Towards Nanographenes with zigzag periphery
Zu Nanographenen mit Zick-Zack-Peripherie

Dissertation

zur Erlangung des Doktorgrades der
Naturwissenschaften (Dr. rer. nat.)

der

Naturwissenschaftlichen Fakultat Il
Chemie, Physik und Mathematik

der Martin-Luther-Universitat
Halle-Wittenberg

vorgelegt von

Herrn Mikhail Feofanov
geb. am 07.12.1993 in Komsomolsk-am-Amur

Namen der Gutachter:
Prof. Dr. Konstantin Amsharov.
apl. Prof. Dr. Norbert Jux

Verteidigungsdatum: 07.07.2021




This work has been carried out during the period from Januar 2018 to September 2019 at the
Department of Chemistry and Pharmacy in Friedrich-Alexander University located at
Nikolaus Fiebiger-Str. 10, 91058, Erlangen, Germany and from October 2019 to September
2020 at the Institute of Chemistry, Organic Chemistry in Martin-Luther-University Halle-
Wittenberg located at Kurt-Mothes-Strasse 2, D-06120 Halle, Germany.

Date of defence: 07.07.2021.




List of Abbreviations.

2D — Two dimensional

Ac — Acetyl substituent

AFM — Atomic force microscopy
APEX — Annulative n-Extension

Ar — Aryl substituent

DBA - Dibenzylideneacetone
DBATT - 2.3,8.9-dibenzanthanthrene

DCE — Dichloroethane

DCM — Dicholomethane

DDQ - 2,3-Dichloro-5,6-dicyano-1,4-benzoquinone
DMF — Dimethylformamide

DMSO - Dimethylsulphoxide

DPEX — dehydrative w-extension

DPPF — 1,1'-Bis(diphenylphosphino)ferrocene
EC — electrocyclization

Et — ethyl substituent

Hex — Hexyl substituent

HOMO - Highest occupied molecular orbital
HLG — HOMO - LUMO gap

HMPA — Hexamethylphosphotriamide

iPr — Isopropy! substituent

LDB - localized double bond

LooP — Ladderization of oligophenylenes
LUMO - Lowest unoccupied molecular orbital
Me — Methyl substituent

NIR — Near-infrared spectroscopy

NBS — N-Bromosuccinimide

NMO — N-Methylmorpholine N-oxide

NMR — Nuclear magnetic resonance

Ox — Oxidation




PAH — Polycyclic Aromatic Hydrocarbon
Ph — Phenyl substituent

PPA — Polyphosphoric acid

p-TSA — para-Toluenesulfonic acid

SET - Single electron transfer

SNAr — Aromatic nucleophilic substitution
STM — Scanning tunnelling microscopy
t-Bu — tert-Butyl substituent

TBAF — Tetrabutylammonium fluoride
TEA — Triethylamine

Tf — Trifluoroacetyl substituent

TFFA — Trifluoroacetic anhydride

THF — Tetrahydrofuran

TIPS — Triisopropylsilyl substituent
TMS — Trimethylsilyl

Ts — Tosyl substituent

hv — Light.




Was mich nicht umbringt, macht mich starker.

Gotzendammerung, Friedrich Nietzsche. 1888.
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1. Introduction
The unique ability of carbon to create stable chains is the key prerequisite to life diversity on

Earth and is the fruitful foundation for unlimited scientific investigations., The discovery of
new allotrope forms of carbon such as fullerene Ceol*! and graphene @ (single-atom-thick
honeycomb lattice of carbon) marked by Noble prizes in 1996 and 2010 respectively lead to
the explosive interest in the field of carbon-rich materials. Nowadays, sp? carbon-based
materials such as acenes, fullerenes, graphene, single-wall carbon nanotubes (SWCNTS),
graphene oxide became the backbone of modern material sciencel®l. The key to this success
lies in the possibility of controlling and tuning of properties of the carbon materials via

changing the shape, width, and edge topologies 1.

From the geometrical perspective the ideal hexagonal honeycomb arrangement of carbon
atoms observed in graphene can result in two edge topology types: zigzag and armchair
periphery (Scheme 1). The simplest fragment of the zigzag periphery is called L-region. The
armchair periphery consists of two components: K-region and bay-region. Defects in zigzag
end up in cove and gulf regions, while defects in the armchair periphery lead to the fjord and
chevron regions. The combination of armchair and zigzag peripheries could lead to the

junction and chiral edge topologies as it is shown in Scheme 1.
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Scheme 1. Edge definitions in a graphene sheet.
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From the perspective of physical properties, the zigzag periphery is the most interesting
because it leads to the decreased HOMO-LUMO gap (HLG) resulting in strong absorptions in
visible and NIR regions. This fact allows to use PAHs with zigzag periphery as organic
semiconductors with high charge mobilities®®*%, materials for non-linear optics™* 24,
photovoltaicsi*> 71 organic light-emitting diodes™2° liquid crystalst?!], singlet fission!?>241,
single-molecule spectroscopy!?>2%! and molecular magnetism[27281. Also, open-shell PAHs and
graphenes nanoribbons are promising materials for the next-generation quantum computers
because eliminated hyperfine interactions in graphene hold great potential for electron spin

qubits?®21,

Despite such great interest from material scientists, in contrast to the armchair periphery,
zigzag PAHSs suffer from significant insufficiency of synthetic methods connected with low
stability, rapid oxidation and polymerization 3. In this work, we aimed to find alternative
synthetic approaches to PAHs with zigzag periphery. Methods of synthesis divided by
different classes of zigzag PAHs will be introduced in the literature review.




