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Abstract

The mulitstage preparation of densly packed thienylene-phenylene dendrimer

15 comprising 42 thiophene and 7 benzene units arranged in a hexagonal

“snowflake” fashion is described. The desired three-dimensionality is induced

through steric repulsion of the peripheral hexa(thienyl)benzene units.

The molecular geometry of individual dendrimers was supported by quantum

chemical calculations, whereby atomic force microscopy gave evidence for

spontaneous ordering of the molecules on a graphite surface by the formation

of stable nanosized edge-on oriented columns.
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1 | INTRODUCTION

Dendrimers represent branched macromolecules with
monodisperse, molecularly defined structure, which can
be synthesized to various generations and sizes by diver-
gent or convergent strategies.1 Because of the strong
branching and the resulting sterical hindrance in higher
generations, increasing three-dimensionality (3D) of the
dendritic macromolecule is obtained.2 In particular,
π-conjugated 3D polyphenylene dendrimers (PPD)
became attractive for their challenging synthesis and
great structural esthetics.3 Moreover, PPDs can be
functionalized at the core and/or in the periphery and
tailored to multifunctional, shape-persistent, and rigid
molecular architectures with excellent thermal and
chemical stability. Applications range from host-guest

chemistry to chemical sensors, drug delivery, integration
into light-emitting diodes to the point of lithium batteries
and hydrogen storage.4 Thereby, hexaphenylbenzene3,5

represents a basic structural element, which Müllen and
his group raised to build up myriads of highly crowded
and structurally defined PPDs with sizes up into the
10 nm regime. Mainly, sequential and highly efficient
Diels–Alder cycloadditions of arylated cyclopen-
tadienones and alkynes or transition metal-catalyzed
cyclotrimerization reactions of functionalized alkynes
were used to build up these complex macromolecules.6

Because PPDs are only weakly π-conjugated over few
units due to strong distorsion of the individual phenylene
units, increased π-conjugation and less steric hindrance is
expected by implementation of more electron-rich thio-
phene units. In this respect, the first dendrimer fully
assembled from thiophenes was synthesized by
Advincula et al. and consisted of a 3,30-bithiophene core,
which was substituted by four branched, hexyl-
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terminated septithiophene arms.7 By combined conver-
gent/divergent syntheses, Ma et al. some years later were
able to prepare series of larger dendritic oligothiophenes
(DOT) up to the fourth generation which contained
90 selectively coupled thiophenes and were built up
entirely from 2,20: 30,200-terthiophene units.8 Absorption
in the visible, appropriate redox levels, and high solubil-
ity in organic solvents allowed for the implementation of
DOTs as donor component into solution-processed bulk
heterojunction organic solar cells, which reached up to
3.5% power conversion efficiency (PCE) in combination
with fullerene PC71BM as acceptor.9

By threefold and fourfold surrounding a central ben-
zene ring with branched, hexyl-terminated octithiophene
dendrons, Mitchell et al. prepared series of mixed
phenylene-thienylene dendrimers, which were as well
applicable as donors in organic solar cells (≤1.35%
PCE).10 Simultaneously, Müllen's group synthesized
much larger, monodisperse terthiophene-terminated
PPDs comprising 60 phenylene and 45 thienylene units
in total. Through electrochemical polymerization of the
peripheral terthiophenes, the spherical dendrimers with
a tetragonal tetraphenylmethane core were connected to
3D networks with exceptional conductivities.11

We have recently described the development of steri-
cally crowded and twisted thienylene-phenylenes based
on phenylene and biphenylene cores and compared them
to their polyphenylene counterparts. The replacement of
peripheral benzene rings in hexaphenylbenzene and
deca(phenyl)biphenyl by thiophenes in hexa(2-thienyl)
benzene 1 (6T-P) and deca(2-thienyl)biphenyl 2 (10T-2P)
revealed also steric hindrance and propeller-like arrange-
ment of the peripheral thiophene rings, but some reduced
steric congestion and distortion effects due to the smaller
geometric extension of thiophene.12 This class of com-
pounds was recently expanded by trigonally shaped
thienylene-phenylene 3 (6T-16P), whereby the electron-
rich thiophene units exerted the expected influence on
the electronic properties in all three derivatives.13

Interestingly, through-space π-conjugation of the ipso-
carbons in a toroidal and catenated topology has been
evidenced from X-ray structure analysis and theoretical
calculations (ACID) for 1 and 2, respectively (Figure 1).

