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General Introduction 1 

1. GENERAL INTRODUCTION 

 

ΨI call our world Flatland, not because we call it so, but to make its nature clearer to you,  

my happy readers, who are privileged to live in Space Ω 

EDWIN A. ABBOT, FLATLAND: A ROMANCE OF MANY DIMENSIONS 

 

 

The research field of sp2-hybridized structures has fascinated researches in the fields of chemistry, 

physics and material science for a very long time starting in 1825 ǿƛǘƘ aƛŎƘŀŜƭ CŀǊŀŘŀȅΩǎ isolation 

of a new hydrocarbon from the liquid residue in cans of town ƎŀǎΣ ǿƘƛŎƘ ƘŜ ƴŀƳŜŘ Ψbicarburet of 

hydrogenΩ ŀƴŘ ǎƘƻǳƭŘ ƭŀǘŜǊ ōŜ ƪƴƻǿƴ ŀǎ ōŜƴȊŜƴŜΦ[1] Ever since, a vast library of planar polycyclic 

aromatic hydrocarbons (PAHs) has been discovered and synthesized. Larger planar modifications of 

sp2-hybridized carbon allotropes were established, e.g. graphite and sheet-like single layer 

graphene.[2] !ǎ ƛƴ 9Řǿƛƴ !Φ !ōōƻǘΩǎ ōƻƻƪ ΨCƭŀǘƭŀƴŘΥ ! wƻƳŀƴŎŜ ƻŦ aŀƴȅ 5ƛƳŜƴǎƛƻƴǎΩΣ ǿƘŜǊŜ ŀ ǇƭŀƴŀǊΣ 

two-dimensional world is described and the protagonist (a square) experienced the three 

dimensional world around his flatland, researchers turned their attention to nonplanar sp2-

hybridized structures. Milestones were the discovery of Buckminsterfullerene C60 (1) in 1985.[3] and 

the discovery of carbon nanotubes in 1991 (Figure 1).[4] Whereas in ball-shaped molecules like C60 

fullerene the curvature arised from the presence of five-membered rings in the benzenoid 

framework, carbon nanotubes adopt a cylindrical structure and are composed of rolled-up six-

membered rings.  

 

Figure 1 Buckminsterfullerene C60 and carbon nanotubes. 

Due to the outstanding material properties, these molecules and their derivatives fascinated 

researchers all over the world until today. Fullerene and its derivatives found application in a broad 

range of scientific areas ranging from material science to medicine. For example derivatives of 

fullerenes are used as electron transfer materials in organic photovoltaics and perovskite solar 

cells[5-8] or are used in a medicinical context as antioxidative, in phototherapy or drug delivery.[9-11] 
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Carbon nanotubes showed remarkable conductivity[12] and have been routinely investigated as a 

filler material in composites.[13] 

1.1. BUCKYBOWLS 

Bowl-shaped polycyclic aromatic hydrocarbons (PAHs), present a class of condensed polyarenes 

that contain pentagons among a poly-benzenoid network of six-membered rings. Due to the 

curvature of these open geodesic molecules, they have a non-planar p-surface. Some of these bowl-

shape molecules can be depicted on the surface of buckminsterfullerene C60, therefore they are 

ƻŦǘŜƴ ŎŀƭƭŜŘ άōǳŎƪȅōƻǿƭǎέΦ The properties of buckybowls are similar to those of fullerenes; however, 

they offer more ways for modification.[14-16] Novel physical properties[17-20] and chemical 

reactivities[21-22] result from their non-planar structure and bent p-system, which sets them apart 

from planar PAHs. The pronounced feature of buckybowls is the inherent presence of a dipole 

moment, resulting in the formation of dipolar structures in the solid state.[23] Another aspect is the 

weakening of the p-bonds due to pyramidalization of the carbon atoms, whereas the lowest 

unoccupied molecular orbital (LUMO) is lowered and the highest occupied molecular orbital 

(HOMO) is raised in energy, which renders the p-system towards the state of decreased conjugation. 

