 84%, [942506-80-1]) was
obtained after column chromatography (SiO2 + 5%
boric acid, petroleum ether/DCM, 9:1); m.p. 178°C;
RF = 0.11 (petroleum ether/DCM, 9:1);
IR (KBr): 𝜈̃ = 2960s, 1601m, 1508m, 1460w, 1419w,
1388s, 1375s, 1352s, 1310s, 1282m, 1226m, 1144s,
1110m, 1038m, 962w,877s, 851s, 815w, 728w, 690s,
674m cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 250 (4.25), 272 (3.9),
283 (4.06), 338 (3.99), 354 (4.13), 382 (3.14) nm;
1
H NMR (400 MHz, CDCl3): δ = 9.04 (d, J = 9.2 Hz,
1H, 2-H), 8.51 (d, J = 7.7 Hz, 1H, 12-H), 8.25 (d, J =
1.8 Hz, 1H, 16-H), 8.23 (d, J = 1.6 Hz, 1H, 14-H),
8.13 (d, J = 7.7 Hz, 1H, 13-H), 8.12 (d, J = 7.7 Hz,
1H, 2-H), 8.10 (d, J = 7.7 Hz, 1H, 9), 8.04 (d, J = 8.9
Hz, 1H, 8-H), 1.60 (s, 9H, 18-H3), 1.50 (s, 12H,
20-H3) ppm;
13
C NMR (101 MHz, CDCl3): δ = 148.8 (C-15), 136.3
(C-3), 133.5 (C-12), 133.3 (C-7), 131.0 (C-4), 130.6
(C-5), 128.7 C-9), 127.9 (C-2), 127.9 (C-1), 127.3
(C-8), 124.3 (C-11), 123.8 (C-13), 122.8 (C6, C-10),
122.5 (C-14), 122.5 (C-16), 83.8 (C-19), 35.2 (C-17),
31.9 (C-18), 25.1 (C-20) ppm;
MS (ASAP): m/z = 385.0 (100%, [M]+).

61

Tetraphenylthene (10)
Under an argon atmosphere, zinc powder
(30 g,495 mmol) was suspended in THF (150 mL),
the mixture was cooled to -40°C, and TiCl4 (25 mL,
228 mmol) was added dropwise. The reaction was
allowed to warm to RT and stirred under reflux for
2h. Then the mixture was cooled down 0°C,
benzophenone (2.0 g, 126 mmol) was added, and the
mixture was heated under reflux overnight. The
mixture was cooled to RT, a saturated potassium
carbonate solution (400 mL) was added, and the
precipitate was collected and air-dried overnight.
Finally, the solid was dissolved in DCM (200 mL),
the mixture was filtered, and the solvent of the filtrate
was removed under reduced pressure to obtain a white
solid, which was washed with cold EtOH and dried to
yield 10 (18.8 g, 90%, [632-51-9]) as a white powder;
m.p. 222.3°C; 1H NMR (400 MHz, CDCl3):
δ = 7.14 – 7.09 (m, 12H), 7.07 – 7.03 (m, 8H) ppm.
Tetrakis(4-bromophenyl)ethene (11)
To a mixture of compound 10 (1.0 g, 3 mmol), FeCl3
(24 mg, 0.15 mmol) in CHCl3 (15 mL) was added Br2
(0.63 mL, 12.3 mmol) at 0°C in the dark. The reaction
was stirred at RT for 3 h and quenched carefully with
cyclohexene (1.2 mL, 12.3 mmol). The mixture was
stirred for 1 h, poured into water (30 mL), filtered off
the residue, and the organic phase separated. The
aqueous phase was extracted with DCM (30 mL), and
the combined organic phases were dried over MgSO4.
Once the solvent was removed under reduced
pressure, the solid and the precipitate were washed
with cold EtOH (30 mL) to obtain 11 (1.85 g, 95%,
[1341195-20-7]). 1H NMR (400 MHz, CDCl3):
