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1 Introduction 

With all its possible diversity the life on Earth occurred to be based almost solely on carbon and it 

comes as no surprise that this element is not only one of the most abundant in the observable 

universe but also by far is the most frequently studied by scientists. The unique idiosyncrasy 

making carbon such important element is its ability for catenation i.e. to form a great variety of 

stable compounds consisting of long chains of C-C bonds. Naturally, much attention is attached to 

the biological compounds, their synthesis, properties and applications. Nevertheless, carbon-rich 

materials such as fullerenes, graphene, single-wall carbon nanotubes (SWCNTs), graphene oxide, 

etc. also possess high priority on the scientific community’s agenda. The discovery of fullerene 

C60 in 1985[1] and the mechanical exfoliation of graphene (single-atom-thick honeycomb lattice of 

carbon) from bulk graphite in 2004[2] serve as major milestones in the field. These discoveries 

open up an immense number of research directions for virtually any natural scientist, regardless of 

the field of studies. The growing at a rapid pace field faced and still faces the lack of synthetic 

approaches to the desired materials. Up to now this obstacle remains to be the major issue 

hampering further development in the field. The complexity of materials, oftentimes demanding 

peculiar subunits or functionalization, commonly does not complement the top-down approach, 

where the bulk materials are broken down to smaller parts of it. Meanwhile, large size and low 

solubility exacerbate the situation, making already laborious bottom-up approach (assembly of 

small molecules) even more sophisticated. Nevertheless, the later path still seems to be more 

appealing due to its precise control over the structure and functionalities. Moreover, modern 

synthetic advances and the development of novel highly efficient organic reactions gradually bring 

chemists closer to solution of this challenge. In order to achieve comprehensive results in the 

assembly of such complicated target molecules as fullerenes and nanotubes, one should definitely 

start with some simpler models. Eventually, this perspective leads to fusion of nanomaterial 

science and organic chemistry, and the issue becomes a matter of organic chemistry advances and 

capabilities. The synthesis of polycyclic aromatic hydrocarbons (PAHs), still remains rather 

obsolete and lacking techniques to obtain non-classical PAHs containing five-, seven- and eight-

membered rings. The incorporation of these units not only drastically alters physical properties but 

also entails non-planarity of the resulting PAHs making them fascinating candidates for carbon 

nanomaterials assembly. Recently the stated problem became rather widespread attracting 



 2 

scientists’ attention, the majority of the anticipated results up to now belong to the synthesis of 

pentagon-imbedded PAHs. The incorporation of the pentagon increases electron affinity and 

allows considering the molecule as an electron acceptor in multiple applications, but even more 

intriguing consequence is the deviation of sp2-carbon bonds valence angles forcing PAH to bend 

into a geodesic-like structure. The similarity of a bowl to these structures, which might be 

considered as Buckminsterfullerene’s fragments, accounts for the widely accepted name: 

“Buckybowls”, otherwise known as open geodesic polyarenes.[3] Along with non-planarity, 

buckybowls also acquire considerable strain energy, which must be overcome in order to obtain 

such kind of PAHs. This fact alters the applicability of some well-established synthetic methods 

and forces scientist to develop novel approaches. This work is aimed to contribute to the organic 

chemistry methodologies and push forward the current state of synthesis of non-planar PAHs and 

further assembly of complex carbon-rich nanomaterials. Prior to diving into the synthetic aspects, 

the general definition, properties and promising applications of buckybowls shall be considered. 
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1.1 Buckybowls 

1.1.1 Definition and POAV concept 

Aromaticity, defined on a quantum mechanical basis, was generally formulated by Hückel in 

1931[4] and later succinctly expressed by Doering as a simple and famous “4n+2” electron rule. 

Thus, aromatic compounds are defined as hydrocarbons, which are (i) cyclic, (ii) contain a fully 

conjugated planar π-system,  and (iii)  contain 4n+2 electrons. Strictly speaking, this definition is 

only applicable for monocyclic conjugated systems i.e. [n]annulenes. Meanwhile, all-benzoid 

PAHs usually display local  aromaticity with π-electrons predominantly localized at certain 

benzene rings according to Clar’s aromatic sextet rule.[5] These rules, easily applicable for 

benzene, become somewhat cumbersome in case of less trivial examples such as fullerenes[6] and 

non-planar PAHs. Nevertheless, such compounds oftentimes clearly possess aromaticity, which 

can be confirmed based on various criteria of aromaticity.[7] Nucleus-Independent Chemical Shifts 

(NICS) is one of the most popular and reliable aromaticity indexes used for quantitative 

estimation.[8] In general, the loss of planarity is quite ubiquitous situation one may come across 

with studying PAHs and this phenomenon might be caused by three major reasons.[9] One of them 

is atom crowding, when two or several function groups repel each other and this repulsion entails 

the deviation from planarity, as for example in case of helicenes (Figure 1d). Another type of 

geometrical constraint might be induced by macrocyclic nature of the compound e.g. nanotubes. 

On the other hand incorporation of the five-, seven-, eight-membered rings into a honey-comb like 

PAHs structure leads to the alteration of the valence angles and, thus, to appearance of non-planar 

surface as a mean to minimize energy of the system. The latter case is particularly interesting, 

since several interesting consequences appear together with the pentagons, which will be mainly 

considered in this work. Among them is the specific shape that resembles a bowl, thus, this kind 

of PAHs is oftentimes referred to as buckybowls (alike buckyballs standing for fullerenes). Besides 

two unequal (i.e. concave and convex) surfaces, buckybowls, as any other distorted PAH, possess 

peculiar double bonds, which are not coplanar with their four substituents. Such kind of 

deformation is known as pyramidalization and its value can be quantified via broad variety of 

indexes.[10–12] For example, angle of pyramidalization i.e. angle between the extension of C=C and 

the bisectrix of X-C-X (where Xs are two neighboring substituents) describes pyramidalized 

double bonds having C2υ symmetry (Figure 1b). More generally, π-orbital axis vector (POAV) 
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analysis is used for description of the pyramidalization.[13,14] Here, angle between POAV and any 

of three σ-bonds is depicted as θ, and θ-90 oC is frequently used to characterize deviation from 

planarity. This angle represents not only the structural features, but it is also a valuable parameter 

to estimate the reactivity and stability of the conjugated system with non-planar structure. [15,16] 

Figure 1. a) Archetypal buckybowl, corannulene, and its resonance form. b) Schematic 
representation of pyramidalization and its possible descriptors c) POAV angles of some 
fundamental bowl-shaped PAHs and fullerene C60. d) Other types of distorted PAHs, atom 
crowding in [4]-helicene and macrocyclic [6]cycloparaphenylene. 
 