In this work, we now present synthesis and character-
ization of extended hexagonal thienylene-phenylene den-
drimer 15 (42T-7P) resembling a “snowflake-type”
structure. Formally, the molecule is composed of hexa
(2-thienyl)benzene (1) as core, which is substituted by six
identical units of 1 in a hexagonal fashion (Figure 2). The
polyphenylene counterpart 16 (49P) was formerly synthe-
sized by Pascal et al. as model compound for “phe-
nylogous cubic graphite” from an alkyne precursor and
tetracyclone under harsh conditions at 280 �C in
diphenyl ether.14

2 | RESULTS AND DISCUSSION

2.1 | Synthesis of thienylene-phenylene
dendrimer 15

The reaction sequence for the preparation of crowded
thienylene-phenylene 15 is illustrated in Scheme 1.
Starting with 2-iodothiophene 4, di(thien-2-yl)ethyne
5 was prepared by twofold Sonogashira-type coupling of
4 with ethynyltrimethylsilane and successively bromi-
nated at the α-positions by lithiation with n-butyl lithium
(BuLi) and quenching with elemental bromine. The
resulting 1,2-bis(5-bromothien-2-yl)ethyne 6 was reacted
with boronic acid pinakol ester 7 in twofold Pd-catalyzed
Suzuki-type coupling to yield 1,2-bis(2,20-bithien-5-yl)eth-
yne 8. Subsequently, ethynylene 8 was cyclotrimerized
with dicobalt octacarbonyl [Co2(CO)8] in dioxane. Hexa
(2,20-bithien-5-yl)benzene 9 was obtained in 77% yield as
a colorless solid. The next step was the sixfold selective
halogenation of 9 at the free α-positions of the
bithiophene arms which turned out to be quite laborious.
Thus, in various attempts to iodinate 9 with N-

FIGURE 1 Sterically

crowded and twisted thienylene-

phenylenes

1846 LEITNER ET AL.
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iodosuccinimide, always inseparable mixtures of four-
fold to sevenfold iodinated products were obtained.15

Eventually, selective bromination of 9 with N-
bromosuccinimide (NBS) was successful and yielded
hexabromo derivative 10 in 99% yield without side
products. The optimized reaction conditions included
the use of 6.8 equivalents of NBS in a mixture of chlo-
roform and acetic acid as solvent, whereby the addition
of catalytic amounts of Co2(CO)8 to the reaction mix-
ture was important for the high selectivity and yield.
Similar selective C H halogenations of benzene deriv-
atives with NBS under Cp*Co(III)-catalysis was
recently reported Glorius et al.16 We therefore assume
that the applied Co(0) was in situ oxidized to Co(III) by
NBS, because an experiment with Co(acac)3 as catalyst
under the same conditions also furnished hexabromo
derivative 10 in 97% yield.

Having now the targeted sixfold halogenated interme-
diate 10 in pure form in hand, the next step was the six-
fold Pd(0)/Cu(I)-catalyzed Sonogashira-type coupling
with ethynylated thiophene 11 yielding extended
hexasubstituted derivative 12. In the final step to the
targeted “snowflake” molecule, hexayne 12 was reacted
with an excess of tetra(2-thienyl)cyclopentadienone 13 in
dichlorobenzene at 195 �C for 2 days. The isolated reac-
tion mixture was investigated by mass spectra and con-
sisted of fivefold reacted derivative 14 with one ethyne
group resting and the fully reacted 15. Unfortunately,
higher reaction temperatures than 200 �C were not con-
structive, because cyclopentadienone 13 is thermally
labile in contrast to tetracyclone, which could be more
efficiently reacted at 280 �C.13–15 Separation of the two
products by chromatographic methods was not feasible
due to their low solubility. In order to shift the product
ratio into the direction of the six-fold Diels–Alder cyclo-
addition product 15, the mixture was multiply

additionally heated with excessive cyclopentadienone 13
and the product ratio monitored by mass spectra. This
procedure was repeated six times until a high-resolution
mass spectrum (HRMS) nearly exclusively showed the
strong molecular peak of 15 at m/z = 3982.7343 and only
marginally this of 14 at m/z = 3602.7461. After several
chromatographic runs, pure 15 was obtained in small
amounts as low soluble, colorless solid which could be
characterized by 1H-NMR spectroscopy and HRMS
(Figure 3).