2. Synthesis of PAHs with a zigzag periphery

2.1.Classification of PAHSs containing L-region

In contrast to infinite graphene lattice with the zigzag periphery, small PAHs cannot contain
only L-regions and include K-, bay- and/or more complex regions additionally. There are in
general only two possibilities of condensation of aromatic rings: cata, when all carbon atoms
belong to one or two benzene rings, and peri, when at least one of carbon atom is involved in
three benzene rings. Linear cata-annelation leads to acenes, whereas angular fusion could
result in phenacenes, helicenes or starphenes. Peri-annelation of acene motives in a different
manner allows for constructing several PAH classes with zigzag edges: 2-D acenes,

bisacenes, circumarenes, and acenoacenes (Scheme 2).

It is important to note that all described PAHs contain an even number of L-regions, which
allows the forming of Kekule structure (indicating the closed-shell structure). When the
number of L-regions in PAH is odd, it is possible to draw only non-Kekule structure
(correspond to the open-shell structure). The most notable examples of non-Kekule PAHs are

triangulenes (Scheme 2).
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Scheme 2. Classes of PAHs containing zigzag periphery and their Clar sextets.

The Kekule structure alone can not explain drastic differences in the reactivity of PAHSs. In
1972 Erich Clar formulated his aromatic n-sextet rule to discuss benzenoid species’ aromatic

character qualitatively2].

According to the Clar’s rule, one can classify the six-membered rings of benzenoid species in
four types of rings, namely, aromatic sextets, migrating sextets (typical for acenes), empty
rings (typical for triphenylene moiety), and rings with localized double bonds (LDB)
(standard for circumarenes arenes and phenacenes). Similarly, three types of benzenoid

species can be suggested. First one has only n-sextets and “empty” rings called by Clar “fully




benzenoid” (an example is a triphenylene or hexabenzocoronene); the second one has m-
sextets and rings with a single, double bond (for instance, phenacenes and coronenes); and the
third one that has rings with two or more double bonds and for which one can write more than
a single Clar structure (acenes). The last system appears to be the most interesting because the
maximum amount of Clar sextets often belongs to the open-shell resonance form. A diradical
character (y) is introduced to characterize this competition quantitatively. The diradical
character y can have a value between 0 and 1. y = 0 is referred to a full closed-shell nature,

y=1 corresponds to 100% contribution of the open-shell resonance structuref*3l,

As some classes of zigzag PAHs contain bay regions or K-regions in their structure (such as
phenacenes), their synthesis is not described via the formation of L-regions and frequently
starts from small molecules already containing zigzag periphery. For example, the most
abundant methods of synthesis of phenacenes are photocyclization [B4%! and alkyne
benzannulationst®*71, whereas starphenes are synthesized via aryne trimerization [, Also,
examples of synthesis of bisacenes by cyclodehydrogenation via Scholl reactiont®-42 and on-

surface synthesis are described“3441,
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Scheme 3. Synthesis of zigzag periphery via alkyne benzannulations.

Nevertheless, there are exceptions, and several alkyne benzannulations can be considered as
an effective methods of the construction of the zigzag periphery. The most notable examples
are the synthesis of coronene 2% from 1,1-diaryl-2,2-diethynylethylene 1, described by Scott




et al.; benzodipyrenes 4 via InCls-AgNTf, catalyzed four-fold alkyne benzannulation
reaction[*®! and irregular nanographene 6 via domino benzannulation of buta-1,3- diynes 5 [47]
both described in Chalifoux group (Scheme 3).

In the next chapters, the syntheses of zigzag PAHs with more than five condensed benzene

rings will be considered in more details.

2.2.Linear pristine acenes

Linear acenes have been investigated thoroughly since the start of the 20" century. The linear
annulation leads to the fewest localized Clar resonant sextets per number of aromatic rings.
The smallest acenes naphthalene and anthracene are readily available on an industrial-scale
because they can be isolated directly from petroleum resources. Tetracene and pentacene,
containing four and five condensed rings, are less abundant but still available on a large scale.
Their derivatives found a large number of applicationst®. For example, TIPS-pentacene

became the benchmark of organic field-effect transistors(“®l,
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Scheme 4. Synthesis of hexacene and heptacene from corresponding quinones.

The synthesis, characterization, and device applications of pristine acenes larger than
pentacene are all hampered by their low solubility and poor stability. Syntheses of hexacene
10 were already reported in the middle of the 20™ century“®% via the reduction of 6,15-
hexacenequinone 9, which can be synthesized via the dialdol condensation of 7 and 8. Later

investigations indicated a considerable amount of side products in hexacene obtained by this




approach. Only in 2018 after modification of the reduction and careful sublimation of the
obtained mixture 10 was obtained in pure form with 5% yield (Scheme 4). This allowed the

fabrication and investigation of the thin film of 10 on metal surfaces(®%.