Among buckybowls, several representatives deserve special attention, e.g. corannulene, the 

simplest non-planar fragment of fullerene C60 was synthesized for the first time in 1966,[17,18] long 

before the discovery of fullerene. At that time the unusual shape of the molecule hardly induced 

fundamental interest not to mention questions of its properties and applications. The major reason 

for that was non-trivial 17-step synthesis, which required immense efforts to obtain the compound 
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in milligram scale. This is why corannulene remained in oblivion till the explosion of interest to 

fullerene and its fragments, when aspiration to the synthesis of non-planar PAHs was 

reinvigorated. It was not until 1997, when the three-step synthesis of corannulene was developed 

by Scott et al.[19] Procedure enabling kilogram scale synthesis of the buckybowls was published 

only in 2012 by Siegel et al.[20] As a matter of fact, some other fundamental buckybowls such as 

diindenochrysene and sumanene were also obtained,[21–23] however the complexity and 

peculiarities of the synthesis did not allow broad studies of these compounds. Thus, corannulene 

and its derivatives remain virtually the only buckybowls that have been intensively studied for 

their chemical and physical properties. Nevertheless, the scope of these properties, both already 

observed and potential, strongly encourage synthetic chemists to face the challenge and develop 

the novel approaches to buckybowls. That is why the properties of buckybowls, as motivation for 

synthetic endeavors, shall be considered. 

 

1.1.2 Properties and Applications 

1.1.2.1 Fullerene-like Chemistry 

Despite the absence of the peripheral hydrogens typical for PAHs, C60 has quite rich chemistry, 

which has been vigorously studied over the past two decades. As a part of its chemical properties, 

fullerene readily undergoes typical for olephines addition reactions. This becomes possible due to 

already discussed pyramidalized double bonds inherent in fullerene. Multiple examples such as 

Prato reaction[24,25], Bingel-Hirsch reaction,[26] addition of carbenes [27] and many others[28] 

demonstrate the broad spectrum of opportunities to modify buckyballs. Interestingly, buckybowls 

possess not only curved  geometry, but also peripheral hydrogens. Such combination gives rise to 

a duality in chemical properties of buckybowls, indeed, they can react like a regular PAHs 

undergoing SEAr[29] and additionally they may interact with carbenes and some other particles in 

a fullerene-like manner, which was demonstrated on example of corannulene, circumtriindene and 

diindenochrysene, where non-peripheral double bonds are exposed to attack.[3,30] 
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Figure 2. Reactivity of pyramidalized double bond: a) [6,6]-addition to fullerene; b) fullerene-
like chemistry demonstrated on diindenochrysene. 
 

Thus, buckybowls are extremely interesting molecules from a fundamental standpoint, since the 

studies on their behavior may shed some light on the chemical nature of large carbon-based 

materials,[31] such as graphene and especially fullerenes and nanotubes. Nevertheless, the chemical 

properties of open geodesic polyarenes remain poorly studied, due to the lack and complexity of 

the approaches towards pristine buckybowls. 

1.1.2.2 Buckybowls as Electron Acceptors  

Since buckybowls combine non-planar geometry and aromaticity, the studies on this class of 

compound and interplay of these phenomena could shed light on fundamental aspects of 

aromaticity. Moreover, stepwise electrochemical reduction would drastically alter electronic 

properties and structure of initial buckybowl, generating multiple peculiar anion species. Besides 



 7 

the loss of planarity, the incorporation of pentagons into a PAH’s structure also leads to enhanced 

electron-accepting properties, which are induced by formation of the stabilized cyclopentadienyl 

anion moiety upon addition of electrons. Thus, buckybowls are undoubtedly interesting objects for 

electrochemical studies and applications. For example, it has been shown that reduction may serve 

as a tool to govern magnetic properties alternating their magnetic behavior from paramagnetic in 

odd-number reduction states to diamagnetic with even numbers of electrons.[32] Considering a 

specific example, corannulene, as an archetypal buckybowl having doubly-degenerate LUMO, 

which accounts for the possibility to accept up to four electrons,[33] it has been shown that first 

three reductions are reversible.[34] Speaking of magnetic properties of corannulene and its anions, 

the electronic structure of pristine molecule will be considered first. Twenty π-electrons do not 

allow considering corannulene as an aromatic species, since this quantity does not correspond to 

“4n+2” rule, on the other hand, consideration of two distinct annulenes (Figure 1a) within 

corannulene’s moiety resolves the apparent issue. 1H NMR clearly confirms the presence of 

diatropic ring current revealing a singlet at 7.93 ppm in THF-d8.[35] Meanwhile, dianion has 

paratropic current shifting the proton signal to -5.6 ppm.[36] The formation of tetraanion has been 

also shown, however, the formation of such species was found to be irreversible in a lithium 

reduction, due to the emergence of a thermodynamically favorable supramolecular dimer.[34] 
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Figure 3. Schematic representation of donor-acceptor relations in photovoltaic cell. Sunlight 
excites one of the electrons on the donor’s HOMO, subsequently, charge separation occurs as 
electron moves to LUMO of the acceptor. 