δ = 7.26 (dd, J = 8.5, 1.9 Hz, 8H), 6.59 (dd, J = 8.5,
1.8 Hz, 8H) ppm.
Tetrakis(4-(7-(tert-butyl)pyrenyl)phenyl)ethene
(12)
Compound 11 (0.5 g, 0.77 mmol), 9 (1.33 g,
3.5 mmol), and potassium carbonate (1.07 g,
7.7 mmol) were dissolved in toluene/H2O (2:1, 30
mL) under argon atmosphere, and the reaction
mixture was degassed. Subsequently P(t-Bu)3
(0.04 mL, 0.15 mmol) and Pd(OAc)2 (8 mg,
0.04 mmol) were added, and the mixture was stirred
under reflux for 33 h. The reaction was then quenched
with HCl (0.3 M, 10 mL), and the organic phase was
separated. The aqueous phase was extracted with
DCM (3 × 50 mL), the combined organic phases were
washed with water (50 mL), brine (50 mL), and dried
over MgSO4. Once the solvent was evaporated under
reduced pressure, the solid was purified by column
chromatography (SiO2, petroleum ether/DCM, 9:1 →
3:1) and recrystallized from CHCl3 to obtain 12
(154 mg, 15%) as a yellow solid; m.p. >330°C;
RF = 0.13 (petroleum ether/DCM, 3:1);
IR (KBr): 𝜈̃ = 2962w, 1636br, 1384s, 877w cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 249 (4.15), 274 (3.8),
284 (3.95), 352 (4.06) nm;
1
H NMR (500 MHz, CDCl3): δ = 8.25 – 8.20 (m, 12H,
7-H + 18-H + 21-H), 8.09 (s, 8H, 17-H, 12-H), 8.05
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(d, J = 7.8 Hz, 4H, 8-H), 8.01 (d, J = 2.4 Hz, 4H, 19H), 7.82 (d, J = 9.4 Hz, 4H, 13-H), 7.61 (m, 8H, 3-H),
7.56 (m, 8H, 4-H), 1.56 (s, 36H, 22-H3) ppm;
13
C NMR (126 MHz, CDCl3): δ = 149.2 (C-20), 142.8
(C-1), 141.8 (C-2), 139.9 (C-6), 137.5 (C-5), 131.8
(C-4), 131.5 (C-16), 131.0 (C-11), 130.6 (C-9), 130.3
(C-3), 128.5 (C-10), 127.9 (C-13), 127.8 (C-12),
127.4 (C-17), 125.3 (C-7), 125.1 (C-14), 124.6
(C-18), 123.3 (C-15), 122.5 (C-19), 122.2 (C-1), 35.3
(C-22), 32.1 (C-23) ppm;
MS (ESI): m/z = 1357.67 (100%, [M]+).
2-(4-Bromophenyl)benzo[b]thiophene (13)
2-Benzothienylboronic acid (5 g, 28.1 mmol),
4-bromo-1-iodobenzene (7.95 g, 28.1 mmol), and
potassium carbonate (11.65 g, 84.3 mmol) were
dissolved in toluene (200 mL) under argon
atmosphere, and the mixture was degassed.
Subsequently P(t-Bu)3 (0.27 mL, 1.1 mmol) and
Pd(OAc)2 (63 mg, 0.3 mmol) were added, and the
reaction was stirred under reflux for 10 h. Water
(50 mL) was added to the reaction, and the organic
phase was separated. The aqueous phase was
extracted with DCM (3 × 50 mL), the combined
organic phases were washed with brine (50 mL) and
dried over MgSO4. Once the solvent was evaporated
under reduced pressure, the solid was purified by
column chromatography (SiO2, toluene) to obtain 13
(6.47 g, 69%, [19437-86-6]) as white flakes;
m.p. 207 °C (lit.:36 205°C); RF = 0.41 (petroleum
ether/DCM, 9:1);
IR (KBr): 𝜈̃ = 1636br, 1484w, 1432w, 1384w, 1076w,
1007w, 940w, 814s, 744m, 727m, 539w, 475m cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 236 (4.17), 259 (4.03),
302 (4.41) nm;
1
H NMR (400 MHz, THF-d8): δ = 9.72–9.68 (m, 1H,
1-H), 9.63 (m, 1H, 4-H), 9.56 (s, 1H, 7-H), 9.54 – 9.51
(m, 2H, 11-H), 9.46 – 9.41 (m, 2H, 10-H), 9.21 – 9.12
(m, 2H, 3-H + 2-H) ppm;
13
C NMR (101 MHz, THF-d8): δ = 143.6 (C-9), 142.0
(C-5), 140.6 (C-6), 134.6 (C-8), 133.1 (C-10), 128.9
(C-10), 125.7 (C-3), 125.6 (C-2), 124.7 (C-4), 123.2
(C-1), 123.0 (C-12), 121.4 (C-11) ppm;
MS (ASAP): m/z = 290.8 (100%, [M]+).
