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Abstract Acenes have been known for a long time but their larger
congeners, starphenes and phenes, have only been recently accessible
as processable and characterizable derivatives. In this personalized
review, we delineate the synthetic approach developed by our group
over the last four years. Nickel-mediated Yamamoto coupling of ortho-
dibromoacenes generates cyclotrimers. If performed in a shotgun
approach, i.e. with substituted 2,3-dibromotetracene or -pentacene in
the presence of ortho-dibromobenzene or ortho-dibromoveratrole,
trimeric phenes and tetramers would result. Cyclotrimers formed by a
pentacenylene and two phenylenes are formally dibenzo[a,c]hexacenes.
A direct way to obtain these species is to employ Stille coupling of a
dimethylstannafluorene with 2,3-dibromoacenes. If tetrabromoanthra-
cenes or tetrabromopentacenes are fed into this process, tetrabenzo-
pentacene and tetrabenzoheptacenes are easily accessible. Optical and
quantum-chemical characterizations provide insight into the electronic
situation and aromaticity of these species.

Key words acenes, phenes, starphenes

Introduction

Ever since the discovery by Heeger and Shirakawa that
polyacetylene turns into a conductor upon doping with
iodine, the search for “organic metals”' and later—more
fruitfully—for organic semiconductors has excited chemists
and materials scientists. In the last two decades or so, a
number of organic species, a selection of which is shown
pars pro toto in Figure 1, have had a spectacular impact on
the development of semiconductors.?~1°

An interesting class of materials is represented by the
acenes'!?; pentacene, the largest easy-to-handle represen-
tative of this class was first prepared in the 1930s by Clar,
using different chemical approaches.’’®< Pentacene can be
sublimed and is therefore fairly easy to use—even for
physicists. As it is not highly soluble, several precursor
routes have been developed to facilitate solution-based
handling. In the solid state, pentacene (1) packs in a
herringbone motif (Figure 2) and is a potent p-channel
semiconductor, useful for thin-film transistors and other
electronic devices.!> 14

Pentacene’s lack of solubility and stability was perceived
as a drawback, until Anthony et al. introduced TIPS-ethynyl
substituents to the acene core via alkynylation and
subsequent deoxygenation of pentacenequinone.’>~'” The
as-formed product TIPS-Pen (6) is soluble, displays
enhanced stability, and has been employed in a range of
different applications, such as organic thin-film transis-
tors,'®19 sensing,®?! and prominently singlet fission.?>23

Using this strategy, Anthony could also stabilize
hexacenes and heptacenes, although more bulky silanes,
e.g. Si(cyclopentyl);?* or Si(TMS);,%> were necessary. This
concept is not only applicable to the acenes as it has also
been applied to N-heteroacenes by us?®~2° and others,?%-3?
exploiting additional steric or electronic stabilization. Other
strategies to stabilize acenes involve on-surface chemis-
try,3334 kinetic stabilization in thin films,3> and isolation of
acenes in matrices.>>>¢

One fairly under-developed aspect was the synthesis and
characterization of the so-called “phenes” (Figure 3),>"*%1i.e.
aromatic hydrocarbons with n annulated rings that display
two identical (n: odd-numbered) or differing by one in length
(n: even-numbered) acene arms that are connected through a
single benzene ring. The number of overall catenated benzene
rings determines the name of the phene.3”° Then, benzo-
phenanthrene would be tetraphene, and Figure 3 displays the
structures of pentaphene (7), hexaphene (8), and undeca-
phene (9). If the branching ring is not positioned as centrally
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as possible, digits are added to denote the number of  synthetic access. Green fluorescent heptaphene (11) was
annulated rings in each direction [cf. heptaphene-(2,4) (10) synthesized by Clar in the early 1930s—but without solubili-

vs. heptaphene (11)].

ty-mediating groups the synthesis and purification of larger

One of the reasons for the absence of larger phenes was congeners is futile, although several theoretical publica-
their lack of solubility, combined with the lack of good tions*! have investigated their electronic structures. Here we

Biographical Sketches

Elias Riidiger was born in Heidelberg, Germany. Since making contact with the chemistry and physical properties of
starphenes in his master thesis, he focused on synthesis and analysis of semiconducting materials. The following years
he specialized in unusual stabilization concepts for large acenes and their functionality in organic electronics. Finally,
Elias received his Dr. rer. nat. (2018) for organic chemistry in the group of Prof. Uwe Bunz at the Ruprecht-Karls-
Universitdt in Heidelberg.