In 2017, the same group reported the first synthesis of heptacene in the solid state and
solution®?, Heptacene-7,16-quinone 12, was synthesized via tetra aldol condensation of 8 and
two equivalents of 11 and reduced by aluminium amalgam in the presence of CBrs yielding
the mixture of two dimers of heptacene 13a and 13b. Their thermal cycloreversion to
heptacene 14 was successfully demonstrated at 300 °C in the argon stream (Scheme 4). In
contrast to 10, which is stable in the solid state under Ar atmosphere, 14 readily dimerizes at

room temperature.

The relative stability of 10 was enough to grow single crystals and perform investigations of
semiconducting properties. An improved synthesis of 10 was reported by Chow et al. 531, |t
was performed via retro cycloaddition of 15 under heating in the solid state. This approach
allows synthesizing 10 in nearly quantitative yield (Scheme 5). Hexacene OFET devices
displayed the high hole mobility of 4.28 cm?V-!s™ and can function in the dark for at least 19
days.
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Scheme 5. Synthesis of hexacene in bulk.

Synthesis of octacene and its more extended analogues seems to be even more unrealistic
using conventional organic synthesis. Therefore, other alternative methods should be
developed for the capture and detection of these elusive compounds. One such approach is
based on the Strating —Zwanenburg photobisdecarbonylation®™! of bridged o-diketones 21 in
the matrix of inert gas or polymer developed by Neckers et al. (Scheme 6). The required
precursors can be synthesized via Diels-Alder reaction of arynes with 160°1, followed by
aromatization, dihydroxylation, and oxidation. Firstly shown on the synthesis of 10[°¢! and
11057581 Bettinger at al. extended this method™ to the synthesis of octacene 23[%%, nonacene
24101 " and finally undecacene 251, The effective decarbonylation of the precursor molecule

was achieved under irradiation of light with A>395 nm.




The only possible analysis of synthesized compounds was measuring absorption spectra in
UV/Vis and NIR regions. Synthesis in the polymer matrix is less favourable due to acenes’
reactions with the matrix and the increased linewidth of the spectra. Nevertheless, only 23 and
24 were synthesized in argon matrix at 4 K. Synthesis of 25 in matrix was not possible,
because of the decomposition of the sample during sublimation . Despite these difficulties, all
acenes were detected, and their recorded spectroscopical properties were found to agree with
DFT/MRCI computations. Also, it was found that the HOMO-LUMO transition energy which
is associated with the optical gap follows the linear 1/N relationship, where N is the number

of benzene rings in acene.
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Scheme 6. Synthesis of acenes in the matrix.

Another opportunity to study highly reactive molecules is provided by scanning tunnelling
microscopy (STM), allowing monitoring and probe the electronic properties directly on
atomically clean surfaces under ultra-high vacuum conditions. On-surface chemistry’s current
progress provides a powerful alternative to synthesizing unstable molecules from stable
precursors (Scheme 7). Pefia et al. demonstrated the efficiency of the on-surface synthesis on
the examples of tetracene 2962 hexacene 1001 decanene 30[% and largest known
dodecacene 311! utilizing respective stable epoxyacenes. They were obtained via Diels-Alder
cycloaddition of furans derivatives 27 with in situ generated arynes. Unexpectedly, it was
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observed that after a progressive closing of the gap and asymptotically converging to the
value of about 1.1 eV (acenes 30 and 25) the energy gap (acene 31) increases to 1.4 eV. This
phenomenon was explained by the destabilization of unoccupied orbitals due to extra-large

acenes’ possible polyradical nature (661,

Echavarren and Godlewski et al. developed different approach based on atomic manipulation
with the tip of a scanning tunnelling and atomic force microscope (STM/AFM) as well as by
on-surface annealing of partially hydrogenated acenes. The method’s scope was demonstrated
on the synthesis of series of acenes from heptacene to undecacenel®”8l. The precursors can be
easily synthesized via a two-step procedure, consisting of Sonogashira coupling and gold(l)-
catalyzed cyclization of aryl-tethered 1,7-enynesf®®,
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Scheme 7. On-surface synthesis of acenes from epoxyacenes (A) and hydroacenes (B).
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Strating—Zwanenburg photobisdecarbonylation can also be used in on-surface chemistry.
Heptacene and its organometallic complexes’®72, nonacene®™! were generated from their

corresponding ketone precursors.

2.3.Acenes with bulky substituents.

As it was described in chapter 2.2., higher acenes suffer from the low stability and poor
solubility. All of these downsides can be overcome by the introduction of bulky
substituentst”>"1. Anthony et al. showed that introduction of trialkyl silyl groups in pentacene
vastly increases solubility and stability and does not hamper the n-n stacking in the solid
state*®l. Using this approach, the same group has synthesized soluble hexacene 32 76781 and
heptacene 33["® derivatives starting from 9 and 12, respectively, by the two-step procedure
(Scheme 8). The first step was the addition of lithium tri-tert-butylsilylacetylene to the
corresponding quinone resulting in 1,4-diols, which were subjected to the reductive
aromatization ° using SnCl,. Hexacene derivatives were found to be stable in contrast to
heptacene derivatives, which degraded completely within a day in solution even under oxygen
free conditions. Nevertheless, it was possible to measure NMR spectra of 33, which showed
closed-shell ground state. Compound 32 displays the longest-wavelength absorption Amax at
738 nm, which corresponds to a 100-nm red-shift compared to that of TIPS-pentacene. The
UV spectrum of 33 has Amax at 852 nm with a pronounced shoulder at 825 nm, which shows

that the fusion of an additional ring leads to a further ~100 nm red-shift.
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Scheme 8. Synthesis of soluble hexacene and heptacene.