4-(Benzo[b]thiophen-2-yl)phenylboronic acid
pinacol ester (14)
Under argon atmosphere, compound 13 (6 g,
17.8 mmol) was dissolved in THF (200 mL), and
cooled to -78°C. Then under stirring, n-BuLi (2.5 M
in hexane, 12.8 mL, 32 mmol) was added dropwise,
stirring was continued for 2 h, 2-isopropoxy-4,4,5,5tetramethyl-1,3,2-dioxaborolane (8 mL, 39 mmol)
was added dropwise, and the reaction mixture was
allowed to warm to RT. The reaction was stirred
overnight, quenched with HCl (1 M, 40 mL), the
organic phase separated, and the aqueous phase
extracted with DCM (3 × 50 mL). The combined
organic phases were washed with water (50 mL),
brine (50 mL), and dried over MgSO4. The solvent
was evaporated under reduced pressure, and
compound 13 (4.36 g, 72%, [1394004-97-7]) was
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obtained as colorless needles from column
chromatography (SiO2 + 5% boric acid, petroleum
ether/DCM, 9:1); m.p. 170°C; R F = 0.50 (petroleum
ether/DCM, 9:1);
IR (KBr): 𝜈̃ = 3056w, 2977m, 1608m, 1501w, 1458w,
1435w, 1400s,1362s, 1327m, 1300w, 1270w, 1212w,
1193w, 1142s, 1106w, 1094s, 1018w, 962w, 942w,
858m, 820s, 748m, 724m, 671w, 654m, 576w,
443w cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 237 (3.93), 261 (3.79),
309 (4.18), 317 (4.19) nm;
1
H NMR (400 MHz, CDCl3): δ = 7.89 – 7.86 (m, 2H,
10-H), 7.85 – 7.82 (m, 1H, 1-H), 7.80 – 7.76 (m, 1H,
4-H), 7.75 – 7.71 (m, 2H, 11-H), 7.62 (s, 1H, 7-H),
7.38 – 7.29 (m, 2H, 3-H + 2-H), 1.37 (s, 12H, 14-H3)
ppm;
13
C NMR (101 MHz, CDCl3): δ = 144.2 (C-9), 140.8
(C-5), 139.8 (C-6), 136.9 (C-8), 135.5 (C-10), 129.1
(C-13), 125.8 (C-10), 124.7 (C-3), 124.6 (C-2), 123.8
(C-4), 122.4 (C-1), 120.2 (C-7), 84.1 (C-13), 25.0
(C-14) ppm;
MS (ASAP): m/z = 337.8 (100%, [M]+).
2-Iodobiphenyl (15)
2-Aminobiphenyl (2.53 g, 15 mmol) was suspended
in water (15 mL) and conc. HCl (3 mL) was added
dropwise under stirring. The reaction mixture was
cooled to 0°C, and a solution of sodium nitrite (1.17 g,
17 mmol) in water (5 mL) was added dropwise. The
reaction temperature was carefully monitored to be
less than 5°C. Subsequently, the reaction mixture was
stirred at 0°C for 45 min, turned yellow, and an
aqueous solution of potassium iodide (4.90 g,
30 mmol, 50 mL), was added dropwise at 0°C. Then
the reaction was allowed to warm to RT, stirred
overnight, and extracted with Et2O (4 × 100 mL). The
combined organic phases were washed with HCl (3 M,
3 × 10 mL), saturated sodium bicarbonate solution
(2 ×20 mL), brine (2 ×20 mL), and dried over
MgSO4. The solvent was evaporated under reduced
pressure to obtain a reddish oil that was subjected to
distillation (120°C, 0.06 mbar), and 15 (3 g,71.4%,
[20442-79-9]) was obtained as a colorless liquid;
b.p. 120°C/0.06 mbar (lit.: 37 130-134°C (at 5 mbar);
IR (KBr): 𝜈̃ = 3057m, 2360w, 1950w, 1806w, 1579w,
1556w, 1496w, 1460s, 1444m, 1427m, 1415m, 1017s,
1004s, 769m, 747s, 699s cm-1;
1
H NMR (400 MHz, CDCl3): δ = 7.99 (d, J = 7.9 Hz,
1H, 3-H), 7.49−7.31 (m, 7H, 5-H + 6-H + 8-H + 9-H
+ 10-H + 11-H + 12-H), 7.06 (td, J = 7.8, 1.5 Hz, 1H,
4-H) ppm;
13
C NMR (101 MHz, CDCl3): δ = 146.7 (C-1), 144.3
(C-7), 139.6 (C3), 130.2 (C6), 129.4 (C-9 + C-11),
128.9 (C-4), 128.2 (C-5), 128.1 (C-8, C-12), 127.7
(C-10), 98.8 (C-2) ppm;
MS (API, DMF): found m/z = 279.9750 (100%,
[M]+), calcd for C12H9I m/z = 279.9743.