As a result of mixing of s-orbital character with the p-orbitals of the p-bonds, the HOMO as well as 

the LUMO is lowered in energy. Due to this fact, the HOMO energy remains largely unchanged, 

whereas the LUMO is significantly lowered in energy.[24] This property facilitates reduction processes 

and renders buckybowls good electron acceptor materials, making them attractive candidates for 

potential applications in electron storage and electroluminescence applications.[25-26] 

Corannulene (2) and sumanene (3) are the smallest members of this class of molecules (Figure 2). 

Corannulene (2) with the chemical formula C20H10 comprises a central pentagon, surrounded by five 

fused six membered rings and possesses C5v symmetry. Sumanene (3) is composed of a central 

hexagon, surrounded by three pentagons and three hexagons in an alternating fashion and 

possesses C3v symmetry. 



 

 

General Introduction 3 

 

 

Figure 2 Buckybowls corannulene (2), sumanene (3) and indacenopicene (4) as fragments depicted on the surface of 

Buckminster-fullerene-C60 (1). 

The first synthetic approach (Scheme 1) towards a buckybowl synthesis was reported by Barth and 

Lawton with their pioneering synthesis of corannulene (2) in 1966, almost two decades before the 

discovery of fullerenes themselves in 1985.[3, 27] Their synthesis commenced with acenaphthene (5), 

which was converted to methyl ester 7, based on a procedure reported by Sieglitz and Schidlo 

involving ring closure to acid 6. Reduction with palladium on charcoal and bromination afforded 

bromo ester 8. Alkylation of 1,1,2-ethanetricarboxylate in the presence of potassium tert-butoxide 

and subsequent saponification gave diacid 9. Cyclization with polyphosphoric acid gave pentacycle 

10, which could be reduced with palladium on charcoal to acid 11. Esterification with diazomethane 

and subsequent treatment with sodium in liquid ammonia afforded acyloin ester 12. Reduction with 

sodium borohydride and ester hydrolysis using potassium hydroxide afforded acid 13 

Decarboxylation at 225 °C afforded ketone 14, which was subsequently reduced to alcohol 15 and 

further reduced with palladium on charcoal to provide corannulene (2) in 17 synthetic steps in 0.4 

% overall yield. 
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Scheme 1 First reported synthesis of corannulene by Barth and Lawton in 1966.[27] 

A few decades later in 1991 the group of Scott presented a convenient new synthetic route 

starting from acenaphthoquinone (16), which was reacted under Knoevenagel conditions with 

dimethyl acetone-1,3-dicarboxylate, followed by a Diels-Alder and retro-Diels Alder cycloaddition 

cascade of dienone 17 with norbornadiene (NBD) to provide 7,10-fluoroanthenedicarboxylic acid 

methylester (Scheme 2).[28] The ester groups were reduced to diols and subsequently oxidized by 

PCC to dialdehyde 18. Applying Corey-Fuchs conditions, the aldehyde groups were converted to 

2,2-dibromovinyl groups in 19 and further treatment with lithium diisopropylamide (LDA) provided 

7,10-fluoranthenediacetylene (20). The last step of this approach was a pyrolysis at 1000 °C and was 

based on previous results by Brown and coworker, who showed that under flash vacuum pyrolysis 

(FVP) conditions isomerization of acetylenes to vinylenes can be triggered and further serve as 

starting materials in ring closing reactions.[29-31] Corannulene can be obtained in 10 % yield at 

maximum by this method. The pyrolysis could also be applied to the tetrabromo substrate 19, which  
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gave improved yields up to 40 % for the final step.[32] Later modification of this reaction and usage 

of chlorovinyl precursors were reported.[32] Although yields were improved, it was not possible to 

conduct pyrolysis conditions on a large scale and the high temperature does not tolerate functional 

groups. 