During his master thesis in the group of Prof. Frank Wiirthner, Matthias Miiller focused on supramolecular chemistry
for organic electronics. After obtaining his M.Sc. degree in chemistry from the University of Wiirzburg in 2016, he
moved to Heidelberg, joining the group of Prof. Bunz. He finished his PhD (summa cum laude) in organic chemistry
recently, investigating unusual stabilization methods for large, acene-type scaffolds.

Jan Freudenberg received his Master of Science and Dr. rer. nat. (2016, summa cum laude) from the Ruprecht-Karls-
Universitdt Heidelberg. Within his master thesis he developed water-soluble luminophors for sensing applications,
before moving into the field of aggregation-induced emitters as well as host materials for blue (Ph)OLEDs. Currently, he
is a group leader of Prof. Bunz' acene and heteroacene subgroup. Since 2016, he is also a group leader at InnovationLab,
Heidelberg, under the supervision of Prof. Klaus Miillen. Jan's research interests include printed organic electronics,
interphase modification in devices and development of organic materials derived from (aza)acenes.

Uwe H. F. Bunz, born in Neheim-Hiisten, Germany received his Dipl. Chem. and Dr. rer. nat. (1990, summa cum laude)
from the LMU Munich. After a postdoctoral stay in Berkeley he worked at MPIP Mainz, with Klaus Miillen, where he was
awarded his venia legend in 1997. Professorial position at the University of South Carolina and at Georgia Institute of
Technology followed, before he moved to Heidelberg. He is Chaired Professor at the Organisch-Chemische Institut der
Ruprecht-Karls-Universitat Heidelberg since 2010 and also a founding Director of the Centre of Advanced Materials at
the University of Heidelberg. His scientific interests involve conjugated (water-soluble) polymers for sensoric
applications such as chemical tongues and noses as well as N-heteroacenes and N-heteroarene chemistry.

Organic Materials 2019, 1, 1-18
Georg Thieme Verlag KG, RiidigerstraBe 14, 70469 Stuttgart, Germany



3

THIEME

(o] ELITMEIGCEIJM F. C. Riidiger et al.

Xt CIs2

CeHisz

L

R
O N_O o 0
>~ ald
\ | - N-R
Rgo
0”7 N0 n
R

R R n
Pentacene P3HT Polyfluorene N2200 Perylene bisimide
1 2 3 4 5

Figure 1 Examples of different molecular and polymeric organic p- and n-type semiconductors.

TIPS
Il .

= >y xey
—> 0 e el i
X L

solubility
processability il
variability Tibs

-

herringbone motif

Figure 2 Stabilization of pentacene using TIPS-ethynyl substituents by Anthony et a

describe our adventures in the synthesis of benzophenes,
starphenes, and other related aromatics including acenes
carrying triphenylenes and heterotriphenylenes units.

Starphenes

In starphenes a single benzene ring is surrounded by
three identical arene substituents; the polycyclic (aza)
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Figure 3 Examples of different phenes.

TIPS-Pen

doe s L

brickwall motif

| 15,66

hydrocarbon displays D3, symmetry. While triphenylene
[tetrastarphene-(1,1,1), 12]***3 and hexaazatrinaphthy-
lene (HATNA, 13)*46 as well as their derivatives*’ are
known and investigated (cf. Figure 4), their larger
hydrocarbon congeners are almost unknown. To prove
that a complete aromatic conjugation does not exist in
starphenes, decastarphene-(3,3,3), the largest unsubsti-
tuted derivative, was synthesized by Clar and Mullen in
196840

Lynett and Maly reported a four-step synthesis for
trinaphthylenes by palladium-catalyzed aryne trimeriza-
tion*®; the same strategy was later utilized by Pefia et al. to
obtain star-shaped nanographenes.**>° We simplified and
modularized the access to trinaphthylenes 16. A simple
Yamamoto coupling of dibromonaphthalenes 13a-f gave
cyclotrimers 16a-f in one step in reasonable to good yields
(Scheme 1).>

The solid-state packing of these trinaphthylenes is
highly dependent on the size of the alkoxy substituents.
In the case of methoxylated 16a, layers with a distance of

Figure 4 Structures of triphenylene 12 (left) and HATNA 13 (right).
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Scheme 1 Synthesis of substituted heptastarphen-(2,2,2) 17a-f using a simple Yamamoto-type cyclotrimerization. (Adapted with permission from

Riidiger et al.>" Copyright 2016 American Chemical Society.)