2.2 | Molecular shape of “snowflake”
dendrimer 15 by quantum chemical
calculations

Quantum chemical calculations on thienylene-phenylene
15 have been performed starting with different geome-
tries taking into account the possibility of syn-anti isom-
erization of thiophene rings, but also keeping the local
and total symmetry of the molecule as high as possible.
By this procedure, six stable conformers in the hyper-
potential surface were found showing differences in stabi-
lization energy of less than 0.33 eV. The two most
dissimilar ones are depicted in Figure 4.

In the in-plane stretched “paddle wheel” geometry,
the anti-conformation of the bithiophene bridges
between the wheels and the persistent conformation of
all thiophenes in a wheel pointing to the same direction
result in an almost flat molecular arrangement
(Figure 4A,B). In the peripherial wheels, the thiophene
units are pointing in the same direction and opposite to
the ones in the central wheel (labeled by yellow and gray
discs in Figure 4A0,B0). This geometry originates a strong
molecular dipole moment of 13.1 Debye oriented perpen-
dicular to the central benece unit. The symmetry of the

FIGURE 2 Targeted

“snowflake-type” thienylene-
phenylene 15 (42T-7P) (left) and

polyphenylene counterpart 16
(49P) (right)

LEITNER ET AL. 1847
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molecule in the paddle wheel geometry corresponds to
the C6 point group.

In the “double calixarene” geometry of 15 (Figure 4C,D)
the wheels alternate up and down relative to plane of the
central wheel. This is possible due to the up and down alter-
nation of the thiophene rings in the central thienylene-
phenylene unit and the syn-conformation of all bithiophene
bridges. This geometry corresponds to the C3v point group
and a moderate molecular dipole moment of 2.1 D in the
plane of the central wheel has been calculated.

Due to the high molecular symmetry of thienylene-
phenylene 15, degenerated frontier molecular orbitals
have been found for both geometries. The
corresponding electron density distribution for the
highest occupied molecular orbital (HOMO) and low-
est unoccupied molecular orbital LUMO are depicted
in Figure 5. The electron density in the first three occu-
pied and the first three unoccupied orbitals extends
mostly from the central benzene ring to the
bithiophene bridges. Only from HOMO-3 and LUMO

SCHEME 1 Synthesis route for “snowflake” thienylene-phenylene dendrimer 15

1848 LEITNER ET AL.
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+3 a shift of the electron density to the peripherial
wheels can be observed (not shown).

2.3 | Structural characterization of
“snowflake” dendrimer 15 by atomic force
microscopy (AFM)

Dendrimer 15 was deposited by drop-casting of a diluted
dichloromethane solution onto the surface of highly ori-
ented pyrolythic graphite (HOPG). The surface was ana-
lyzed with the help of an AFM in the tapping mode.

Surface topography, amplitude, and phase were recorded
and selected images are presented in Figure 6. Island for-
mation with an average height of 3.5 ± 0.2 nm can be
observed and correlates well to the diameter of dendri-
mer 15 in the stretched “paddle wheel” conformation
(3.6 nm). A clear periodic roughness in the surface of the
islands can be observed and seems to be conmensurate
with the underneath layer fully covering the HOPG sur-
face (Figure 6B,C).

The dendrimers spontaneously order edge-on in col-
umns of stable nanosized aggregates of 25 ± 2 nm size
like it is the case of several hexabenzocoronene deri-
vates.6 Longitudinal and lateral displacements of the den-
drimers within the stacks are scarcely observed most
probably due to strong dipole–dipole intermolecular
interactions favored by the high dipole moment calcu-
lated for 15 in the “paddle wheel” geometry. Inter-
molecular intertwining of the wheels can also contribute
to the stabilization of the nano-aggregates.