9-(2-Biphenyl)-9-fluorenol (16)
Compound 15 (4 g, 14.3 mmol) was dissolved in Et2O
(40 mL) under argon atmosphere, cooled to -78°C,
and under rigorously stirring t-BuLi (1.7 M, 18.5 mL,
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31.4 mmol) was added dropwise. The reaction
mixture was stirred at -78°C for 1 h, fluorenone
(2.57 g, 14.3 mmol), dissolved in Et2O (50 mL), was
added dropwise, and stirred for 45 min. Afterward, the
reaction mixture was allowed to warm to RT, poured
into water (50 mL), extracted with Et2O
(3 × 100 mL), and dried over MgSO4. Finally, the
solvent was removed under reduced pressure, and the
resulting solid was washed with cold EtOH to obtain
16 (4.14 g, 87%, [67665-44-5]) as a white powder;
m.p. 168°C; RF = 0.41 (hexane/EE, 6:1);
IR (KBr): 𝜈̃ = 3531s, 3055w, 1474m, 1447s, 1344s,
1287w, 1166m, 1114w, 1019m, 912m, 759s, 770s,
745s, 732s, 702s, 639s, 554m cm-1;
1
H NMR (500 MHz, CDCl3): δ = 8.47 (dd, J = 8.0, 1.0
Hz, 1H, 3-H), 7.54 (td, J = 7.7, 1.5 Hz, 1H, 4-H), 7.32
(td, J = 7.4, 1.4 Hz, 1H, 5-H), 7.23–7.13 (m, 8H,
14-H + 15-H + 16-H + 17-H + 18-H + 19-H + 20-H +
21-H), 6.91 (dd, J = 7.5, 1.4 Hz, 1H, 6-H), 6.86−6.80
(m, 1H, 10-H), 6.62 (t, J = 7.7 Hz, 2H, 9-H + 11-H),
6.01 (dd, J = 8.2, 1.2 Hz, 2H, 8-H + 12-H), 2.25 (s,
1H, 13-OH) ppm;
13
C NMR (125 MHz, CDCl3): δ = 150.7 (C-13a +
C-21a), 141.1 (C-1), 140.5 (C-7), 140.3 (C17a +
C-17b), 139.8 (C-2), 131.4 (C-6), 129.0 (C-8 + C-12),
128.8 (C-19 + C-16), 128.0 (C-15 + C-20), 127.3
(C-4), 127.0 (C-5), 126.4 (C-3), 126.2 (C-9 + C-11),
125.2 (C-10), 124.5 (C-14 + C-21), 120.2 (C-17 +
C-18), 82.6 (C-13) ppm;
MS (API, DMF): found m/z = 334.1358 (100%,
[M]+), calcd for C25H18O m/z = 334.1352.
9,9´−Spirobifluorene (17)
Compound 16 (5 g, 15 mmol) was suspended in conc.
acetic acid (45 mL) and stirred under reflux. Once the
reaction was refluxing, conc. HCL (0.05 mL) was
added, and stirring was continued at reflux for 30 min.