3.5 A are formed, in which all molecules have the same  phene with tetracene-based arms in yields exceeding 50%.
orientation, whereas in adjacent planes the molecules are  This simple cyclotrimerization was also used when a

rotated by 180° (Scheme 1).

substituted dibromopentacene was employed to give a

When using dibromotetracene 23, we conveniently  starphene consisting of three pentacene units (Scheme 2).

extended this methodology and isolated the larger star-  The dibromides 23 and 24 were prepared according to
(o]
TIPS
‘OO )TIPS—H

(e}

AcOH,

n-BuLi, TH
OO — OO‘OO i, O
_— e
Br CHBr, Nl DA 2) KI, NaH,PO, Br

90 °C, 16-20 h
18 57%
70%

Ni(COD),
COD, bipy

THF (abs.)
1, 24 h, >50%

21/22

reflux, 24 h
76%, 73% TIPS
23/24

Scheme 2 Synthesis of Br,TIPS-Tet 23 and Br,TIPS-Pen 24, and the Yamamoto-type cyclotrimerization to form the starphenes T and Ps.>?
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Figure 5 Top: normalized absorption spectra of starphene Ts (Amax.abs =
586 nm) and P53 (Amax.abs = 703 nm) in dichloromethane. Bottom:
low-energy absorption bands of TIPS-tetracene and TIPS-pentacene for
comparison.>?

Scheme 2. Starting from the tetrabromide 18, the Cava
reaction with 19/20 yields the quinones 21/22, which are
alkynylated and deoxygenated into 23/24 in good overall
yields of 43 and 51% for this three-step synthesis.>?

Figure 5 depicts the UV-vis spectra of the two starphenes
(Ts and P3). Both show the expected redshift—as in a formal
sense all three units are either pentacenes or hexacenes, but
ones which share the ring in the middle. Therefore, the
redshift is not large when compared to TIPS-Pen (Amax abs =
643 nm)>® or TIPS-Tet (Amaxabs = 534 nm).>* We conclude
that there is some electronic interaction of the acene arms
with each other, but it is not large, similar to triphenylenes,
although oscillator strengths are much higher as suggested
by the more intense absorption at lower energies. We
obtained single-crystal structures of both starphenes and
found in both cases a slight twist of one of the bis(TIPS-
ethynyl)-equipped arms (Figure 6). There is some elec-
tronic overlap of the arms with adjacent molecules, but the
materials cannot form perfect stacks in which the centers
are on top of each other, due to the bulky silyl substituents.
The twist in the solid state implies deviation from the
symmetric propeller-shaped DFT-structure prediction in
vacuum.

Although the Yamamoto reaction is expedient for cyclo-
trimerization, it has its limits. First, the position of the TIPS-
ethynyl substituents is crucial for its outcome. Attempts to
position them more towards the center of the starphenes

Figure 6 Top: crystal structure of T3 showing a one-dimensional stack formed by overlap of two of the three starphene branches; visible is the almost
planar geometry. The third arm twists out of plane. Bottom: crystal structure of Ps; isolated pairs form in the solid state (TIPS-ethynyl groups were

omitted for clarity).®’
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using a 9,10-bis(TIPS-ethynylated) dibromoanthracene?®
were not successful under our standard coupling con-
ditions, probably due to the repulsion of the bulky TIPS
substituents between different acene arms. Second, the
Yamamoto cyclotrimerization is limited to hydrocarbon
systems—coupling of dibromophenazines or even larger
bishalogenated azaacenes resulted mostly in decomposi-
tion and/or dehalogenation. These systems are, however,
easily accessible via condensation reactions as recently
demonstrated by Mateo-Alonso et al., synthesizing giant,
star-shaped N-doped nanographenes.>

Phenes, Bisbenzannulated and COT-Based
Acenes

The success of the Yamamoto coupling opened the
possibility to perform shotgun-type syntheses in which
a second dibromoarene is used as a feed to access not only
bisbenzannulated phenes but also other molecular archi-
tectures in which the acene is embedded in a 3D scaffold,
such as tetrabenzocyclooctatetraenes. As a by-product of
our starphene synthesis, we observed traces of tetramers,
inseparable from higher linear oligomers, although forma-
tion of the cyclotrimers was greatly favored. Yamamoto
reported the formation of tetrathienylenes in his seminal
publication in 1991, hinting that formation of eight-
membered rings is possible.>® An overview of our explor-
atory project is given in Figure 7—the different synthetic and
materials science extensions including optoelectronic char-
acterization with subsequent targeted synthesis are
highlighted. After choosing a suitable building block to
embed into new constructs of higher geometry, the
properties of these structural motives were screened. The
most promising were studied in the solid state through the
construction of organic field-effect transistors. Finally, a
selective synthesis to access the best performing materials
had be developed.