3 | CONCLUSIONS

In summary, we realized the mulit-stage synthesis and
characterization of dendritic, hexagonal thienylene-
phenylene 15 comprising 42 thiophene and 7 benzene
rings leading to a highly crowded and sterically congested
3D “snowflake” structure. Starting from simple 2-
iodothiophene, dendrimer 15 was built-up in 7 synthetic
steps by applying Co-catalyzed cyclotrimerization to
introduce the hexagonal geometry and multiple Diels–

FIGURE 4 Calculated geometries of two conformers of thienylene-phenylene 15: “Paddel wheel”-type geometry in front (A) and side

view (B) and “double calixarene”-type geometry in front (C) and side view (D)

FIGURE 3 High-resolution mass spectrum of thienylene-

phenylene 15 (42T-7P), experimentally determined (top) and

calculated isotope pattern of the molecular peak (right)

LEITNER ET AL. 1849

 26424169, 2022, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/pol.20210930 by K

IZ
 der U

niversitat U
lm

, W
iley O

nline L
ibrary on [19/01/2023]. See the T

erm
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline L

ibrary for rules of use; O
A

 articles are governed by the applicable C
reative C

om
m

ons L
icense



Alder cycloaddition for the final structure. The molecular
geometry of individual dendrimers was supported by
quantum chemical calculations and atomic force

microscopy and gave evidence for spontaneous ordering
of the molecules on a graphite surface by the formation
of stable nanosized edge-on oriented columns. The

FIGURE 5 Eletron distribution

on the frontier molecular orbitals of

thienylene-phenylene 15 in the

“paddel wheel” (a) and “double
calixarene” (B) calculated
geometries

FIGURE 6 AFM images of films of thienylene-phenylene 15 adsorbed on HOPG: Amplitude (15 x 15 μm2, Δz = 42.8 mV) (A),

topography (2.5 x 2.5 μm2, Δz = 10 nm) (B) and phase images (2.5 x 2.5 μm2, Δz = 31.43 Deg) (C)

1850 LEITNER ET AL.
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successful preparation of “snowflake” 15 extends the pre-
viously described mixed thienylene-phenylenes 1-3 by far
and represents an example how desired three-
dimensionality in molecules can be induced through ste-
ric repulsion of densely packed individual subunits.

4 | EXPERIMENTAL SECTION

4.1 | Materials and methods

THF, n-Hexan, petroleum ether, dichloromethane, chlo-
roform, toluene, acetic acid, methanol, sodium sulfate,
and sodium carbonate were purchased from VWR
GmbH. N-BuLi (1.6M in n-Hexan) was from Acros
Organics, 1,4-dioxane, 1,2-dichlorobenzene, copper(I)
iodide(I), potassium carbonate, N-iodosuccinimid, and
trimethylamine were obtained from Merck KGaA.
Dicobaltoctacarbonyl, Pd2(dba)3, elemental iodine, N-
bromosuccinimid, cobalt(III)-acetylacetonat, and
HP(tBu)3BF4 were purchased from Sigma Aldrich, iso-
propoxy tetramethyl dioxaborolane from abcr GmbH.
Iodine monochloride and calcium hydride stem from
Alfa Aesar, N-ethyldiisopropylamine and calcium chlo-
ride from Fluka, trimethylsilylacetlyene, Pd(PPh3)3Cl2,
diazabicycloundecane, and 2-iodothiophene 4 from
Fluorochem Ltd. 1,2-Di(thien-2-yl)ethyne 5,17 1,2-di
(5-bromothien-2-yl)ethyne 6,18 4,4,5,5-tetramethyl-
2-(thien-2-yl)-1,3,2-dioxaborolan 7,19 (thien-2-yl)ethyne
11,20 and 2,3,4,5-tetra(2-thienyl)cyclopenta-2,4-dien-1-
one 1321 were prepared according to literature proce-
dures. THF, tolene, and dichloromethane were used
from a MB SPS-800 solvent purification system
(MBraun GmbH), 1,4-dioxane and 1,2-dichlorobenzene
were dried over calcium hydride prior to use.