 

Scheme 2 Flash-vacuum-pyrolysis approach to corannulene published by Scott et al.[28] 

Independently the groups of Sygula, Rabideau and Siegel worked on improving a milder wet 

chemical preparation of corannulene. Siegel et al. presented an approach to corannulene starting 

from tetramethylfluoranthene, where a low valent titanium species was used for the final ring 

closing step followed by DDQ oxidation.[33-34] Sygula and Rabideau introduced a corannulene 

synthesis by direct hydrolysis of 1,6,7,10-tetrakis(dibromomethyl)fluoranthene (21) (Scheme 3).[35-

37] Their synthesis started with metalation of 3-methylbenzyl chloride (22) and subsequent Grignard 

reaction with acetal 23, which provided alcohol 24. Treatment with aqueous solution of hydrogen 

bromide afforded 2,7-dimethylnaphthalene (25) in 87 %, which was based on the results of 

Wolinska-Mocydlarz et al.[38] Reaction with oxalyl chloride resulted in diketone 26 in 36 % yield. 

Double Knoevenagel condensation with 3-pentanone afforded cyclopentenone 27 and subsequent 

cycloaddition with excess 2,5-norbornadiene (NBD) in acetic anhydride afforded 

tetramehylfluoranthene 28 in a yield of 60 % over two steps. Global radical halogenation of the  
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benzylic positions with NBS and AIBN under reduced pressure and irradiation afforded 1,6,7,10-

tetrakis(dibromomethyl)fluoranthene (21) in 74 % yield. Basic treatment with aqueous sodium 

hydroxide solution in 1,4-dioxane afforded tetrabromocorannulene 29 in 83 % yield, which was 

dehalogenated in a final step by treatment with excess zinc and potassium iodide in ethanol solution 

to give corannulene (2) in 90 % yield. 

 

Scheme 3 Solution phase synthesis of corannulene.[36-37, 39-40] 

This route was further improved by Siegel et al.[41] in 2012 to an optimized kilogram-scale synthesis 

of corannulene adding improved reaction conditions and changes in the synthesis including global 

dehalogenation of tetrabromocorannulene (29) to give corannulene (2) by using palladium on 

charcoal and formic acid and trimethylamine. Additionally, an improved separation of 3,8-

dimethylacenaphthenequinone (26) from its regioisomer 4,7-dimethylacenaphthenequinone by 

addition of DƛǊŀǊŘΩǎ wŜŀƎŜƴǘ T was developed.[41] 

Besides above mentioned approaches to corannulene, the use of a low valent vanadium species 

in a coupling reaction towards corannulene[39, 42], as well as nickel mediated synthesis of 

corannulene and its derivatives were successfully conducted.[37, 43] 

Sumanene (3), which was ƴŀƳŜŘ ŀŦǘŜǊ ǘƘŜ IƛƴŘƛ ǿƻǊŘ ŦƻǊ ΨǎǳƴŦƭƻǿŜǊΩ, although already envisioned 

by Mehta in 1993[44], was failed to be synthesized until 2003. Its curved methylene-bridged 

triphenylene framework made it a challenging target for organic synthesis. Attempts to obtain 

sumanene starting from trinaphthotriphenylene, trindane or trindene derivatives were fruitless. 

Finally, Hirao and coworker. reported a non-pyrolytic route in four steps (Scheme 4).[45] Starting from 

norbornadiene (NBD, 30), trimerization was achieved by treatment with buthyllithium, potassium 
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tert-butoxide and tributyltin chloride to yield 31. Further Ruthenium-catalyzed tandem ring-

opening/ring-closing metathesis reaction yielded 32, which was oxidized with DDQ to provide 

sumanene (3) in 70 % yield. 