Scheme 3 shows the statistical synthesis of different
coupling products, and our nomenclature is explained
in Figure 8.

When one equivalent of dibromides 23/24 is mixed with
2.5 equivalents of either 1,2-dibromobenzene (25) or 3,4-
dimethoxy-1,2-dibromobenzene (26), cylooligomers are
obtained under Yamamoto conditions. For the hydro-
carbons, separation by simple column chromatography
was not possible. Preparative recycling gel-permeation
chromatography cleanly separated a number of different
compounds otherwise difficult to access (Figure 9).5”

Some features should be noted: we find not only trimeric
benzophenes such as T,B and TB, or P,B and PB,, but also
cyclotetramers such as TBs and PBs; or TV, and PVPV.
Although we use an excess of the benzene or veratrole
derivative, the T,- and P,-products are more abundant than

Acenes: p-type material

Novel structural motifs

7 4 h

benzannulated
phene

"%

Properties in solution and solid state

bisbenzannulated
acene

tetraarylene

Selective synthesis

Figure 7 Screening process to access novel acene-based phenes and
COTs. (Parts of Figure 7 adapted with permission from Riidiger et al.?
Copyright 2018 John Wiley and Sons.)
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TIPS 23 /24 Pentacene: P,B, R=H, 18% PB3, R =H, 10% PB;, R=H, 8%
10 P,V, R=0Me, 41% PV,, R=0Me, 11% PV3, R =0OMe, traces
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. EE——
bipy, THF
R Br RT, 16 h
R : Br
25 R=H
26, R = OMe

2500 s@eoeoncssseorosee

Tetracene: ToV,, 20% Pentacene: PVPV, 3%

Scheme 3 Synthesis of different phene types via Yamamoto coupling.®”

their bisbenzannulated counterparts TX; and PX5. This must A new feature of this reaction is the isolation of tris-
be due to the differential reactivity of the bromides. benzocyclooctatetraene derivatives TBs3, species that are
Dibromoveratrole, the most electron-rich dibromide in this virtually unknown.

series, reacts slower than dibromobenzene 25, and therefore In the case of veratrole 26, two cyclooctatetraene-type
gives the highest amount of the T,- and P,-cyclotrimers. products, T,V, and PVPV, are formed in 20 and 3% yield,

Phenylene
B

/ojij" Veratrylene

v

Dibenzo[a.c]pentacene Tetraceno[2 3-b]tetraphenylene
(TBy) (PB3)

OOOO - Tetracenylene
. T

- Pent 1
QUL ™™ xomerm

Benzo[/[nonaphene
(T2V)

Figure 8 Semisystematic naming of the different acene scaffolds.
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Figure 9 Separation and isolation of different phene types: after synthesis the first purification step involved a standard silica chromatography to
remove salts, ligands, and polymers. The MS spectrum (black) shows a mixture of four species with almost the same polarity. These components were
separated by employing a recycling GPC, running 14 cycles to achieve baseline separation giving satisfying HR-MS spectra (red, blue, and green).
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Figure 10 Photographs of phenes T,B, TV, P>B, and P,V in n-hexane at room temperature (top); UV-vis spectra of T>B and P,B (bottom) are similar to
those reported by Clar for unsubstituted phenes. (Adapted with permission from Riidiger et al.>” Copyright 2018 John Wiley and Sons.)
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respectively. There are no conventional synthetic accesses
for such tetrabenzocyclooctatetraene scaffolds, although
Yamaguchi et al. combined a flexible cyclooctatetraene
core with two aceneimide wings.>® Our shotgun approach
is a superb exploratory tool but, unfortunately, it does
not allow the isolation of single products in larger
amounts.