Subsequently, the reaction was cooled, was poured
into water (50 mL), filtrated, and the precipitate was
air-dried to obtain 17 (4.47 g, 95%, [159-66-0]) as
colorless powder; m.p. 203°C (lit.:38 204 °C);
IR (KBr): 𝜈̃ = 3060w, 1601w, 1472w, 1445m, 1208w,
1152w, 1102w, 1029w, 858w, 749s, 727s, 632m,
413m cm-1;
1
H NMR (400 MHz, CDCl3): δ = 7.89 (d, J = 7.6 Hz,
4H, 4-H + 4‘-H + 5-H + 5‘-H), 7.40 (t, J = 7.4 Hz, 4H,
3-H + 3‘-H + 6-H + 6‘-H), 7.14 (t, J = 7.4 Hz, 4H, 2H + 2‘-H + 7-H + 7‘-H), 6.78 (d, J = 7.6 Hz, 4H, 1-H
+ 1‘-H + 8-H + 8‘-H) ppm;
13
C NMR (100 MHz, CDCl3): δ = 148.9 (C-8a +C-8a‘
+ C-9a + C-9a‘), 141.9 (C-4a + C-4a‘ + C-4b +
C-4b‘), 127.9 (C-3 + C-3‘ + C-6 + C-6‘), 127.8 (C-2
+ C-2‘ + C-7 + C-7‘), 124.2 (C-1 + C-1 + C-8 +
C-8‘), 120.1 (C-4 + C-4‘ + C-5 + C-5‘), 66.1 (C-9)
ppm;
MS (API, DMF): found m/z = 316.3946 (100%,
[M]+), calcd for C25H16 m/z = 316.3940.
2,2´,7,7´−Tetrabromo-9,9´-spirobifluorene (18)
Compound 17 (1 g, 3.16 mmol) was suspended in
CHCl3 (10 mL) under stirring. Fe(III)Cl3 × 6 H2O
(26 mg, 0.1 mmol) and Br2 (0.67 mL, 13 mmol) were
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added at 0°C, stirred at RT for 3 h, the mixture was
quenched with cyclohexene (1.3 mL, 13 mmol), again
stirred for 1 h, poured into water (25 mL), extracted
with DCM (3 × 50 mL), and dried over MgSO4. After
removing most of the solvent in vacuo, the mixture
was precipitated with cold EtOH, and the precipitate
was washed with cold EtOH (3 × 5 mL) to obtain 18
(1.8 g, 90%, [128055-74-3]) after air-drying;
m.p. >300°C (lit.:39 >320 °C); RF = 0.8 (hexane/ethyl
acetate, 6:1);
IR (KBr): 𝜈̃ = 1594m, 1571m, 1450s, 1410m, 1395m,
1248m, 1167m, 1125w, 1005m, 949m, 876w, 805s,
730s, 670m, 507m, 422m cm-1;
1
H NMR (400 MHz, CDCl3): δ = 7.71–7.66 (m, 4H,
4-H + 4‘-H + 5-H + 5‘-H), 7.54 (dd, J = 8.2, 1.8 Hz,
4H, 3-H + 3‘-H + 6-H + 6‘-H), 6.84–6.83 (m, 4H,
1-H + 1‘-H + 8-H + 8‘-H) ppm;
13
C NMR (100 MHz, CDCl3): δ = 149.0 (C-8a +
C-8a‘ + C-9a + C-9a‘), 139.7 (C4a + C-4a‘ + C-4b +
C-4b‘), 132.0 (C-3 + C-3‘ + C-6 + C-6‘), 127.5 (C-1
+ C-1‘ + C-8 + C-8‘), 122.3 (C-2 + C-2‘ + C-7 +
C-7‘), 121.8 (C-4 + C-4‘ + C-5 + C-5‘), 65.3
(C-9) ppm;
MS (API, DMF): found m/z = 627.7673 (100%,
[M]+), calcd for C25H12Br4 m/z = 627.7667.