The first persistent nonacene 40 derivative was reported by Miller et al.[®l. Arylthio groupst®!!

were used for stabilization of nonacene core (Scheme 9). Compound 40 was synthesized from




38 by standard two-step procedure: addition of lithium organic compound and subsequent
reductive aromatization. The 38 was synthesized via combination of two Diels-Alder
reactions of 35 with 1,2 dimethylenebenzene 34 and 1,2,4,5- tetramethylenebenzene 37
precursors. Miller et al. claimed, that nonacene had red fluorescence, which can be used to
determine the formation of nonacene core and the molecule has closed-shell character, which

allowed to analyze it utilizing NMR.
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Scheme 9. Synthesis of substituted nonacenes.

Following the same synthetic strategy, Anthony et al. prepared nonacene derivative 41
bearing silylethyne groups 2. The presence of a significant number of electron-accepting
groups remarkably increased the stability of 41, whereas triisopropylsilylacetylene substituent
allowed facile crystallization of 41. Surprisingly, no red fluorescence or NMR signals were
found, indicating the molecule’s open-shell character. The authors called into questions the
Miller group results and suggested that the product of oxidation is the reason for the red

fluorescence and observation of the sharp signals in *H NMR.

Bunz et al. presented an alternative method of stabilization of higher acenes based on the
metamorphosis of the end benzene ring into triphenylene84 (“butterfly wings”).
Interestingly, this trick does not significantly change the  system of the acenes, and the UV-
Vis spectra look similar to the spectra of molecules without “butterfly wings”. Using 9,10-
Bis(bromomethyl)phenanthrene as a 1,2 dimetylenebenzene source, they successfully
synthesized tetrabenzononacene derivative 4211 which was found to be stable in the solid
state up to for more than six weeks and has seven hours half-time in solution under nitrogen

atmosphere. It was also was found that the NMR spectrum of acene 42 displays sharp signals.

Steric hindrance of substituents can lead to deviation of acene backbone from linear to twist.

For example, dodecaphenyltetracene is a molecule with an end-to-end twist angle of 97°. The
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peripheral phenyl substituents encapsulate the central acene, and as a result, the molecule is
relatively unreactive and even displays reversible electrochemical oxidation and reduction[®],
Many examples of twisted acenes are presented in the literature®”8% whereas the most
exciting examples are syntheses of nonatwistacene 46[°%! and dodecatwistacene 50[°X1, The key
step in the synthesis of 46 is a retro-Diels—Alder reaction involving the thermal elimination of
lactam bridges from soluble acene precursor 45 (Scheme 10). The precursor was synthesized
through cycloaddition reaction between 43 and the aryne from 44. The molecule holds acene
type character with longest absorption Amax at 739 nm and has HLG between hexacene and
heptacene (1.64 eV). In contrast, 50 loses its acene character and has Amax at 525 nm with a
calculated gap around 2.5 eV. The compound was also synthesized by retro retro-Diels—Alder
process, but from diketone 49, which was afforded through cycloaddition of difuran 47 with

aryne from 48.

The methods described for these molecules were also used to synthesize their smaller

analogues(®?-%I,

Scheme 10. Synthesis of long twisted acenes.
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2.4. 2D acenes.

As discussed in chapter 2.3, even highly substituted higher large acenes have a short lifetime
under ambient conditions, so their applications as materials in OFET are minimal. However,
for instance, polyacenes’ stability can be significantly improved by changing their linear
annulation mode to an angular one, which increases the amount of Clar sextets and, therefore,
increases the overall aromatic stabilization energy. Nevertheless, the introduction of
silylacetylene groups is still required for the convenient processability, solubility and

preservation of n-n stacking in the solid state.

1) BuLi =—TIPS

_ >

2) SnCly, HCI

TIPS TIPS

56, 1% ‘ ‘

54
27% TIPS 60% 1PS 57, 25% Tipg
V. Coropceanu TIPS
O. D. Jurchescu A. Briseno L. Zhang J. Wu
G. E. Collis JACS Org. Lett Org. Lett.
Chem. Mat. 2014 2018 2018
2009
TIPS TIPS

| R R |

) l I :
TIPS TIPS
59 60 61, 15%, R=di 63
o , b, R=dimetrhyl phenyl
16% 25% 62, 29%, R==—TIPS 37%
R=Et R=H M. Frigoli
R. Tukwinski W. 1"“ M. Frigoli JACS
Chem. Eur. J. K. Millen Chem. Eur. J. 2019
2017 L. Chen 2017

J. Mat. Chem. C
2017

Scheme 11. Synthesis of angularly fused 2D acenes from corresponding quinones.