 

Among immense number of fascinating properties based on high electron affinity, one may list 

electrogenerated chemiluminescence[37,38] and supercharging (characteristic for symmetrical 

PAHs), which might be exploited in charge storage.[32] Moreover, buckybowls have high potential 

in the field of organic electronics, where they exhibit promising values characterizing 

energy/electron transfer.[39] Special attention deserves rapidly rising field studying buckybowls as 

electron acceptors in photovoltaic cells,[40] where thiophene based polymer-donors are normally 

exploited in tandem with fullerene derivatives.[41] One of the issues in the field is the necessity of 

fine-tuning of HOMO and LUMO levels of donors and acceptors. This becomes oftentimes 

problematic in case of fullerenes, since functionalization of available C60 (C70)  is virtually the 

only mean to tune its HOMO and LUMO (Figure 3).[42] Buckybowls, on the other hand, offer not 

only a huge variety of derivatives but also different backbones, i.e. corannulene, diindenochrysene 

etc. 
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1.1.2.3 Specific π-π Stacking Interactions  

Another emerging field attracting synthetic chemists is supramolecular chemistry, which in 

contrast to traditional chemistry relies on weak and reversible interactions instead of covalent 

bonding.[43,44] Among the most essential interactions considered in supramolecular chemistry are 

π-π interactions, which might be exploited to implement the key concept of supramolecular 

chemistry, host-guest complexation, where one molecule or a group of molecules serves as a 

specific receptor for another one.[45,46] In general, there is no driving force for π-π stacking to have 

any recognition pattern, unless the surface of PAH is non-planar e.g. has concave-convex surfaces, 

which interact significantly stronger with PAHs having a complementary shape.[47] Particular 

interest arises around buckybowls-fullerene recognition.[48–51] Thus, buckybowls represent 

extremely interesting systems for the studies on specific π-π interactions and construction of host-

guest systems. For example, some corannulene based molecular tweezers[52,53] show selective 

binding to C70 over C60.[54] 

 

Figure 4. Examples of π-π interactions. a) Crystal packing of 1,7-dimethyldiindenochrysene, 
indirectly indicating effective complementary interactions. b) Host-Guest system with fullerene. 
c) Illustration of chromatographic separation of two different fullerenes; buckycatcher is 
immobilized on the stationary phase. 



 10 

These complexation processes might be used for example in liquid chromatography (Figure 4c), 

where stationary phase modified with buckybowls would be capable of extremely effective 

separation of complex carbon-based materials such as higher fullerenes.[55] Moreover, the 

perspective to employ buckybowls in molecular electronics appears to be an immense field, as 

fullerene-buckybowls complexes show promising characteristics, e.g. hole transfer rates between 

fullerenes can be increased by three orders of magnitude if mediated by corannulene based 

tweezer.[56] 

1.1.2.4 Chirality and Inversion 

Another noteworthy difference between buckybowls and planar PAHs is the absence of a 

symmetry plane along the aromatic rings. Thus, buckybowls become less symmetrical in 

comparison to planar PAHs and specific type of chirality oftentimes referred to as “bowl chirality”. 

Moreover, it is possible to break all chiral bowls into three categories based on the origin of their 

chirality.[57] The chirality may be contained in the conjugated system itself, (e.g. hemifullerene), 

on the other hand the introduction of substituents (trimethylsumanene)[58] or heteroatoms 

(triazasumanene)[59] may also account for the appearance of chirality. 

 

Figure 5. Inversion of two enantiomeric forms of hemifullerene via flat TS. 
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There are two independent stereodescriptors applied to assign bowl chirality, since buckybowls 

share many common features with fullerenes and CNTs it comes as no surprise that C and A 

nomenclature, generally used to describe fullerenes, fits buckybowls as well.[58,60] Another 

stereodescriptor system P and M relies on conventional Cahn-Ingold-Prelog sequence rule[61] 

modified for buckybowls.[62] 

Naturally, asymmetric synthesis of such buckybowls comes at a price of immense effort, where 

the problem is not only the synthesis itself but also in the avoiding of the racemization. Thus, the 

synthesis of trimethylsumanene requires fast work up at low temperatures in order to detect optical 

activity, which gradually disappears already at 10 oC.[58] The vast majority of the obtained and 

studied buckybowls possess rather low inversion barriers of 10-20 kcal/mol, which depend not 

only on the depth of the bowl but also on the substituent. This phenomenon was demonstrated on 

corannulene and its derivatives.[63] The corresponding barrier for pristine corannulene is estimated 

to be 10-11 kcal/mol, which corresponds to more than 200 000 inversions per second at room 

temperature.[64] 

Figure 6. π-coordination of Rh with corannulene and its derivatives.[65] 

 

Nevertheless, buckybowls and their unique type of chirality excite significant interest in multiple 

areas such as supramolecular chemistry, where chiral molecules capable of weak intermolecular 

interactions are a matter of particular interest.[61,66,67] Moreover, specific π-coordination with 

various transition metals[68–77] allows considering buckybowls as promising ligands for 

enantioselective catalysis.[65,74,78] The complexation with metals or assembly of buckybowls into 

a cluster-like particle may drastically increase the inversion barrier, making thus buckybowls even 

more interesting systems in terms of their chirality. 



 12 

1.1.2.5 Preparation of Carbon Nanomaterials with Predefined Structure and 
Chirality  

One of the major longstanding problem in the field of the rational synthesis of fullerenes and 

SWCNTs is the possibility to carry out directed synthesis toward material with a strictly defined 

structure. The bottom-up approach offers possible pathways to implement such idea, although it 

still remains to be not implemented in a full manner. In order to build fullerene cage, exploiting 

this approach, one would need corresponding building blocks, buckybowls in their turn are nothing 

else but fragments of fullerenes and caps of nanotubes. There are several works demonstrating the 

proof of concept,[79] e.g. assembly of C60 under laser-desorption ionization (LDI) conditions from 

the rationally synthesized precursor.[80] Moreover, it has been shown that buckybowls might be 

used as a seed for the growth of nanotube and the construction of other carbon materials.[81–87] 

Figure 7. a) Directed synthesis and growth of [5,5]-SWCNT from tetraindenocorannulene, 
suggested by L. Scott et al. b) Assembly of C60 from the rationally fluorinated precursor, 
suggested and implemented by K. Amsharov et al. 