 

Scheme 4 Synthesis of sumanene by Sakurai et al.[45] 

Indacenopicene (Idpc, 4) with the chemical formula C26H14 is another fascinating member of the 

Buckybowl family. It possesses an as-indacene system annulated to a picene fragment, resulting in 

Cs symmetry. This gives 26 carbon atoms in an octacyclic structure and 12 aromatic protons. The 

first synthetic approach towards Idpc was presented by Wang et al. in 2000 by palladium catalyzed 

cyclodehydrohalogenation of suitable precursors.[46] The phenol groups of 

2,3-dihydroxynaphthalene (33) were converted to triflates with trifluoromethanesulfonic 

anhydride. Subsequent Stille coupling with tributylvinylstannane provided 2,3-divinylnapthalene 

(34). With double Heck coupling of 34 with 4-chloro-2-iodotoluene or with 4-chloro-2-iodoanisole, 

which provided substituted trans-2,3-distryryl-napthalenes 35a and 35b, all 26 carbon atoms had 

been installed. A double oxidative photocyclization successfully provided dichlorobenzo[s]picene 

derivatives 36a and 36b. The final key step was a double palladium-mediated five-membered ring 

formation using bis(tricyclohexylphosphine)-palladium(II) chloride in the presence of the strong 

organic base DBU, which provided 1,8-dimethyl and 1,8-dimethoxy substituted Idpc derivatives 37a 

and 37b in 91 % and 70 % yield, respectively. The used method for the synthesis of Idpc derivatives 

was published by Wang et al. and described five membered ring closure of suitable precursors 

bearing halogenes or triflates.[47] 
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Scheme 5 First synthesis of Indacenopicene derivatives with methyl and methoxy moiety by Wang et al.[46] 

Although the palladium-catalyzed cyclodehydrohalogenation is a very powerful method in the 

case of larger planar molecules, the yields usually drop significantly in case of non-planar PAHs. The 

main disadvantages of this method are toxic and harsh reaction conditions and the low solubility of 

suitable precursor molecules. 

A different approach to Idpc was presented by Amsharov et al. in 2012.[48] In an effective solid-

state strategy, pristine Idpc could be obtained by regiospecific cove-region closure of suitable 

fluorinated precursor via cyclodehydrofluorination on activated aluminum oxide (Scheme 7). Early 

studies of Pataki and coworkers in 1998 revealed synthetic access to pristine benzo[s]picene 38 by 

a sequence of Wittig reactions and Mallory type photocyclizations (Scheme 6). Their reported 

synthesis commenced with a Wittig reaction of acetonaphtone 39 and benzyltriphenylphosphonium 

chloride 40 to give stilbene 41 as cis/trans isomers. Mallory reaction of 41 in presence of iodine and 

propylene oxide (PO) afforded 6-methylbenzo[c]phenanthrene (42), which was brominated in 

benzylic position with NBS to give 43 and further converted to phosphonium salt 44. Another 

sequence of Wittig-reaction with benzaldehyde followed up by Mallory type photocyclization 

afforded pristine benzo[s]picene 38.[49] 
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Scheme 6 Synthesis of benzo[s]picene by Pataki and coworker.[49] 

In 2012 Amsharov et al. reported of intramolecular aryl-aryl coupling of fluorinated precursors 

through aluminum oxide mediated HF-elimination.[50] Based on the findings of Pataki, Amsharov et 

al. extended the concept of cyclodehydrofluorination to the synthesis of pristine Idpc (Scheme 7), 

which started with a Wittig reaction of acetonaphthone 39 and fluorine decorated phosphonium 

salt 45 to give stilbene 46 as a cis/trans-isomer mixture. Mallory type photocyclization of 46 afforded 

[4]-helicene 47, which was further converted to bromide 48 by Wohl-Ziegler bromination and 

successively to phosphonium salt 49 by substitution reaction of 48 with triphenyl phosphine. 