Similarly to the synthesis of substituted linear acenes, the addition of lithium tri-tert-
butylsilylacetilene to quinones with subsequent reductive aromatization can be used for the

synthesis of 2D acenes (Scheme 11). Firstly, this method was applied for commercially
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available dyes such as dibenzo[b,def]- chrysene-7,14-dione (Vat Yellow 4)P7 or pyranthrone
(Vat orange 9)[®8%° with high yields. This class of materials efficiently produces low-
dimensional charge- transport systems. Transistor based on the single-crystal of compound 54

has shown the mobility up to 0.1 cm?V-1s?,

When the starting ketones are not available from commercial structures, they can be obtained
from corresponding diacids or diesters using Friedel-Crafts reaction in PPA. Briseno et al.
developed new organic semiconductor bistetracene 55 with high mobility (up to 6.1 cm?V1s"
1’ and relatively high stability (200 times more stable than pristine pentacene)*?. Other
groups tested alternative bistetracene (DBATT) derivatives as organic semiconductors!*01:102],
Maximum mobility was achieved by Friseno et al. and reached 0.77 cm?V1s™.1%I Despite
having singlet open-shell structures in its ground state due to high diradical character (y =
0.64), its bispentacene analogue 63 is stable and shows remarkably high hole mobility of 1.4
cm?V-1s 1% 1t was shown that hole mobility of soluble twisted diarenoperylenes 56 and 57
could reach 0.74 cm?V/-1s1[105106]

When chrysene was used as a central aromatic core, Kkinetically blocked 5,6:12,13-
dibenzozethrene 58 was obtained. This compound’s notable characteristic is its open-shell
ground state with relatively small diradical character (y = 0.41). More discussion about

zethrenes will be presented in chapter 2.4. [27]

However, this approach has two major flaws. The first one is extremely low solubility of the
starting quinones, which sometimes prevents them from simple purifying. The second lays in
the competition of 1,2- and 1,4 addition of metalorganic compounds to quinones (Scheme 12).
The first time it was observed during the addition of 3,5-di-tert-butylphenylmagnesium
bromide 65 to bispentacenequinone 641%l The addition of an excess of 65 results in
exclusively 1,4- addition in trans manner. The intermediate product is unstable and oxidizes in
disubstituted fused bispentacenequinone 66. Interestingly, no derivatives with more than two
aryl substituents were detected, which can be explained by Coulombic repulsion in the
dianion resulting after the addition. Treatment of 66 with an excess of 65 followed by
acidification in the air gave the tetraaryl-substituted fused bispentacenequinone 67 in 36%
yield. Similar problems were detected in the synthesis of substituted DBATTS, which led to a
significant decrease in yields'®1%21 Other notable examples include perylene-3,9-dione 68,
which undergoes selective triarylation using 4-trifluoromethylphenyl lithium 691% and
tetrabenzo[a,f,j,0]perylene-9,20-dione 71, which can be modified selectively by double
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Michael addition on the first step and 1,2- addition/reductive aromatization on the second
step(t1],

This outcome can be apparently explained by the low reactivity of carbonyl groups due to the
extended conjugation™, which raised questions about the possibility of synthesis of more
extended 2D acenes via this approach and, eventually, led to the alternative way of synthesis

of zigzag nanographenes.

D.F Perepiichka
Org. lett.
2016

1) BuLi =—TIPS

2) SnCl,, HCI
3%

Scheme 12. 1,2 and 1,4 addition of metalorganic compounds to the quinones.

This approach consists of three-step synthesis, namely, treatment of dialdehyde 75 with aryl
magnesium bromide vyielding diol 76, which is subjected to Friedel-Crafts alkylation
promoted by BF3*Et,0 to afford dihydro PAH 77., As a final step, the oxidation of 77 with p-

chloranil in the dry solvent under argon results in the target nanographene (Scheme 13).

The application of such approach to 2,2’-(anthracene-9,10-diyl)dibenzaldehyde results in 79,
which in contrast to 70 did not demonstrate semiconducting properties [**21. Another notable
example is the synthesis of bistetracene 80 (tetrabenzo[a,f,j,0]perylene) " which display open-
shell character with diradical character of 0.615**%. Since the radical centres are not properly
blocked kinetically, 80 undergoes fast oxidation under ambient conditions.
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Scheme 13. Synthesis of 2D acenes and superzethrenes from corresponding aldehydes.
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Wu et al. and Feng et al. almost simultaneously reported the synthesis of substituted peri-
tetracenes 81 and 8214113 In contrast to its homologue bisanthrene, this type of acenes
exhibits open-shell structure with very small HLG (1.12 eV). It can be stabilized enough for
isolation in the solid state only if radical centres are blocked with electron-poor 2,6-

dichlorophenyl groups™4l,

Wu et al. synthesized series of graphene-like molecules containing four zigzag edges 83-
8711161171 "|n contrast to peri-tetracenes, which also contains bay-regions and only two zigzag
regions, new molecules have smaller HLG, are closed-shell and are more stable. Another
exciting compound is dibenzoovalene 88, which was synthesized by Mullen et al.['81%° This
compound features a low energy gap and strong red emission with a remarkable quantum
yield of 79%, small Stokes shift and high photochemical stability promising for applications

in single-molecule spectroscopy.

Molecules with very high diradical character can be afforded through the mentioned
procedure. For example, “superheptazethrene” 89 [?°1 “superoctazethrene” 90 [*2 and
[4,3]peri-acene 911221 were successfully synthesized and fully characterized, including single-
crystal X-ray analysis. All compounds show very high diradical character (0.71, 0.81 and

0.948 respectively).