Figure 10 displays photographs and UV-vis spectra of
solutions of the air-stable benzannulated phenes T,B and
P,B. The bands are similar to those predicted by Clar’s half-
empiric formula, despite the presence of the solubilizing
TIPS-ethynyl groups. Also, the veratryl compounds display a
slightly redshifted absorption: T,B versus T,V: 8 nm
(237 cm™ 1) and P,B versus P,V: 8 nm (168 cm™'). Calcu-
lations show that, due to the deviation from planarity, the
degeneracy of the HOMOs and the LUMOs (which are
positioned on the acene backbones) is lifted, and that there
is—as anticipated—only a fairly small interaction between
the acene arms. For both T,B and P,B, the conjugation over
the central ring causes a bathochromic shift of 43 nm
(1396 cm~!/974 cm™!) compared to TIPS-Tet and TIPS-Pen,
respectively. The energy gap derived from the absorption
onset at the lowest energy (T,B: 2.09 eV) is in good
agreement with the gap (1.99 eV) predicted by quantum
chemical calculations [DFT, BP86 def2-TZCP // B3LYP, 6-
311 + +G(d,p)].

In 1964, Clar published a semiempiric equation to
predict the position of the lowest absorption band (o-
band) of phenes.3” Equation 1 was based on the spectro-
scopic data available at that time and considers an
excitation mechanism adapted from the Bohr model
with the Rydberg constant (R.). The excited m-electron
was considered to be influenced by two carbon atoms
(2 x 6 nuclear charges; 122).

1 1 K2
G-
22 32 20Rx

The order “K” starts with the value 6 for benzene and
increases by 0.5 for every ring added to the system. For the
new, enlarged phenes presented by our group, the
benzannulated ring has to be left out because the lowest

_ 122Re
a — K2

(Equation 1)

Table 1 Comparison of the position of the a-band as predicted by Clar
with experimental values.

Pentaphene Heptaphene T-B P,B
K 9.5 10.5 11.5 125
Calculated by Clar 411 nm 503 nm 603 nm 712 nm
Experimental 417 nm? 486 nm?® 577 nm 686 nm
Deviation 6 nm 17 nm 26 nm 26 nm
+1.5% —3.4% —4.3% —-3.7%
aRef.37

bAbsorption of benzoheptaphene.

energy absorption band only depends upon the two longest
arms. With this in mind, the correct order (K) for T,B and
P,B is 11.5 (9 rings) and 12.5 (11 rings), respectively.
Although absorption features may be influenced by the
TIPS-alkynyl substituents on the larger arms, calculations
according to Clar’s formula show a surprisingly small
deviation of less than 5% (Table 1).

Geometry optimization with DFT methods results in
nonplanar structures of the benzannulated phenes due to
the steric repulsion of the silyl alkynyl substituents—the
deviation from planarity lifts the degeneracy of the frontier
molecular orbitals, which would be expected for entirely
flat species. Both frontier molecular orbitals (Figure 11) are
spread out over two arms, suggesting a type of meta-
conjugation. Crystal structure analyses also emphasize
nonplanarity of the phenes. T,V and P,V both form isolated
pairs of molecules, nonoverlapping with other pairs via m-m
interactions as they are separated by the solvent included in
the unit cells.

Figure 12 displays the UV-vis spectra of TB3 and T,V>,
and a photograph of an amorphous film of red T,V, on
polyimide. In the case of the cyclooctatetraene derivatives,
the arms are fully decoupled, as their p-bands are almost

pairs of molecules
no particular rt-m-overlap

Figure 11 DFT-calculated frontier molecular orbital distribution of P,V
(top) and crystal packing (bottom, solvent molecules omitted for

clarity). Calculated with Gaussian09 [B3LYP/6-311 + +G(d,p)], geom-
etry optimization with TURBOMOLE (BP86 def2-TZVP). (Reprinted with
permission from Riidiger et al.>” Copyright 2018 John Wiley and Sons.)

Organic Materials 2019, 1, 1-18
Georg Thieme Verlag KG, RiidigerstraBe 14, 70469 Stuttgart, Germany



10

THIEME

(oI ENIMVEICIEIER E. C. Ridiger et al.

superimposable. Therefore, the geometry enforced by the
cyclooctatetraene core insulates the arms from each other
(cf. Table 2). This is not the case in the cyclotrimers PB, and
of PV,, where the central benzene ring is planar and some
interaction is observable, testimony to the bathochromic
absorption compared to the parent acenes. Additionally, the
veratrole derivatives exhibit redshifted absorption bands—
visible in solutions of TB, and TV,, which displays clearly
different colors (Figure 13).