Another Wittig reaction with benzaldehyde gave stilbene 50 as cis/trans-isomers, which gave 

difluorobenzo[s]picene 51 after another Mallory type photocyclization reaction. Final cove region 

closure reaction by cyclodehydrofluorination on activated aluminum oxide of the fluorinated 

precursor 51 afforded Idpc (4) in quantitative yield. 
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Scheme 7 Synthesis of pristine Idpc by Amsharov et al.[48] 

1.2. NOMENCLATURE OF POLYCYCLIC AROMATIC HYDROCARBONS  

The modern nomenclature for polycyclic aromatic hydrocarbons (PAHs) is defined by IUPAC. The 

molecules have to be orientated in such a way, that a maximum number of rings is oriented in a 

horizontal line. If more than one orientation fulfil this requirement, the one having the greatest 

number of the remaining rings in the upper right quadrant should be chosen. Carbon atoms are 

numbered in a clockwise fashion starting in the upper right quadrant, but only carbon atoms 

connected to hydrogen atoms are numbered, whereas all bonds located on the periphery are 

lettered in alphabetic order as depicted in Figure 3. Anyhow, the terminology of regions on the 

polyarenes periphery is not reported by IPUAC. Bay regions refer to a molecular region between to 

angular fused aromatic rings and do not cause any remarkable disturbance of the p-system. 

Benzannulation of one or two additional benzene fragments in an angular manner results in cove 

and fjord regions respectively, as depicted in Figure 3 (right side). Cove and fjord regions are crowed 

molecular regions with substantial sterical clash, which results in helical configurations. The K- and 

L-regions refer to peripheral armchair and zig-zag configuration of the PAH. Fjord region closure 

leads to flat PAH structures consisting of a six membered ring framework, whereas cove region 

closure leads to formation of five membered rings and therefore resulting in bent geometries. 
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Figure 3 Nomenclature of PAHs and topological regions in PAHs. 

Buckybowls, as the bent congeners of PAHs, have additional specific bond classifications, as shown 

in Figure 4. A hub-bond is a bond being part of the five membered ring, while a spoke-bond is a bond 

that leads away from the five membered ring. The rim-bonds and the flank-bonds are located on 

the periphery of the buckybowls. The rim-bond connects two tertiary carbon atoms, whereas the 

flank-bond links a tertiary carbon atom with a quaternary carbon atom. The nomenclature of 

buckybowls follows the IUPAC rules for PAHs and is described in detail in Figure 4. 

 

Figure 4 Important bonds in buckybowls and nomenclature of buckybowls using as-indaceno[3,2,1,8,7,6-pqrstuv]picene 

as an example. For correct numbering picene is reorientated on the right side of the figure. 

1.3. FUNCTIONALIZATION OF BUCKYBOWLS 

In order to fine-tune the buckybowl properties, it has been shown in the last three decades that 

scaffold modifications on the rim region of geodesic arenes are an essential tool. As shown for 

fullerenes, specific functionalizations led to a variety of applications in the field of molecular 

electronics and medicine and a clear structure-property relationship was evident. Therefore, it was 

of great interest to influence the electrochemical and photophysical properties of buckybowls by 

direct functionalization of their p-systems. 

The above-mentioned route based on the works of Scott and Siegel enables derivatization of 

corannulene at an early stage by simply vary the dienophile in the Diels-Alder reaction step (blue, 

Scheme 8). As an early step strategy, it is further possible to introduce alkyl chains by replacing 3-
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pentanone by longer chained ketone derivatives (red). However, these methods are highly 

inconvenient since all of the subsequent steps have to be performed for every single derivative of 

corannulene. In order to solve this challenge, further research on functionalization and activation of 

buckybowl derivatives was performed. 

 

Scheme 8 Early stage functionalization strategy of corannulene. 

1.3.1. ACTIVATED BUCKYBOWLS 

Corannulene 

Activated corannulenes in form of halogenated derivatives are of great interest since they set the 

stage for further derivatization. A more convenient approach than functionalization at an early stage 

is based on the use of 1,2,5,6-tetrabromocorannulene (29), as it is already accessible via the 

synthetic route of corannulene.[36-37, 41] Thus, 29 can be used as starting material for C-C bond 

coupling reactions and furthermore, it can be transformed into more reactive tetraiodo derivative 

52 as shown by Rabideau and coworker (Scheme 9).[35] 

 