Fasel et al. have developed nanoribbons’ synthesis with zigzag periphery via
cyclodehydrogenation and oxidative ring-closure reactions upon annealing of methyl-
substituted PAHs on Au(111) surface during the synthesis of graphene nanoribbons.[*?¥l Later
this approach was successfully adopted to synthesize pristine 2D acenes with extremely low
HLG (Scheme 14). Thus, following this strategy, pristine bistetracene 93 (HLG = 0.35 eV),
which has open-shell nature was successfully generated on the Au surfacel*?! Another
interesting example is the synthesis of superheptazethrene 95 [*%1 which has HLG 0.23 eV

but surprisingly display closed-shell nature on Au (111) surface.

OOOO X. Fen Au (111)
et Pooed Mvea-
—_—
JACS
sepeliecscl.
: . O0C

94 95

X. Feng

R. Fasel
Chem. Comm.
2020

Scheme 14. Synthesis of 2D acenes via on-surface cyclodehydrogenation.
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2.5. Zethrenes.

As it has been mentioned in chapter 2.4, members of zethrene family exhibit remarkable
biradical character. Zethrene is Z-shaped PAH which can also be regarded as a dibenzoacene.
From heptazethrene onward, zethrenes contain an embedded quinodimethane unit and tend to
recover aromaticity of the quinoidal moiety and become diradical™™®®, which can have

potential applications as NIR dyes and spintronic materials!*2"1281,

Y. Tobe
Org. lett.
5% 2009
Pd(OAc),
P(2- furyl Y.-T. Wu
ngew. Chem. Int. Ed.
AngO3 2010
73%
98
I
=
| | Pd(OAc),
J. Wu
ChemPlusChem.

A P(2-furyl)s
% Ag,CO;

2014

Scheme 15. Synthesis of zethrene and dibenzozethrene.

The first syntheses of zethrenes were reported by Clar in 1960-s1*2%1301 byt all extended
analogues of zethrene are highly reactive species, and they tend to polymerize or react with

air and acid. As a result of high reactivity, zethrenes have been forgotten by chemists for a
long time.

In 2009 the renaissance of zethrene derivatives began (Scheme 15). Tobe et al. reported
iodine-triggered transannular cyclization of 96, which opens the path to 7,14-disubstituted
zethrenes 971331, Synthesis of 96 is quite tricky and, therefore, Wu et al. developed more

straightforward approach towards substituted zethrenes 97 via cyclodimerizaion of 1-ethynyl-
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8-iodonaphthalenes 98['%3 which allowed studying the influence of substituent on biradical
character and the nature of the ground state. 1,2:8,9-dibenzozethrene derivatives 101 can be
also synthesized through similar cyclization*®l, It was found that phenyl substituents
drastically the ground state, which becomes closed-shell in contrast to the pristine zethrene

and dibenzozethrene, which exhibit open-shell naturel*34,
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Scheme 16. Synthesis of extended zethrenes. A) Two-step procedure. B) Three-step

procedure.
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Synthesis of extended zethrenes can be broken down into two types of approaches similar to
the synthesis of 2D acenes mentioned in chapter 2.4 (Scheme 16). To take a form of Z letter,
naphthalene or anthracene units are used for the Friedel-Crafts reaction as starting blocks. In
contrast to the synthesis of acenes, aldehyde/carboxyl moieties, are usually placed in the
central building block to simplify the synthesis. Heptazethrene 1051, octazethrene 1061331,
as well as one of the dibenzoheptazethrene isomers 107161 were synthesized through the first
approach (Scheme 15A). Another dibenzoheptazethrene isomer 112 3¢ together with isomer
of octazethrene 11331 and nonazethrene 1141% were afforded through second approach
(Scheme 15B). It is important to note that isomers 107 and 113 have higher biradical
character than their isomer counterparts 112 and 106. Wu et al. both experimentally and
theoretically have shown a faster decrease of the singlet—triplet energy gap and a faster
increase of biradical character with the increase of the number of benzenoid rings in the

zethrene series in comparison to linear acenes.

2.6. Circumacenes.

Circumarenes are a subclass of nanographenes bearing only zigzag edges and K-regions.
They feature a central aromatic core surrounded by one outer layer of annulene. Interesting,
despite possessing multiple zigzag edges, these molecules exhibit remarkably high stability
under ambient conditions. The smallest representatives coronene 2 (circumbenzene) 19 and
ovalene 120 (circumnaphtalene)®® can be synthesized via pioneer examples of APEX
(annulative m-extension)**Y. In this case, the key reaction of m-extension is Diels-Alder
cycloaddition of perylene 115 and bisanthrene 118 with 116, followed by thermal
decarboxylation forming pristine circumarenes (Scheme 17). 82 can also be transformed into
circumanthracene 121 via Diels-Alder reaction with an excess of DDQ used to synthesize 82.
Selective bromination of 88 42l followed by Sonogashira reaction with TIPS acetylene,
deprotection and finally Pt-catalyzed benzannulation yielded circumpyrene 123041
circumcoronene 125 represents the biggest known circumarene synthesized by on-surface
cyclodehydrogenation of hexa-peri-hexabenzocoronene carrying twelve methyl groups in
bay-regions (compound 124)1441,
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Pd(PPhg),Clp, Cul, TEA
3) TBAF, THF

Scheme 17. Synthesis of circumacenes.