 

Even though these works, indeed, show that the issue might be solved exploiting bottom-up 

approach, this area has been virtually unexplored due since it is nearly impossible to operate with 

molecules having such high molecular weights and low solubility, not to mention the lack of 

chemical reactions allowing effective assembly or elongation of such molecules.  
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1.2 Synthesis of Buckybowls 

Considering all the prospective fields of applications that might be implemented in the nearest 

future, the reasonable question of the synthetic approaches towards such structures arises. 

Naturally, there are already quite a few structures both synthesized and thoroughly studied, 

nevertheless, it does not mean the better pathways should not be developed. The effective 

formation of C-C bond is obviously the key step during the construction of buckybowls, less 

obvious is that the most common and conventional techniques tend to fail if faced with strain 

energies needed to overcome. Thus, Friedel-Crafts acylation does not allow synthesis of 

corannulene’s core,[88–91] photocyclization as well as Scholl reaction also generally fail to give 

buckybowls.[89,92,93] 

Scheme 1. Selected exaples showing that majority of conventional methods usually fails to yield 

buckybowls. 
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The apparent variety of available buckybowls comes from the functionalization of available 

blocks, where corannulene is virtually the only available block. Thus, the multitude of studied 

samples is generally reduced to corannulene based materials.[88,94,95] This brings synthetic chemists 

to a choice either to develop a synthetic approach to each distinct buckybowl or to develop some 

general chemical approaches which would allow the synthesis of any desirable non-planar PAH. 

Historically, the first option occurred at first, in 1966 Barth and Lawton synthesized 

dibenzofluoranthene (later named corannulene) implementing the synthetic route with more than 

17 steps.[96,97] 

 

Scheme 2. The first synthesis of corannulene published by Barth and Lawton in 1966. 

 

As already mentioned, the major issue in the synthesis of buckybowls is the bending of the 

aromatic fragment in order to create the remaining C-C bonds. For this purpose, significant 

energies are required to be overcome and there are several possibilities to tackle the issue. One of 

those is to carry out reactions at elevated temperatures, which are believed to be the reason why 

flash-vacuum pyrolysis (discussed in chapter 1.2.1) turned out to be so successful in the fabrication 

of buckybowls. Another possibility is to introduce the strain as late as possible i.e. introduce 

aromaticity after all C-C bonds have been constructed. This solution appears reasonable due to 
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enhanced flexibility and bond lengths in case of sp3-hybridized carbons. This was exactly the 

approach of Barth and Lawton used for the first synthesis of corannulene. 

Modern science tends to require the development of the most general chemical reaction with a 

large scope of applicability. Thus, some general approaches to buckybowls are required and 

despite significant efforts, there are only a few methods enabling the synthesis of buckybowls from 

regular PAHs precursors. In the following chapters the main reactions shall be considered, 

compared and discussed. 

1.2.1 Flash-Vacuum Pyrolysis 

Heating up the precursor molecules in the gas phase at 500-1100 oC was proven to be an extremely 

effective method allowing the synthesis of a wide range of buckybowls including Buckminster 

fullerene C60 in a fully rational manner.[80] This technique is well known under the name of flash-

vacuum pyrolysis or FVP. This method enables the transformation of planar or quasi planar PAHs 

into buckybowls via intramolecular cyclodehydrogenation or cyclodehydrohalogenation (Figure 

8a).[64,98–100] The scope of the bowl-shaped molecules obtained via FVP is impressive (Figure 9). 

The approach was mainly developed in the group of Lawrence Scott, where it has been shown that 

the method is capable of producing marvelous at that time buckybowls.[101–106]  

During this procedure molecules are heated up to a very high temperature within a very short 

period of time. Such treatment stimulates out of plane deformations required for the synthesis of 

buckybowls with an extremely bent surface. The short heating times of about 10-6 seconds prevent 

molecule from undesirable decomposition and/or possible skeletal rearrengements.[107,108] As an 

illustrative example of FVP’s utility, L. Scott et al. demonstrated an effective three-step synthesis 

of corannulene.[19] With all decent advantages that allowed FVP to push the synthesis of 

buckybowls to a new level, there are several inherent drawbacks. First of all, the precursor should 

be robust enough to survive severe temperature regime. Moreover, due to radical nature of the 

reaction the process is frequently accompanied by various side precesess and has extremely poor 

tolerance to virtually any functionalities on the rim of PAHs. 
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Figure 8. Synthesis of buckybowls by FVP approach. a) Applicability of several functional 
groups to generate C-C bonds under FVP conditions. Alternative syntheses of corannulene, 
including three-step synthesis suggested by L. Scott. b) Synthesis of dibenzocorannulene. c) The 
first synthesis of diindenochrysene. 
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This complicates further modification and building of functionalized carbon materials. Moreover, 

yields generally do not exceed 20-30%, regularly showing even way lower values (1-5%), which 

drastically exacerbate the whole approach since the precursor oftentimes require rather 

complicated multi-step synthesis. From the technical standpoint, it is also not trivial to scale the 

synthetic procedure up, in order to avoid intramolecular side reactions the concentration of the 

molecules in the gas phase should stay low.  

 

Figure 9. Some representatives of buckybowls obtained via FVP. 

 

Summing up this superficial review on FVP, the main conclusion is that despite all the advantages, 

softer approaches are desired. The perfect approach would be still able to climb up significant 

energy barriers under milder conditions, which would tolerate various functionalities. Due to this 

urge, several non-pyrolytic methods have been developed,[109] and the next chapters cover the most 

important representatives of these reactions. 