Scheme 9 tetrabromocorannulene 29 arising from the synthesis of pristine corannulene[37] and iodination to 

tetraiodocorannulene (52)[35] 

Direct halogenation of corannulene was extensively investigated over the last decades and led to 

many other halogenated derivatives (Scheme 10). Monobromocorannulene (53) was synthesized by 

Siegel and coworker back in 1999 by treatment of corannulene with bromine and ferric bromide in 

dichloromethane in 95 % yield.[40, 51] Recent studies led to several other feasible methods including 

iodobromide in dichloromethane[52] or N-bromosuccinimide and gold(III) chloride in 
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1,2-dichloroethane.[53] Monoiodocorannulene (54) was synthesized by Topolinski et al. using 

N-iodosuccinimide and gold(III) chloride in 90 % yield.[54] Monochlorocorannulene (55) and 

monofluorocorannulene (56) were synthesized by Lentz and coworker and were obtained by 

chlorination with N-chlorosuccinimide and gold(III) chloride in 1,2-dichloroethane and treatment 

with xenon difluoride respectively.[55] sym-Pentachlorocorannulene (57)[51, 56] and decachloro-

corannulene (58)[56-57] have also been reported. 

 

Scheme 10 Different direct halogenation procedures of corannulene. 

Over the last two decades, further direct C-H activation strategies have been extended to the 

corannulene system. Selective electrophilic aromatic substitution reactions were established e.g. 

Friedel-Crafts acylation was reported by Harper and coworker[58] Rieche-type formylation by Stuparu 

and coworker[59-60] and nitration by Lash and coworker.[61] All of these reactions take advantage of 

the C5v symmetry of corannulene, which makes every C-H position equal for monosubstitution. 

Besides electrophilic aromatic substitution, addition of organolithium reagents to corannulene have 

been reported.[62] 

In early studies, Siegel and coworker reported the synthesis of methylated corannulenes based on 

the previous halogenated congeners. Nickel catalyzed methylation using NiCl2(dppp) and trimethyl 

aluminum afforded mono- (59), penta- (60) and even global methylation as it is apparent in 

dekamethylcorannulene (61) (Figure 5).[40] 



 

14 General Introduction 

 

Figure 5 Methylated derivatives of corannulene by Siegel et al via nickel catalyzed methylation.[40] 

Indacenopicene 

In contrast to corannulene, where a variety of functionalizations has been reported over the last 

years, functionalization of indacenopicene was only rarely reported. However, Amsharov and 

coworker presented an early stage functionalization of Idpc leading to Idpc-1-Br 62 and Idpc-3-Br 

63 (Scheme 11).[63] Following the established synthetic route towards pristine Idpc, Wittig reaction 

of phosphonium ylide 49 with 2-bromobenzaldehyde and 4-bromobenzaldehyde installed the 

halogen moiety to the aromatic scaffold and gave stilbenes 64 and 65. Subsequent Mallory reaction 

afforded benzo[s]picene derivatives 66 and 67. Microwave assisted cyclodehydrofluorination with 

activated aluminum oxide in 1,2-dichlorobenzene as cove region closure step gave Idpc-1-Br 62 and 

Idpc-3-Br 63.  

 

Scheme 11 Microwave assisted synthesis of monobromo-LŘǇŎΩǎ ōȅ !ƳǎƘŀǊƻǾ ŀƴŘ ŎƻǿƻǊƪŜǊΦ[63] 

The approach to use cove region closure by cyclodehydrofluorination strategy was further 

elaborated to synthesize halogenated diindenocrysene (DIC) derivatives by Amsharov and coworker, 

which is a constitutional isomer of Idpc (4) (Scheme 12).[63] Their synthesis started with methylester 

68, which was converted to dialdehyde 69 by reduction with lithium alanate und subsequent 

oxidation with pyridinium chlorochromate. Wittig reaction with dihalogenated 

benzyltriphenylphosphonium bromides afforded fluorine, chlorine and bromine bearing stilbenes 






















































































































































































































































































































































































































































































































































































































































































































































































































