2.7. Non-Kekule open-shell PAHs.

The extension of fused benzene rings in a triangular shape leads to a series of non-Kekule
open-shell zigzag-edged triangular nanographenes. The most prominent members of this
family are the monoradical phenalenyl (n = 2), the diradical [3]triangulene (n = 3), the =n-
extended triradical [4]triangulene (n = 4), the tetraradical [5]triangulene (n = 5), where n is

the number of carbon atoms at each zigzag edgel*#°],

The formation of the smallest pristine phenalenyl was already observed in 1957161, However,
the isolation of this elusive compound has not been achieved due to fast dimerization and

oxidation. Nevertheless, the substitution of phenalenyle in 2,5 and 8 positions with bulky tert-
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butyl groups drastically increases the radical’s kinetic stability, allowing it separation and

characterization 1471,
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Scheme 18. Synthesis of phenalenyl radicals.

The radical 137 was synthesized from 2,7-di-tert-butylnaphthalene by ten steps protocol
(Scheme 18). Its bromination was followed by Bouveault aldehyde synthesis. Then, the ester
128 was obtained by the Reformatsky reaction of 126, was reduced with triethylsilane to
afford 129. Hydrolysis of 129 with Lil gave the acid 130 in high yield. The acid was
converted into its chloride and subjected to the Friedel-Crafts cyclization, which gave the
phenalanone 131. The phenalene 133, was obtained by reduction of 131, followed by
dehydration of 132. Treatment of 133 with an oxidant such as DDQ or p-chloranil in degassed
toluene gave a blue neutral radical solution of 137. Similar treatment in hexane can give the

crystalline products as deep blue needles.

The proposed approach was found to be prolific for the synthesis of other substituted

phenalenyls 1481491 However, instead of Bouveault aldehyde synthesis and Reformatsky
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reaction Heck reaction and Horner—-Wadsworth—-Emmons reactions were used for introducing

propionic acid moiety.

Dimerization of phenalenyl and its derivatives attracted attention due to a unique two-
electron, 12-center (2¢/12c) m—=m stacking bonding interaction between two phenalenyl
monomers. This type of n—n stacking bonding has been called pancake bonding™. This
stabilization is quite robust and can compete energetically with c-bonding, and they can even
flux into each other in solution™®%152 or solid state**é], Sterically hindered phenalenyls mostly

form m-dimers, whereas o-dimers are preferred for the sterically free radicals.
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o-dimer of pristine phenalenyl 141 can be easily oxidized by oxygen!*>l and the final
decomposition product was assigned as peroperylene 1441541581 The product analysis
suggested that E- and Z-biphenalenylidene 142 and dihydroperoperylene 143 should be the
reactive intermediates on the pathway of phenalenyls**®l. Nevertheless, only in 2016, Kubo et
al. finally characterized these reactive intermediates®’l. Oxidation of bisphenalene 150,
which was synthesized similarly to the approach suggested for phenalene, afforded anti-143,
which can be photochemically converted to E-142 (Scheme 19). When the photochemical
reaction was carried out at a low temperature in the rigid matrix of solvent, the formation of
Z-142 was observed. The most important finding observed was the thermal ring-closure in
conrotatory process of 142 into anti-143, which is forbidden by the Woodward—Hoffmann
rules*®®l. This unusual reaction was ascribed to the ground states destabilized by its singlet

biradical character*,

Another example of such an exciting transformation was observed in the case of cethrene 153,
an isomer of heptazethrene, which undergoes a 6x-electrocyclization within several hours at
room temperaturel!®. When the 6r-electrocyclization can not be followed by subsequent
dehydrogenation, i.e. blocked by methyl groups like in dimethylcethrene 155, the reversibility
of this reaction can be used as a switching functionll, The conrotatory electrocyclization is
facilitated by irradiation of light (630 nm) or heat, and the reverse process proceeds exposure
to light with A = 365 nm.

[3]Triangulene is next Cz symmetric non-Kekule hydrocarbon. Little effort was made to
synthesize stable [3]triangulene, and only one molecule with triplet ground-state was
synthesized: 2,6,10-tri-tert-butyltriangulene 162.1*6?1 |ts synthesis was accomplished through a
similar approach to 137, starting from 2-tertbutylpyrene. The triple ground state was
confirmed by ESR spectroscopy. The compound was found to be rater unstable due to “weak”
protection which did not prevent 162 to undergo intermolecular polymerization. Interesting,
that tri-tert-butylated trioxotriangulene shows closed-shell nature due to conjugation with

heteroatoms!3],
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Scheme 19. Triangulene synthesis.
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Pristine [3]triangulene 170 was generated on the surface of Cu(111) and NaCl(100) via
dehydrogenation using the tip of a combined scanning tunnelling and atomic force
microscope (STM/AFM) from dihydroprecursor 1694, The respective precursor 169 was
obtained by modified previously reported procedure [1651661 Nevertheless, it involved the
oxidation of methyl groups, which sometimes can lead to an explosion. Later the facile
synthesis of 168 was suggested by Juricek et al., which involved the reaction of dilithium salt
of 171 with diethyl carbonate, Jones oxidation of 172 and subsequent Friedel—Crafts acylation
of 173, employing concentrated sulfuric acid as the solvent and copper as a reducing agent.
The overall yield in this gram-scale synthesis was 53%, the best known up to date. They also

modified the procedure of reduction of 168 to afford highly pure 169671,
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Scheme 20. Synthesis of [3]triangulene.