1.2.2 Solution-Phase Synthesis of Buckybowls  

First of all, it is worth to underline again that the majority of conventional ways to create C-C bond 

failed to overcome strain energies. For example, neither Friedel-Crafts acylation of fluoranthene 

derivatives nor oxidation of cyclophanes did not lead even to trace amounts of the target, 

corannulene.[90,91] These facts were described in a rather precise manner by J. Siegel et al.: “In the 
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glory of hindsight and physical organic chemical analysis, both these unsuccessful approaches 

underestimated the strain needed to reach the transition state route to the final closure, and 

overestimated the aromatic stabilization benefit one might obtain from creating the corannulene 

unit. Indeed, higher-energy reaction conditions or higher-energy synthetic precursors would be 

needed to bring a new synthesis to fruition.”.[20] Among high temperatures, another approach to 

counter strain energies is to accumulate twisting energy within the precursor molecule. Atom 

crowding, generally, leads to distortion of the molecule, e.g. helicenes or 1,6,7,10-tetrasubstituted 

fluoranthenes, which were shown to undergo C-C bond formation giving 2,5-dimethylcorannulene 

in modest yield via low-valent titanium coupling followed by dehydrogenation (Scheme 

3a).[110–112] The exploitation of distorted fluoranthene derivatives proved to be effective, thus, more 

strained octabrominated derivative turned out to be even more effective precursor for corannulene 

(Scheme 3b).[113,114] 

 
 
Scheme 3. Some of the first non-pyrolytic approaches to corannulene’s core. 
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Another pathway, serendipitously discovered by P. Rabiadeau er al., is based on the hydrolysis of 

already mentioned octabromide. Initially, it was intended to carry out intramolecular McMurry 

coupling of 1,6,7,10-tetraaldehyde fluoranthene. However, after hydrolysis of corresponding 

octabromide, instead of the desired precursor, a mixture of brominated corannulene’s derivatives 

was obtained. The  brominated corannulenes were finally reduced to pristine buckybowl according 

to Scheme 3c.[93,115] This unexpected discovery was used later on as a key transformation by J. 

Siegel et al. to obtain corannulene in kilogram scale.[20] 

 

Scheme 4. Pd-catalyzed indenoannulation. a) One-step synthesis of indenocorannulene. b) 
Synthesis of pentaindenocorannulene. c) Synthesis of tetraindenopyrene – a fragment of C70 
fullerene. 

 

As of more general non-pyrolytic approaches, Pd-catalyzed C-C coupling was found to be both 

effective and broadly applicable. One of the first works demonstrating the synthesis of buckybowl 
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from brominated precursor was a report of L. Scott et al., who showed the possibility to exploit 

Pd-catalysts to obtain dibenzocorannulene (Scheme 3d).[103] This report entailed a huge number of 

works, where Br-,[116] Cl- and triflates (TfO-)[117] functionalities were used in the synthesis of 

strained PAHs and buckybowls.[118–120] Incorporation of pentagons goes hand by hand with the 

synthesis of buckybowls, and one of the most straightforward approaches to introduce pentagon is 

indenoannulation, which was developed in several groups.[121] This reaction enables incorporation 

of several pentagons in one synthetic step, providing buckybowls, such as tetraindenopyrene[122] 

and various indenocorannulenes, in a facile manner.[123–126] 

 
 
Scheme 5. Implementation of Pd-catalysis to synthesize some important buckybowls. 

 

The synthesis of indacenopicene[127] (Scheme 5c), diindenochrysene and its fragment (Scheme 5a 

and b) also demonstrates the power of Pd-catalyzed approach,[128,129] since only FVP managed to 

generate diindenochrysene prior to report of Y.-T. Wu et al, despite numerous attempts.[89,92,130] 
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Even though Pd-catalysis is, indeed a powerful technique enabling the synthesis of strained 

buckybowls, it has a couple of serious downsides. Naturally, the most important restriction is the 

price of catalyst, especially considering the high loadings of 20-60 mol%, which are oftentimes 

required. Eventually, in some cases, mass of catalyst may exceed the mass of the substrate. 

Nevertheless, this is not the most fundamental downside of the approach. The major obstacle in 

using of Pd-catalyst is a very low tolerance towards the C-Br bond, thus it is not possible to 

generate brominated buckybowls, which are very promising building blocks. Moreover, the 

efficiency of C-C coupling drastically drops, if more than two bonds are introduced. This was 

clearly shown on the synthesis of oligoindenopyrenes, where the desired tetraindenopyrene was 

obtained in less than 1% yield.[122] Thus, in order to develop a more advanced approach, one should 

address the following issues: low costs, tolerance to functionalities and preservation of efficient 

for multiple C-C coupling. As it turns out C-F functionality allows to cope with all described 

problems of Pd-catalysis. 

In the context of this work C-F bond activation and its utility for the synthesis of buckybowls and 

C-C coupling in general plays a crucial role. For this reason, key methods exploiting C(sp2)-F bond 

as a functional group for C-C bond formation will be covered in the next chapter. 

1.2.3 C-F activation 

Even though aromatic C-Hal bond is widely used in all spheres of chemistry, C-F bond (especially 

Caryl-F) remain significantly underestimated. For such injustice C-F owes to its high bond energy, 

due to which the bond is, allegedly, inert and hard-to-cleave.[131] Activation of aromatic C–F bonds 

has been conventionally achieved via nucleophilic substitution (SNAr)[132] or recently via 

transition-metal-catalyzed oxidative addition.[133–136] However, the former methods are typically 

limited to electron-deficient fluoroarene substrates, while the latter often requires special ligands, 

directing groups and/or harsh conditions. Among modern approaches, several deserve special 

attention. One of interesting and valuable in terms of buckybowls’ synthesis transformation is 

studied in the research group of J. Ichikawa, where they exploit CF2 vinyl activation to generate 

various distorted PAHs, which may serve as excellent precursors to give buckybowls.[75,137–144] 
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Scheme 6. Friedel-Crafts-type cyclization of difluoroethenes. 

 

Another method allowing to generate strained PAHs, including buckybowls, is C-F bond 

polarization technique developed in the research group of J. Siegel. Thus, it has been shown that 

silylium carboranes can effectively polarize C-F bond.[145] Moreover, the possibility to use this 

activation to induce effective C-C coupling has been also demonstrated.[146] Silylium-mediated 

indenoannulation deserves particular attention since it allows facile synthesis of such strained 

systems as indenocorannulene under mild conditions (Scheme 7b).[147] Unfortunately, the price of 

catalyst and a remarkable drop of efficacy in case of highly curved PAHs serves as a major obstacle 

to the wide application of this strategy. 