2,2',7,7'-Tetrakis(4-(benzo[b]thiophen-2yl)phenyl)-9,9'-spirobifluorene (19)
Compound 18 (0.5 g, 0.79 mmol), 14 (1.46 g,
4.3 mmol), and potassium carbonate (1.09 g,
7.9 mmol) were dissolved in toluene/H2O (2:1,
30 mL) under argon atmosphere and degassed
multiple times. Subsequently P(t-Bu)3 (0.04 mL,
0.15 mmol) and Pd(OAc)2 (8 mg, 0.04 mmol) were
added and the reaction was stirred under reflux for 38
h. The reaction was then quenched with HCl (0.3 M,
10 mL) and the organic phase was separated. The
aqueous phase was extracted with DCM (3 × 50 mL),
the combined organic phases were washed with water
(50 mL), brine (50 mL), and dried over MgSO4. Once
the solvent was evaporated under reduced pressure,
the solid was dissolved in hot CHCl3 and precipitated
by adding the solution dropwise into cold EtOH to
obtain 12 (232 mg, 23%) as a yellow solid after
filtrating and air-drying; m.p. 271.4°C; RF = 0.11
(petroleum ether/DCM, 3:1);
IR (KBr): 𝜈̃ = 1636br, 1467w, 812w cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 234 (4.14), 263 (3.94),
288 (3.97), 360 (4.5) nm;
1
H NMR (500 MHz, CDCl3): δ = 8.00 – 7.97 (d,
J = 8.0 Hz, 4H, 4-H), 7.79 – 7.75 (m, 4H, 16-H), 7.73–
7.71 (m, 4H, 19-H), 7.71 – 7.69 (m, 4H, 5-H), 7.64
(m, 8H, 9-H), 7.51 (m, 8H, 10-H), 7.48 (d, J = 1.0 Hz,
4H, 13-H), 7.30 (ddd, J = 7.9, 7.1, 1.3 Hz, 4H, 18-H),
7.26 (ddd, J = 8.3, 7.1, 1.4 Hz, 4H, 17-H), 7.08 (d, J
= 1.3 Hz, 4H, 7-H) ppm;
13
C NMR (126 MHz, CDCl3): δ = 150.0 (C-2), 143.9
(C-6), 141.1 (C-3), 140.8 (C-14), 140.8 (C-11), 140.5
(C-8), 139.6 (C-15), 133.4 (C-12), 127.7 (C-10),
127.2 (C-5), 126.9 (C-9), 124.7 (C-18), 124.5 (C-17),
123.7 (C-19), 122.8 (C-7), 122.4 (C-16), 120.8 (C-4),
119.6 (C-13), 66.3 (C-1) ppm.
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2,2',7,7'-Tetrakis(4-(7-(tert-butyl)pyrenyl)-9,9'spirobifluorene (20)
Compound 18 (0.5 g, 0.79 mmol), 9 (1.09 g,
7.9 mmol), and potassium carbonate (1.09 g,
7.9 mmol) were dissolved in toluene/H2O (2:1, 30
mL) under argon atmosphere and degassed multiple
times. Subsequently P(t-Bu)3 (0.04 mL, 0.15 mmol)
and Pd(OAc)2 (8 mg, 0.04 mmol) were added, and the
reaction was stirred under reflux for 31 h. Afterwards
9 (0.2 g, 0.5 mmol) and potassium carbonate (0.2 g,
1.4 mmol) were added, and the reaction mixture was
stirred under reflux for another 14 h. The reaction was
then quenched with HCl (0.3 M, 10 mL) and the
organic phase was separated. The aqueous phase was
extracted with DCM (3 × 50 mL), the combined
organic phases were washed with water (50 mL),
brine (50 mL), and dried over MgSO4. After gradient
column chromatography (petroleum ether /DCM, 9:1
→ 3:1) and multiple recrystallizations from a
CHCl3/EtOH-mixture, 20 (212 mg, 20%, [66907777-4]) was obtained as a yellow solid; m.p. >300°C;
RF = 0.06 (petroleum ether/DCM, 9:1);
IR (KBr): 𝜈̃ = 674w, 702w, 726w, 842w, 876w,
1156vw, 1226w, 1360w, 1384w, 1412vw, 1462w,
1638br, 1712w, 2366w, 2866w, 2902w, 2960m,
3048w cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 248 (4.05), 275 (4),
283 (4.05), 362 (3.9) nm;
1
H NMR (500 MHz, CDCl3): δ = 8.23 (d, J = 1.8 Hz,
4H, 23-H), 8.21 – 8.15 (m, 12H, 21-H + 15-H + 10H), 8.06 (s, 8H, 19-H, 14-H), 8.04 (d, J = 7.6 Hz, 4H,
4-H), 7.98 (d, J = 7.8 Hz, 9-H), 7.96 (d, J = 9.2 Hz,
4H, 20-H), 7.73 (dd, J = 7.8, 1.6 Hz, 4H, 5-H), 7.43
(s, 4H, 7-H), 1.60 (s, 36H, 25-H3) ppm;
13
C NMR (126 MHz, CDCl3): δ = 149.5 (C-2), 149.3
(C-22), 141.2 (C-6), 140.9 (C-3), 137.7 (C-8), 131.5
(C-16), 131.0 (C-18), 130.7 (C-5), 130.6 (C-11),
128.4 (C-13), 127.9 (C-19), 127.7 (C-15), 127.4
(C-23), 127.4 (C-9), 126.7 (C-7), 125.2 (C-21), 125.1
(C-12), 124.6 (C-10), 123.3 (C-17), 122.6 (C-20),
122.2 (C-14), 120.4 (C-4), 66.5 (C-1), 35.4 (C-24),
32.1 (C-25) ppm;
MS (ESI, DCM): m/z = 1342.47 (100%, [M]+).