Thin-layer chromatography was performed on alu-
minum plates, precoated with silica gel, Merck Si60
F254. Preparative column chromatography was carried
out on glass columns packed with silica gel, Merck Sil-
ica 60, particle size 40–63 μm. HPLC was performed on
a Shimadzu CBM-20A equipped with an SPD-20A
UV/VIS detector and a LC-8A solvent system with a
Macherey-Nagel column (Nucleosil 100-5 NO2). NMR
spectra were recorded on a Bruker Avance 400 (1H-
NMR: 400 MHz, 13C-NMR: 101 MHz) at 293 K. Chemi-
cal shift values (δ) are given in parts per million (ppm)
and were calibrated on residual non-deuterated solvent
peaks (1H-NMR: δ = 7.26 (CDCl3), δ = 5.32 (DCM-d2),
δ = 5.93 (TCE-d4);

13C-NMR: δ = 77.2 (CDCl3),
δ = 53.8 (DCM-d2), δ = 74.2 (TCE-d4) as internal stan-
dard. The splitting patterns are labeled as follows: s
(singlet), d (doublet), dd (doublet of doublet), and m
(multiplet). Melting points were measured using a

Büchi Melting Point M-565. High-resolution mass spec-
tra (HRMS, MALDI-FT-ICR) were recorded on a
Bruker Solarix (Bruker Daltonik GmbH), MALDI-TOF
mass spectra on a Maldi-TOF REFLEX III (Bruker
Daltonik GmbH) using trans-2-[3-(4-tert-butylphenyl)-
2-methyl-2-propenylidene]malononitrile (DCTB) as a
matrix. Chemical ionizations mass spectra (CI) were
recorded with a Finnigan MAT SSQ-7000. Atomic force
microscopy was performed with a MULTIMODE-VS-
AM from Bruker Nano GmbH.

4.2 | Synthetic methods

4.2.1 | 1,2-Di[(2,20-bithien)-5-yl]ethyne 8

1,2-Bis(5-bromothien-2-yl)ethyne 6 (500 mg, 1.44 mmol),
4,4,5,5-tetramethyl-2-(thien-2-yl)-1,3,2-dioxaborolane
7 (1.21 g, 5.75 mmol), Pd2(dba)3 (132 mg, 0.14 mmol),
and HP(tBu)3BF4 (66.7 mg, 0.23 mmol) were dissolved in
abs. THF (10 ml) and degassed. An aqueous solution of
potassium carbonate (8.6 ml, 17.24 mmol, 2M) was
dropped into the reaction mixture, which was stirred for
2 days and worked up with water and extracted with dic-
hloromethane (DCM). The combined organic phases
were dried over sodium sulfate, the solvent was removed,
and the residue purified by column chromatography
(flash silica gel, petroleum ether [PE]/DCM 3:1) to yield
ethyne 8 as a yellow solid (442 mg, 1.25 mmol, 87%). Mp
144–146 �C; 1H-NMR (400 MHz, DCM-d2): δ 7.29
(dd,3J(H,H) = 5.1 Hz,4J(H,H) = 1.2 Hz, 2H, α-H50-Th), 7.24
(dd,3J(H,H) = 3.6 Hz,4J(H,H) = 1.2 Hz, 2H, β-3

0
-Th), 7.20

(d,3J(H,H) = 3.8 Hz, 2H, β-H3-Th), 7.11 (d,3J(H,H) = 3.9 Hz,
2H, β-H4-Th), 7.05 (dd,3J(H,H) = 5.1, 3.6 Hz, 2H, β-H40-Th)
ppm; 13C NMR (101 MHz, CD2Cl2): δ 140.0, 137.0, 133.7,
128.6, 125.9, 125.0, 124.2, 121.7, 87.6 ppm; MS (CI) m/z:
calcd. for C18H10S4: 353.97; found 353.94 (100%), 354.98
(65.98%), 355.98 (31.17%).

4.2.2 | 1,2,3,4,5,6-Hexa([2,20-bithien]-5-yl)
benzene 9

1,2-Di([2,20-bithien]-5-yl)ethyne 8 (300 mg, 0.85 mmol)
was dissolved in abs. 1,4-dioxane (20 ml) and Co2(CO)8
(72.3 mg, 0.21 mmol) was added. The reaction mixture
was stirred for 2 days at 110 �C and subsequently petro-
leum ether (5 ml) added. The precipitate was washed
with PE and methanol. After removal of the solvent and
drying in vacuo benzene 9 was obtained as a beige-
colored solid (232 mg, 0.22 mmol, 77%). Mp > 300 �C;
1H-NMR (400 MHz, TCE-d2): δ 7.08 (dd,3J(H,