 

 
Scheme 7. Proton catalyzed, silane-fueled Friedel-Crafts coupling of fluoroarenes and its 
application for synthesis of strained PAHs. 
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Another opportunity to exploit C-F bond is to expose fluorinated PAHs to high temperatures in 

the gas phase (FVP conditions).[148]  . Although this chemistry is undoubtedly interesting by itself, 

this approach leads back to all pros and cons of FVP. Nevertheless, some interesting works have 

been carried out by M. Jansen et al. who demonstrated how rationally fluorinated PAHs can be 

assembled yielding fullerene C60.[86,149] As a matter of fact, HF elimination can be also photo-

induced.[150] This was shown on example of some fluorinated stilbenes and closely related 

molecules, where HF elimination occurs in a competition with Mallory cyclization.[151,152] 

1.2.3.1 Alumina-mediated C-F Bond Activation 

Special attention should be paid to solid-state HF elimination on activated alumina.[153,154] This 

method has been recently explored in our group, where effective C-C coupling in various 

fluorinated PAHs has been demonstrated. Surprisingly, the technique turned out to be tolerant  

towards C-Br and C-Cl bonds showing regioselective C-F activation.[155] While the importance of 

the first phenomenon was already mentioned, the second observation indicates that alumina can 

distinguish active and dormant C-F bonds. This enabled synthetic chemists in our group to obtain 

large PAHs via zipping approach, where several C-C bonds created one by one.[156] Thus, various 

readily available fluorinated precursors may be used to generate large PAHs in one synthetic step. 

 
Scheme 8. Alumina-mediated C-F activation. a) Tolerance of the method towards  C-Br bond. 
b) Synthesis of indacenopicene. c) HF-zipping approach to large PAHs. 

 

Additionally to these impressive features, alumina-mediated C-F bond activation can also be 

exploited for the synthesis of buckybowls, which were obtained in nearly quantitative yields.[157] 
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Thus, the method seems to combine the majority of possible advantages synthetic method could 

have. This large potential triggered the current thesis, which mainly aimed to understand the 

mechanism of this peculiar transformation and to fulfill its synthetic capabilities. 
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2 Proposal 

This work is oriented on the development of alumina-mediated HF elimination as a new general 

approach to buckybowls. While still in its infancy, this method has a large potential to be fulfilled. 

Previously it has been shown that C-F functionality exposed to activated alumina allows effective 

C(aryl)-C(aryl) coupling. Moreover, the method demonstrates selective C-F activation, tolerance 

to C-Br functionality and nearly quantitative cove-region closures yielding highly strained 

buckybowls. These mentioned idiosyncrasies open up a new horizon for this technique to be 

broadly exploited as a tool to generate highly strained, functionalized, non-planar PAHs. Firstly, 

C-Br bond can be fairly claimed to be the most demanded functionality for PAHs, since it 

undergoes the whole spectrum of transition metal-catalyzed reactions, such as Suzuki-, 

Sonogashira-, Yamamoto- coupling, etc. Thus, facile access to brominated buckybowls appears 

crucial for the future applications of these molecules. For this reason, we endeavor to show the 

feasibility of the idea and generate several functionalized buckybowls via alumina-mediated C-F 

activation (Publication 1). In general, we aim not only to synthesize some archetypal buckybowls, 

but we also care about synthetic simplicity of the procedures, trying to shrink the synthesis to the 

smallest possible number of stages. Selective C-F activation may serve as a valuable ally to achieve 

this goal since alumina distinguishes between “active” and “dormant” fluorine atoms, it becomes 

possible to program fluorinated precursor to undergo consequent C-C couplings and generate 

several C-C bonds in one synthetic step. 

We study several different approaches to implement this idea i.e. zipping-like manner or multi-

assemblies, where several C-F bonds are activated one after another and create all ‘missing’ C-C 

bonds to generate buckybowl from its fluorinated precursor. Apart from studying the most 

appropriate and effective precursor we also strive to find an optimal approach to the desired 

precursor (Publications 2 and 3). Thus, we reduce the number of required steps during the final 

procedure i.e. HF-elimination, as well as during the synthesis of precursors via a combination of 

available fluorinated blocks. Naturally, we aim to gain some mechanistic insights and unravel the 

peculiar nature of the reaction, moreover, the scope and limitations of alumina-mediated C-F 

activation appear as a matter of great importance. Our observations and conclusions on this issue 

might be found in corresponding works (Publications 4 and 5).  
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Publication 1. 

O. Papaianina, V. Akhmetov, A. A. Goryunkov, F. Hampel, F. W. Heinemann, K. Y. Amsharov. 

Synthesis of Rationally Halogenated Buckybowls by Chemoselective Aromatic C−F Bond 

Activation. 

Angew. Chemie - Int. Ed. 2017, 56, 4834–4838. 

V.Akhmetov developed the approach to rationally brominated buckybowls and carried out 

synthetic procedures confirming the tolerance to C-Br functionality. O.Papaianina carried out 

synthesis and optimized conditions for alumina activation and consequent HF elimination, she also 

prepared supporting information. F.Hampel and F.Heinemann obtained and analyzed X-Ray data. 

K.Amsharov wrote the manuscript and supervised the project. A.Goryunkov carried out DFT 

calculations and also supervised the project. 
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V. Akhmetov, M. Feofanov, V. Ioutsi, F. Hampel, K. Amsharov. 

Unusual Fusion of α-Fluorinated Benzophenones under McMurry Reaction Conditions. 

Chem. - A Eur. J. 2019, 25, 1910-1913 

V.Akhmetov and M. Feofanov discovered unusual side-product and explored the scope of the 

reaction by carrying out several synthetic experiments. V.Akhmetov also carried out DFT 

calculations and wrote the manuscript. M.Feofanov prepared supporting information. V.Ioutsy 

suggested a possible mechanism. F.Hampel obtained and analyzed X-Ray data. K.Amsharov 

supervised the project. 
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Tailoring Diindenochrysene through Intramolecular Multi-Assemblies by C-F Bond Activation on 

Aluminum Oxide. 

Chem. – A Eur. J. 2019, 25, 7607-7612. 