2,7-Dibromofluorene (22)
Compound 21 (1 g, 6.02 mmol) was dissolved in
CHCl3, cooled to 0°C, and FeBr3 (26 mg, 0.1 mmol)
was added. In the dark and under stirring, Br 2
(0.93 mL, 18 mmol) was added. Stirring was
continued for 3 h at RT, and subsequently
cyclohexene (1.83 mL, 18 mmol) was added. After
stirring the mixture for 1 h, water (30 mL) was added
and the precipitate was filtered off, the organic phase
separated, and the aqueous phase extracted with DCM
(30 mL). The combined organic phases were dried
over MgSO4, the solvent was removed under reduced
pressure, and the solid was combined with the
previously precipitated solid. Finally, the solid was
washed with cold EtOH (3 × 10 mL) to yield 21
(1.76 g, 89%, [16433-88-8]) as a colorless powder;
m.p. 155°C (lit.:40 156-160°C); RF = 0.9 (hexane/ethyl
acetate, 3:1);
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IR (KBr): 𝜈̃ = 3448s, 1580w, 1453m, 1392m, 1290w,
1272w, 1158m, 1054m, 1004w, 834w, 810s, 685w,
419w cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 303 (4.22), 326 (4.11),
339 (4.02) nm;
1
H NMR (400 MHz, CDCl3): δ = 7.64 (d, J = 0.9 Hz,
2H, 4-H + 5-H), 7.57 (d, J = 8.1 Hz, 2H, 3-H + 6-H),
7.49 (m, 2H, 1-H + 8-H), 3.82 (s, 2H, 9-H) ppm;
13
C NMR (100 MHz, CDCl3): δ = 144.8 (C-9a +
C-8a), 139.7 (C-4a + C-4b), 130.1 (C-3 + C-6), 128.3
(C-1 + C-8), 121.2 (C-4 + C-5), 120.9 (C-2 + C-7),
36.5 (C-9) ppm;
MS (APCI, positive): m/z = 321.8 (16%, [M]+).
N2,N2,N7,N7-Tetrakis(4-methoxyphenyl)fluorene2,7-diamine (23)
Compound 23 was obtained by reacting 22 (486 g,
1.6 mmol) and t-BuONa (0.36 g, 3.75 mmol) using
GP1. After refluxing the reaction mixture under
stirring overnight., the mixture was controlled by
TLC, water (20 mL) was added, extracted with ethyl
acetate (2 × 50 mL), the combined organic phases
were dried over MgSO4, and the solvent was
evaporated under reduced pressure. After column
chromatography (SiO2, hexane/ethyl acetate, 3:1), 22
(473 mg, 78%, [1649427-53-1]) was obtained as a
yellow solid; m.p. 76°C; RF = 0.7 (hexane/ethyl
acetate, 3:1);
IR (KBr): 𝜈̃ = 3447s, 2831w, 1612w, 1505s, 1466m,
1321w, 1269w, 1239s, 1179w, 1120w, 1035w, 827w,
594w cm-1;
UV/vis (CHCl3): 𝜆max (log 𝜀) = 264 (3.96), 343 (4.39),
385 (4.47), 409 (4.52) nm;
1
H NMR (400 MHz, DMSO-d6): δ = 7.50 (d, J = 8.3
Hz, 2H, 4-H + 5-H), 6.96 (d, J = 9 Hz, 8H, 12-H), 6.91
(d, 2H, 1-H + 8-H), 6.87 (d, J = 9.0 Hz, 8H, 11-H)
6.78 (dd, J = 8.3, 2.1 Hz, 2H, 3-H + 6-H), 3.71 (s, 12H,
13-H), 3.63 (s, 2H, 9-H) ppm;
13
C NMR (100 MHz, CDCl3): δ = 155.7 (C-13), 147.1
(C-2 + C-7), 144.4 (C-9a + C-8a), 141.2 (C-10), 134.8
(C-4a + C-4b), 126.5 (C-12), 120.1 (C-4 + C-5) 120.0
(C-3 + C-6), 117.7 (C-1 + C-8), 115.3 (C-11), 55.7
(C-14), 36.8 (C-9) ppm;
MS (ESI, CH2Cl2): m/z = 620.3 (16%, [M]+).
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