Figure 14 displays a synopsis of the absorption maxima
of the different substituted acenes and their dibenzo-
equipped analogs as well as that of a biphenylated
pentacene (26) for comparison. The dibenzo-“aprons”
render the outermost benzene ring—embedded in a
triphenylene unit—less acene-like. However, the maximum
absorption of PB, for example is roughly in the middle in
comparison to the one of TIPS-Pen as well as the one of a
similarly substituted hexacene. This suggests that the
benzene ring participates electronically in the large acene
system. Otherwise, PB, would resemble TIPS-Pen or the
twisted model compound 27 much more. Some of the
hexacene-like character is preserved in PB, and PV5, despite
the benzo-aprons, in good agreement with Clar’s early
observations.?” Other groups have also introduced addi-
tional Clar sextets via annulation strategies to stabilize the
higher (aza)arenes.>'>®-! However, the mode of annula-
tion®? is crucial, as otherwise the optoelectronics of such
species differ from those of unsubstituted acenes.

The synthesis of processible, soluble, and stable PB, and
its congeners was an attractive achievement, but to
fabricate thin film transistors, more material was needed;
the amount obtained from the statistical Yamamoto
coupling was insufficient.

A direct synthesis of PB, started with the bisborylated
biphenyl 28 (Scheme 4), which was coupled to dibromoa-
cenes 23/24. Monocoupled products resulted after Suzuki

1.0 — T8,
TZVZ
> 0.8
S,
| =
S
2 0.6
S
(%]
)
E’ 0.4+ 450 500 550
S
0.2
0.0 : . , .
300 400 500 600

wavelength [nm]

Figure 12 UV-vis spectra of TB3 and T,V (top), and photograph of an
amorphous film of TV, on polyimide-coated glass (bottom).

reaction—partial deborylation of the former biphenyl
moiety was the culprit. In the case of the nonmethoxylated
system, C-H activation did not occur even with a more
active catalyst. In contrast, the more electron-rich vera-
trylenes TV, and PV, were obtained via this strategy,
although as a mixture of constitutional isomers. The
position of the methoxy groups in 30/32 was dependent
upon which C-H bond was activated.

Table 2 Optical and electronic properties of selected cyclooligomers in comparison with their parent congeners.

Compound Amax.abs[NM]? Amaxem[M]® Gap[nm/eV]* o%]¢ Calcd. EqomoleV]® Caled. EyymoleV]® Calcd. gap[eV]®
TBs 540 543 552/ 2.25 60 ~5.10 —-2.84 2.26
PB; 645 649 659  1.88 65 -4.88 -3.06 1.82
AA 542 546 554 [ 2.24 25 —4.90 —2.68 2.22°
PVPV 648 653 663/ 1.87 - —4.66 —2.91f 1.75
TIPS-Tet 534%4 540°* 79> —5.09 —2.80 2.29
TIPS-Pen® 643 6503 75%3 -4.91 —-3.08 1.83

?Absorption peak at the lowest energy in n-hexane.

PEmission peak in n-hexane.

“Optical gap derived from absorption onset at the lowest energy.
dAbsolute fluorescence quantum yield in n-hexane.

©Calculated with Gaussian09°® [B3LYP/6-311 + +G(d,p)], geometry optimization with TURBOMOLE, (BP86 def2-TZVP).

TIPS substituents replaced by TMS for simplicity.
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Figure 13 Photographs of TB,, TV», PB,, and PV in n-hexane (from left to right) under ambient light (top left) and under UV-light (365 nm, top right),
and UV-vis spectra of PB, and PV, (bottom). (Adapted with permission from Riidiger et al.>” Copyright 2018 John Wiley and Sons.)

TIPS
i

B
jpceeee
i
TIPS
? Pd(PPhy), (5 mol%)
R O By PPhs, K2CO3
_—
R R THF/H,0 (2:1)
o 90°C, 16h
~B R

28 tetracene:  pentacene:

Pd(dba),
Cs,C03, PCys

—_—
Toluene (abs.)
110°C, 48 h

R=H 29 79% 31 7%
R=0Me 30 81% 32 97%
tetracene: pentacene:
R=H TB, 0% A
R=0Me TV,/TV;* 18% PV,/PV,* 50% (both as isomeric mixtures)

Scheme 4 Synthesis of dibenzo-substituted tetracenes and pentacenes using Suzuki coupling.

TIPS-Tet TIPS-Pen TIBS-Hex
| | |

500 550 600 650 700 750

wavelength [nm]

Figure 14 Maximum absorptions [nm)] of different acenes and benzannulated pentacenes and hexacenes compared to TIPS-Tet, TIPS-Pen, and a
hexacene (TIBS-Hex).
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Figure 15 Two different single crystals formed by the two different
stereoisomers TV, and TV5*.