V.Akhmetov wrote the manuscript, suggested and carried out the major part of synthesis along 

with DFT-calculations and interpretation of the observed/calculated data. M.Feofanov 

implemented a part of synthetic procedures and prepared supporting information. S.Troyanov 

obtained and analyzed X-Ray data. K.Amsharov supervised the project. 
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V. Akhmetov, K. Y. Amsharov. 

Effect of the Cove Region Geometry in PAHs on Alumina Assisted Cyclodehydrofluorination. 

Phys. Status Solidi B DOI:10.1002/pssb.201900254. First published online on 11th of July, 2019. 

V.Akhmetov and K.Amsharov carried out alumina-mediated HF elimination and analyzed the 

outcome of the reaction. V.Akhmetov wrote the manuscript and prepared supporting information. 

Publication 5. 

V. Akhmetov, M. Feofanov, O. Papaianina, S. Troyanov, K. Y. Amsharov. 

Towards Non-alternant Nanographenes by Self-Promoted Intramolecular Indenoannulation 

Cascade via C-F Bond Activation. 

Chem. – A Eur. J. DOI: 10.1002/chem.201902586. First published online on 13th of July, 2019. 

V.Akhmetov, O.Papaianina and M.Feofanov carried out synthesis, where V.Akhmetov took the 

major part of synthesis and interpretation of the results and wrote the manuscript. M.Feofanov and 

O.Papaianina prepared supporting information. S.Troyanov obtained and analyzed X-Ray data. 

K.Amsharov supervised the project.  
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4 Results and Discussions 

This chapter will cover our successful attempts to obtain brominated buckybowls; synthesize 

archetypal buckybowl, diindenochrysene, in two-step synthesis, where five C-C bonds are 

generated at the last stage. Moreover, mechanistic details of the reaction and utility of some 

features will be shown and discussed, namely, the crucial role of electronic effects and the 

importance of structural preorganization of fluorinated precursors. 

4.1 Functionalized Buckybowls. 

Importance of C-Br bond in chemistry of PAHs is hard to overestimate since it can be exploited in 

a great variety of chemical reactions. Among the most important are Suzuki and Yamamoto 

couplings, which are widely used to generate required C-C bonds. The respective halogenated 

buckybowls play a crucial role in building of large and complex molecules. Such molecules might 

be used as caps for directed nanotubes’ growth. Moreover, oligomerized or interconnected 

buckybowls may serve as potential recognition systems for fullerenes and related materials, as it 

has been discussed in chapter 1.1.2. 

 

Figure 10. The potential application of brominated buckybowls as precursors for SWCNT-seeds. 
 

Thus, brominated PAHs are precious building blocks for the bottom-up approach towards carbon-

rich nanomaterials. While the lack and complexity of synthetic procedures yielding curved PAHs 

serve as major obstacles to generate sufficient quantities of pristine buckybowls, rationally 

brominated buckybowls are even less available molecules. Nevertheless, their intriguing properties 

and outstanding potential as useful synthetic building blocks stirs up the interest of synthetic 
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chemists. Considering tolerance to C-Br bond, alumina-mediated HF elimination becomes a very 

suitable technique to tackle this issue. In our work, we exploit bromine atoms both as an orienting 

group and as a substituent for the further functionalization of buckybowls (Publication 1). The 

demonstrated strategy allows facile gram-scale synthesis of functionalized buckybowls and 

enables to examine properties and applications of these attractive molecules. 

 

Scheme 9. Developed synthesis of brominated buckybowl. 

 

In this work, we develop two alternative technical implementations of the reaction. The first option 

is to carry out the reaction in solid-state under vacuum at 160-200 oC, where the fluorinated 

precursor is simply mixed with activated alumina in a sealed glass vial. Another way is to mix 

activated alumina and precursor in o-DCB, which helps homogenous distribution of fluorinated 

PAHs over solid catalyst. In this case, reaction is carried out under inert atmosphere in a microwave 

oven. The described techniques do not show any crucial differences and can be used equally, 

depending on convenience and available equipment. 



 30 

Figure 11. Two modifications of alumina-mediated HF elimination. a) Solid-state reaction under 
vacuum in a sealed tube. b) Reaction in o-DCB in a microwave vial. 
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4.2 Synthesis of Buckybowls via Programmed C-F activation. 

The possibility to activate C-F bond selectively makes alumina-mediated C-F activation especially 

attractive. Since the catalytic centers can distinguish «active» and «dormant» fluorine atoms, it is 

possible to implement consequent C-C coupling, where the strict algorithm of C-F activations is 

dictated by the structure of fluorinated PAHs. 

 

 

Scheme 10. Synthesis of buckybowls via C-F activation. a) Concept of the HF-zipping approach, 
where dormant fluorine atoms (labeled pink) become active (labeled green) after previous C-C 
coupling. c) Multi-assembly yielding diindenochrysene. 

 

This concept is a very promising approach to buckybowls, as well as any other large PAHs since 

it requires rather simple convergent synthesis (Scheme 10a). Once fluorinated blocks are obtained, 

they are attached to brominated PAH core and these two subunits are zipped on alumina via 

consequent HF elimination. The flexibility of the technique is yet another advantage, several 

different building blocks can be used to attain the very same buckybowl. Moreover, positions of 

fluorine atoms play a crucial role and it is easy to interchange the position of this key element in 

the precursor structure. The described methodology opens a vast number of synthetic pathways to 
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valuable buckybowls and resembles some sort of programming language with its elements 

(structure of the precursor, positions of fluorines, etc), input-fluorinated PAH, output-buckybowl 

and implementing machine-activated alumina. We have studied the key aspects of such an 

approach on the example of archetypal buckybowl - diindenochysene. We have proved the 

applicability of the HF-zipping approach to gain diindenochrysene in moderate 6% yield. 

Additionally we have successfully examined another attractive way to assemble diindenochrysene. 

This approach requires only two-step synthesis and yields diindenochrysene at the last step with 

8% yield. This number becomes impressive if five C-C bonds created during the last step are 

considered. All the details on our investigation and development of algorithm-like synthesis and 

its implementation on activated alumina are collected in corresponding work (Publication 2). 