H) = 5.1 Hz,4J(H,H) = 1.2 Hz, 2H, α-H50-Th), 6.94 (dd,3J(H,

LEITNER ET AL. 1851
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H) = 3.6 Hz,4J(H,H) = 1.2 Hz, 2H, β-H30-Th), 6.87 (dd,3J(H,

H) = 5.1, 3.6 Hz, 2H, β-H40-Th), 6.77 (d,3J(H,H) = 3.7 Hz,
2H, β-H4-Th), 6.52 (d,3J(H,H) = 3.8 Hz, 2H, β-H3-Th) ppm;
13C-NMR (126 MHz, TCE-d2, 80 �C): δ 139.6, 138.8,
137.8, 137.2, 130.6, 127.9, 124.4, 123.9, 123.3 ppm; HRMS
(MALDI-FT-ICR) m/z: calcd. for C54H30S12: 1061.89905;
found 1061.89853 [M]+; δm/m = 0.5 ppm).

4.2.3 | 1,2,3,4,5,6-Hexakis
[50-bromo-(2,20-bithien)-5-yl]benzene 10

Hexa[(2,20-bithien)-5-yl]benzene 9 (100 mg, 0.09 mmol),
N-bromosuccinimid (115 mg, 0.65 mmol), and Co2(CO)8
(0.80 mg, 2.34 μmol) were dissolved at 0 �C in a mixture
of chloroform/acetic acid (3.3:1, 26 ml) and stirred for
20 min. Then, the ice bath was removed and the reac-
tion mixture stirred at r.t. for 15 h. Subsequently, metha-
nol (20 ml) was added, the precipitate filtered and
washed with PE and methanol. After removal of the sol-
vent and drying in vacuo benzene 10 was obtained as a
straw yellow solid (143 mg, 0.09 mmol, 99%). Mp 275–
278 �C; 1H-NMR (400 MHz, TCE-d2): δ 6.84 (d,3J(H,

H) = 3.9 Hz, 6H, β-H3-Th), 6.70 (d,3J(H,H) = 3.7 Hz, 6H,
β-H30/4-Th), 6.69 (d,3J(H,H) = 3.8 Hz, 6H, β-H30/4-Th), 6.48
(d,3J(H,H) = 3.7 Hz, 6H, β-H40-Th) ppm; 13C-NMR
(101 MHz, TCE-d2): δ 149.5, 139.5, 139.1, 137.6, 136.8,
131.0, 130.6, 123.9, 111.0 ppm; HRMS (MALDI-FT-ICR):
m/z calcd. for C54H24Br6S12: 1529.36267; found
1529.36161 [M]+; δm/m = 0.7 ppm), 1312.04262,
1061.89830 [M-6Br]+.

4.2.4 | 1,2,3,4,5,6-Hexakis
[50-(thien-2-ylethinyl)-(2,20-bithien)-5-yl]
benzene 12

Hexakis[50-bromo-(2,20-bithien)-5-yl]benzene 10
(140 mg, 0.09 mmol), copper(I) iodide (2.08 mg,
10.9 μmol), and Pd2(PPh3)Cl2 (6.39 mg, 9.11 μmol) were
dissolved in a mixture of THF (11 ml) and
trimethylamine (0.8 ml) and stirred for 15 min. at
r.t. Then, 2-ethynylthiophene 11 (197 mg, 1.82 mmol)
was added and the reaction mixture was stirred for
1 day at 50 �C. The solvent was removed and the
obtained raw product was purified by column chroma-
tography (flash silica gel, PE/DCM 5:2) to yield benzene
12 as a yellow solid (134 mg, 0.08 mmol, 87%).
Mp > 220 �C decomp.; 1H-NMR (400 MHz, DCM-d2):
δ 7.33 (dd,3J(H,H) = 5.2 Hz,4J = 1.1 Hz, 6H, α-H5”-Th),
7.26 (dd,3J(H,H) = 3.6 Hz,4J(H,H) = 1.2 Hz, 6H, β-H3”-Th),
7.10 (d,3J(H,H) = 3.9 Hz, 6H, β-H3-Th), 7.01 (dd,3J(H,