Chromatographic separation was difficult, but crystalli-
zation of the fairly air-sensitive species (decoloration of
solutions occurred within 1 to 2 days under ambient
conditions) rendered two different types of single crystals
(Figure 15), which, after manual separation and successful
X-ray analysis, were identified as TV, and TV,*, allowing to
characterize both isomers structurally.

This two-step approach (i.e. the inability to close the ring
in one shot), the need for electron-rich arenes for CH
activations, and the problems with the regioselectivity

TIPS sl

I G o I

made this method less than ideal for the preparation of
larger amounts of PB, or TB,. The literature known Sn,Sn-
dimethylstannafluorene (Scheme 5) offered a solution. In a
Stille-type reaction of the stannafluorene with the tetra-
cene- and pentacene-dibromides, we obtained TB, and PB,
in 57 and 77% yields, respectively.®® Larger amounts of PB,
were easily accessible for applications. Figure 16 displays
the molecular structures of PB, and PV,. PB, packs in a
herringbone motif with head-to-tail dimers. The molecules
form two-dimensional layers, separated by their TIPS-
ethynyl side chains. The packing of PV, displays similar
spatial separation induced by the TIPS-ethynyl groups, but
the molecules form a brick-wall motif with alternating
orientations of the biarylene moieties in subsequent
layers.

A p-channel bottom-contact/top-gate transistor with
PB, displays mobilities up to 0.20 cm?/(Vs). Spin coated
from tetraline solution, PB, forms crystalline thin films,
while PV, stays amorphous as a film.

Tetrabromoanthracene or tetrabromopentacene reacts
(palladium-catalyzed) with the stannafluorene (Scheme 6)
to form tetrabenzopentacene (38%) and tetrabenzohepta-
cenes (8-24%) as stable and crystalline materials.>* The
facile synthesis and workup allows the preparation of such
acene-types in a one-shot reaction and if necessary in gram
quantities.

Figure 17 displays the UV-vis absorption spectra of TB,
(blue), PB; (teal), AB4 (red), and PB4 (dark green) in solution.
AB4 shows the most blueshifted absorption, and it displays
similar absorption features to a tetracene. This is followed
by TB,, PB,, and TB,, the last one being a formal heptacene,
yet absorbing in the same range as would be expected for a
hexacene. In this case again, each triphenylene unit has a
similar electronic effect as a half of a benzene ring.

Attempts to grow single crystals for the symmetrical
species were only successful for AB4; structure and packing
are shown in Figure 18. One polymorph shows an ideal
brick-wall motif, with the triphenylene units overlapping.
The high crystallinity of the material resulted in dewetting

TIPS

r
70°C,16h

TIPS

Scheme 5 Direct synthesis of TB, and PB,.

Br:“:\ PA(P(-Bu)s); (5 mol%) A
2 - OO0
B Z THF (abs.) Z

O |

T8,77% TIPS
PB, 57%

Organic Materials 2019, 1, 1-18
Georg Thieme Verlag KG, RiidigerstraBe 14, 70469 Stuttgart, Germany



13

(oI ENIMVEICIEIER E. C. Ridiger et al.

7

“
& 7> <
@ZF/ po !

[

THIEME

Figure 16 Crystal structures of PB; (left) and PV, (right) obtained from THF/MeOH diffusion crystallization.®® (Reprinted with permission from Riidiger

et al.%® Copyright 2018 John Wiley and Sons.)

TIPS
ll 87
B —
Br Z Br Pd(PtBus),
Il
TIPS
R
I Sh
Br: X Br
—_—
BrBr Pd(PtBus),
Il
R

PB,: a: 18%, b: 8%, c: 24%

i~

TIPS

Scheme 6 Stille-type synthesis of tetrafold benzannulated acenes using a stannafluorene and a highly active Pd-catalyst.

from all tested substrates, so the fabrication of thin-film
transistors was challenging. In early experiments, AB4
displayed singlet fission, currently under investigation.
Derivatives of PB; were not soluble enough, even with
enlarged trialkylsilyl groups, to give a suitable single
crystalline specimen or make thin-film transistors. These
are challenges still to be met.