Johnson et al. described the three-step synthesis of the 4,8,12-trihydro[3]triangulenium cation
177 by cascade cyclization of 176 in triflic acid solution. Quenching the cation by hydride
transfer from triethylsilane provides access to stable 169 in 66% yield.

As briefly mentioned in chapter 2.4, oxidative cyclodehydrogenation of the methyl group in
the formal cove region is the only reported method for synthesizing the zigzag periphery on
the surface of metals. This approach (Scheme 21) was used for the generation of
[4]triangulene 180181 and [5]triangulene 18119, Wu et al. suggested that it is not essential to
have all carbons in triangulene lattice and synthesized [7]triangulene quantum ring 182 on Au

(111) surface, which resembles septuple ground-state identical to [7]triangulenel*™l.
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Antiferromagnetic Clar’s goblet 183 1711721 and ferromagnetic graphene flakes 1841731 were
also generated by this approach. Feng and Ruffieux et al. showed that [3]triangulene dimers
185 and 186 retain their high-spin magnetic ground states, and can efficiently couple to give

rise to collective magnetism(t74l,
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Scheme 21. On-surface synthesis of non-Kekule structures.

Other non-Kekule aromatic hydrocarbons have received much less attention (Scheme 22).
Olympicene 192 is one of such examples which was generated for the first time from 6H-
benzo[cd]pyrene 191 via single-atom molecular manipulation using non-contact atomic force
microscopy (NC-AFM)I71 Synthesis of the precursor 191 was accomplished by standard
four steps protocol (formation of acyl chloride, Friedel-crafts acylation, reduction and
dehydration) starting from 3-(pyren-1-yl)propanoic acid 187. Substituted analogue of 195 was

synthesized from 6H-benzo[cd]pyren-6-one 194 (which can be synthesized by the reaction of
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pyrene 193 with glycerin in sulfuric acid*’®) via standard two-step procedure: addition of
lithium organic compound and subsequent reductive aromatization 771, The monomeric
radical species were found to exist in equilibrium with the m-dimer in the solution similar to

dimers observed in the case of phenalenyl radicals.
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Scheme 22. Synthesis of non-Kekule PAHSs.

Juricek et al. reported the synthesis of the homologue of triangulene 200 and showed how
spin distribution could be controlled by the edge topology. Compound 200 was synthesized

via peri-annulation of 5-helicene similar to the synthesizes of 1381781,

Another interesting family of non-Kekule PAH are uthrenes. Heptrauthrene 205 is a structural
isomer of heptazethrene and belong to the non-Kekule polycyclic benzenoid hydrocarbon.
Worth mentioning heptrauthrene has triplet ground state in contrast to heptazethrene, which
has a singlet biradical ground state. Wu et al. reported the synthesis of substituted derivative
203, where bulky mesityl groups were introduced to block the most reactive 5,7-positions.
Nevertheless, this compound was persistent in solution only below -78 °C under inert

atmosphere™,  The synthesis of 205 was performed on Au (111) surface via

26

—
| —



cyclodehydrogenation ~ of  1,3-bis(8-methylnaphthalen-1-yl)benzene 204, and the
underscreened Kondo resonance unambiguously confirmed its triplet ground state.!"

2.8. O-heteroacenes.

First reports of the application of heterocyclic compounds in material science appeared in
1980-s when poly(thiophene)s were used as semiconducting compounds*®l. Further
development of fabrication techniques has shown superior device performance of
poly(thiophene)s based devices. As mentioned in chapter 2.2, acenes are also eventually
become the models for organic semiconductors. Thus it appears to be a natural consequence
of combining the thiophene rings with the acene structures. The respective ladder-type sulfur-
containing © -conjugated molecules take advantages from both classes displaying remarkable

stability and effective n- @ stacking in the solid state.
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Scheme 23. Synthesis of O-heteroacenes with furan rings.

This idea led to the splash of the implementation of different sulfur-containing

compoundst®10181182] Interesting, their oxygen counterparts have drawn much less attention

( ]
1 27 )



and became an object of interest only recently partly due to the lability of most simple oxygen

derivatives, especially furans(&®l,

Dibenzo[b,d]furan 209 is the simplest stable model of O-heteroacenes, which frequently is
utilized as a standard model compound for introducing synthetic approaches towards O-
heteroacenes. Despite many works aimed to develop facile incorporation of the furan ring, the
principal synthetic strategies are not so numerous and break down into few categories
(Scheme 23). The final step includes either transition metal-catalyzed C-C coupling from
substituted diphenyl ethers 2061841881 or C-O bond creation from 2,2-disubstituted biphenyls
207-208, 181981 which is usually implemented via a two-step deprotection/dehydration
procedure. 19294 The most notable examples of furan-containing O-heteroacenes are
dinaphtho[2,3-d:2°,3’- d’]benzo[1,2-b:4,5-b’]difuran 218, dinaphtho[2,3-d:2',3"- d']benzo[2,1-
b:3,4-b7difuran 211, dianthra[2,3-b:2’,3’-d]furan 212 with mobility up to 1.8, 0.1, and 1.2
cm?V-1s respectively.

Interesting that most synthetic approaches to dibenzofuran core require an oxygen atom in the
precursor’s structure and only recently the method with an external oxygen source was

described by Akhmetov et al. utilizing alumina-promoted oxodefluorinationt2%,
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