H) = 5.2, 3.7 Hz, 6H, β-H4”-Th), 6.93 (d,3J(H,H) = 3.8 Hz,

6H, β-H4-Th), 6.90 (d,3J(H,H) = 3.8 Hz, 6H, β-H30-Th),
6.66 (d,3J(H,H) = 3.7 Hz, 6H, β-H40-Th) ppm; 13C-NMR
(101 MHz, DCM-d2): δ 140.1, 139.4, 138.4, 137.4, 133.5,
132.8, 131.2, 128.5, 127.8, 124.1, 124.0, 123.1, 121.8, 87.8,
86.5 ppm; HRMS (MALDI-FT-ICR): m/z calcd. for
C90H42S18: 1699.82550; found 1699.82085 [M]+; δm/
m = 2.7 ppm), 1949.96520 [M + DCTB]+, 2199.11533
[M + 2DCTB]+.

4.2.5 | 1,2,3,4,5,6-Hexakis
{50-[2,3,4,5,6-penta(thien-2-yl)phenyl]-
(2,20-bithien)-5-yl}benzene 15

2,3,4,5-Tetra(thien-2-yl)cyclopenta-2,4-dien-1-one 13
(360 mg, 0.88 mmol) was dissolved in abs. o-
dichlorobenzene (DCB) (6 ml) and heated to 190 �C.
Then, benzene 12 (100 mg, 0.06 mmol), which was dis-
solved in abs. DCB (18 ml), was slowly added dropwise
and the reaction mixture stirred for 3 days at the same
temperature. After 1 day, the second batch of
cyclopentadienone 13 (200 mg, 0.49 mmol) was added
and after 3 days the third (100 mg, 0.24 mmol). After the
reaction was finished, the solvent was removed and the
residue was suspended in methanol, filtered, and
washed with methanol, PE, and DCM. A beige-colored
solid was obtained which according to mass spectra
mainly consisted of the desired benzene 15 but also con-
tained the product of the fivefold Diels–Alder
cycloaddition 14.

In five successive additional reaction cycles, parts
of the previously isolated product were subjected to
another reaction with cyclopentadienone 13 under the
same conditions. Every time a second batch of the
cyclopentadienone 13 was added after 1–3 days and
then the reaction mixture was worked up as described
above.

1. Cycle: 100 mg product 15/14, 227 mg 13 + 100 mg 13
after 3 days, work-up after 7 days.

2. Cycle: 100 mg product 15/14, 200 mg 13 + 100 mg 13
after 3 days, work-up after 6 days.

3. Cycle: 100 mg product 15/14, 227 mg 13 + 100 mg 13
after 2 days, work-up after 4 days.

4. Cycle: 10 mg product 15/14, 34 mg 13 + 10 mg 13
after 2 days, work-up after 4 days.

5. Cycle: 10 mg product 15/14, 34 mg 13 + 10 mg 13
after 1 days, work-up after 3 days.

After the final reaction cycle and the usual work-up,
3 mg of the washed solid were suspended in DCB
(400 ml) with the aid of ultrasound and subsequently
adsorbed on flash silica gel. After two chromatographic
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runs on flash silica gel (PE/DCM 4:3) the targeted ben-
zene 15 was obtained pure as a colorless solid (2 mg,
0.5 mmol). 1H-NMR (500 MHz, TCE-d2): δ 7.51–7.49 (m,
38 H, α-H5”-Th, β-H30-Th), 7.36–7.36 (m, 36 H, β-H3-Th,
β-H30-Th, β-H3”-Th), 7.11–7.10 (m, 40 H, β-H3”-Th, β-H4”-
Th) ppm; 13C-NMR was not possible due to the low solu-
bility in organic solvents, HRMS (MALDI-FT-ICR): m/z
calcd. for C210H114S42: 3982.71973; found 3982.72719
[M]+, (δm/m = 0.2 ppm).

4.3 | Computational methods

The geometry optimizations were performed with semi-
empirical (PM6) and density functional theory (DFT)
(CAMB3LYP functional with a 6-31G+[d] basis set) cal-
culations implemented in Gaussian16.22

4.4 | Surface characterization

Surface images were recorded with the help of an atomic
force microscope (MultiMode V AFM, Bruker). The
microscope was operated in air at room temperature in
the tapping mode using commercial silicon tips at a reso-
nance frequency of 200–400 kHz and spring constants of
E50 N m�1. The images were analyzed with the help of
the WSxM software.23
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