To investigate the aromaticity of our benzannulated
systems, we performed NICS calculations (Figure 19). While
the acene units are all fairly inconspicuous in their
aromaticity, compared to TIPS-Pen, the central rings formed
upon annulation are almost nonaromatic, to a higher extent
than the central ring in triphenylene. This arrangement
maximizes the number of Clar sextets, i.e. one per acene or
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Figure 17 UV-vis absorption spectra of TB; (blue), PB; (teal), AB4 (red), Figure 18 Solid-state packing of the classic brick-wall polymorph of
and PB4 (dark green) in n-hexane at room temperature. (Reprinted with AB,.% (Reprinted with permission from Miiller et al.** Copyright 2018
permission from Miiller et al.5* Copyright 2018 John Wiley and Sons.) John Wiley and Sons.)

&)

TIPS-Pen triphenylene

Figure 19 NICS(1) values calculated at the B3LYP/6-311++ G(d,p) level.®®
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benzene arm, and it is the most stable one energetically. The
inner benzene rings are aromatic with NICS(1) values of -9 to
—13 ppm. The central triphenylene rings are essentially
nonaromatic with NICS(1) values of around —2.5 ppm. This
again highlights the specific nature of these rings which are
not fully integrated into the electronics of the larger acene
system, as they are only peripherally conjugated. The NICS
values support the picture obtained by distributing Clar

Figure 20 Single-crystal structure of the dimer of bisthienyl-annulated
hexacene (D-PThy). TIPS-ethynyl substituents have been reduced in size
for clarity.”®

sextets. To maximize their numbers, e.g.inTB,, the two benzo
units are assigned to a Clar sextet each, leaving the central ring
of the formal triphenylene subunit Clar-sextet-less.

The benzannulated species were much more stable in
solution under ambient conditions and even under
irradiation than their non-benzo-appended congeners,
and could be handled in the solid state for indefinite
periods of time. However, the more electron-rich thieno-
moieties decrease the stability of the materials. During the
Stille reaction to m-extend dibromopentacene 24, the
resulting bis-thieno-annulated species underwent in situ
Diels-Alder cycloaddition solely furnishing its dimer D-
PTh, (Figure 20).

The correct choice of stabilizing aprons such as phenyl
rings should allow the preparation of even larger acenes,
yet, of course, issues with solubility and processability will
increase with growing size. These are tackled by the
addition of alkyl or oligo(ethylene glycol) chains or similar
units, but these substituents are nonsemiconducting and
might curtail efficient charge transport in the solid state,
unless clever crystal engineering is employed to ensure their
electronic interaction.

Conclusions and Outlook

Starting from the synthesis of the symmetrical
starphenes, a whole group of new phene-type molecules
were synthesized and characterized. While some of the
parents have been made by Clar, their soluble, character-
izable derivatives have been unknown. We have devel-
oped new synthetic approaches towards substituted
phenes, using Yamamoto coupling protocols as divining
rods towards such species—sometimes via a shotgun
approach. For the selective synthesis, particularly of
dibenzo- or triphenylene-type species such as PB,, etc.,
coupling of a stannafluorene in a Stille-type reaction to a
dibromoarene is the method of choice. Reasonable yields
and the efficient construction of a single material are
ensured, making such species available in larger
quantities.

In the future we will prepare m-extended stannafluor-
enes (Scheme 7), which are powerful precursors to long-
arm starphenes. It is not clear at all how such H-shaped
species react, and how long the phene-arms can be made
without running into problems of stability and processabil-
ity. Also, one can change the size and nature (by heteroatom
doping) of the internal acene unit to investigate the
influence of the central unit on the electronic and solid-
state properties of the arms.

In the end, the flow diagram in Figure 21 delineates our
approach to materials and property prospecting. Starting
with a shotgun synthesis of novel species involving
separation and characterization, we might find one or
several attractive targets, which could be investigated for
example for charge transport properties, etc. In the next
round of such a refinement cycle, we would develop a
more efficient method for the synthesis of the targets
under consideration to study their optoelectronics in
more detail and jointly investigate them with our
collaborators who will use them in OLEDs or in photovol-
taic cells.

Overall there is a large structural space of aromatic
compounds to be explored, in which novel synthetic
methods, smoothly designed for solubilizing appendages,
and previously unknown structures form an exciting
materials science cauldron from which (hopefully) stable,
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R = alkyl, alkoxy

Scheme 7 Synthesis of enlarged double starphenes.
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Figure 21 Workflow, optimizing materials, and property discovery using starphenes. (Parts of Figure 21 adapted with permission from Riidiger et al.
Copyright 2018 John Wiley and Sons.)

processible, and easily prepared materials with amazing analysis. Uwe Bunz thanks all of his coworkers who
properties are extractable. contributed to the results of this review.
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