 

Figure 12. A fusion of two molecules of 2,6-difluorobenzophenones to give fluorinated 9,10-
dihenylanthracene. 

 

In the course of the synthesis of some fluorinated precursors for diindenochrysene, serendipitously 

we discovered a rather unusual reaction that fluorinated benzophenones undergo simultaneously 

with McMurry coupling, which was believed to be the only process under applied conditions. The 

mechanistic details and scope of this unexpected benzophenone transformation are presented and 

discussed in our recent investigation (Publication 3). This work supports the statement that C-F 

chemistry still remains extremely underestimated and unexplored. 
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4.3 Mechanistic insights into alumina-mediated HF elimination. 

Since alumina-mediated C-F bond activation holds heterogeneous nature, it becomes extremely 

sophisticated to strictly determine the mechanism of the reaction. First of all, exploited alumina 

possesses amorphous structure, which complicates studies on possible appearance of the catalytic 

centers. Thus, activated alumina and particularly the course of the discussed reaction remain to be 

a black box. Nevertheless, some observation on the outcomes of some reactions leads to certain 

conclusions that the process is likely to bear cation-like nature. While it is clear that extremely 

reactive phenyl cations do not form during the reaction, some sort of concerted transformation 

with formation of partially charged species should take place. A quantum chemical investigation 

on DFT level was carried out previously in our group, where it has been shown how the process 

might occur.[158] The cove-region closure clearly indicates that eliminated hydrogen plays a crucial 

role in stabilization of transition state, reducing activation barriers. Moreover, this study, indeed, 

confirms cation-like nature of the reaction. Even though this particular DFT study does not directly 

relate to the current thesis, it is crucial for the following chapter. 

 

Scheme 11. The suggested mechanism of alumina-mediated cyclodehydrofluorination. 
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4.3.1 Effect of cove region geometry on C-C coupling during Alumina-Mediated C‐F 

Bond Activation 

It has been shown in several different examples that cove-region closure proceeds extremely 

effective, frequently giving a desired product in quantitative yields. Actually, it comes as a rather 

intuitive outcome, since [4]-helicene is already a highly strained moiety. Its twisted geometry 

caused by atom crowding, makes it is less problematic to overcome barriers to generate curved 

buckybowls due to accumulated in the molecule energy. Thus, this transformation can be 

considered as a transfer of twisted energy to curved analog. Meanwhile, molecular systems bearing 

several helical motives could undergo gradual extension of the remaining cove-regions after the 

closure of the previous ones, thus releasing the accumulated strain energy. It has been shown that 

four cove-regions can be closed in an effective manner.[157] Nevertheless, it is a matter of 

fundamental interest to estimate whether this extension has a limit, after which C-C coupling will 

not occur. In order to address this important issue, we have obtained an interesting molecular 

system with four fluorinated cove-regions, where each previous HF-elimination drastically 

increases strain and flattens the remaining helicene-moieties. We found out that the helical 

structure is, indeed, crucial for effective coupling and that after a certain point alumina cannot 

induce C-C coupling in the fluorinated PAHs. All the details of this insightful study may be found 

in the corresponding work (Publication 4). 

 

 

Figure 13. Investigated molecules containing multiple fluorinated [4]-helicene motives. 
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4.3.2 Role of electronic effects in Self‐Promoted Intramolecular Indenoannulation 

Cascade via Alumina-Mediated C‐F Bond Activation 

Despite a large number of attractive features, non-alternant nanographenes (NGs) bearing 

pentagons in their structure still remain hard-to-reach materials. Incorporation of five-membered 

rings into PAHs being already sophisticated task by itself, the synthetic availability of such 

compounds becomes even lower, provided poor solubility of the desired molecules and their 

precursors. While other conventional synthetic approaches stumble upon this problem, alumina-

mediated C-F bond activation turns the size of the molecules into an ally. Among several 

approaches, the indenoannulation appears to be optimal for these purposes, since it generally 

requires only two-step procedure and enables a great variety of extended PAHs. Using this strategy 

along with the unique nature of alumina-assisted HF elimination, we show the capability of this 

tandem to create several C-C bonds in one step (Publication 5). Moreover, the efficiency of 

coupling has been shown to increase with the number of C-C bonds being created. Thus, rolling-

up of NGs on activated alumina resembles a snowball rolling down the slope. As the snowball 

accelerates and becomes bigger after each turn, PAH becomes more and more prone to undergo 

indenoannulation after each previous cyclization.  

 

Figure 14. Correlation between size of involved π-sytem and efficiency of C-C coupling. 

 

Comparing several indenoannulations of naphthalene and pyrene cores we confirm this concept 

and show that C-C coupling efficiency depends on the readiness of π-system to undergo 

electrophilic attack. In contrast to the vast majority of reactions dealing with overcoming strain 

energies inherent to the synthesis of non-alternant PAHs, alumina-mediated C-F bond activation 
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turns out to be more sensitive to electronic effects rather than steric. In this manner, the technique 

stands out from the rest of synthetic methods yielding non-alternant PAHs and opens up new 

venues to unavailable, yet intriguing extra large nonalternant PAHs.  
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4.4 Publications 

Publication 1. 

Synthesis of Rationally Halogenated Buckybowls by Chemoselective Aromatic C−F Bond 

Activation. 

O. Papaianina, V. Akhmetov, A. A. Goryunkov, F. Hampel, F. W. Heinemann, K. Y. Amsharov. 

Angew. Chemie - Int. Ed. 2017, 56, 4834–4838. DOI: 10.1002/anie.201700814. 

Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

ABSTRACT: 

Halogenated buckybowls or bowl‐shaped polycyclic aromatic hydrocarbons (BS‐PAHs) are key 

building blocks for the “bottom‐up” synthesis of various carbon‐based nanomaterials with 

outstanding potential in different fields of technology. The current state of the art provides quite a 

limited number of synthetic pathways to BS‐PAHs; moreover, none of these approaches show high 

selectivity and tolerance of functional groups. Herein we demonstrate an effective route to BS‐

PAHs that includes directed intramolecular aryl–aryl coupling through C−F bond activation. The 

coupling conditions were found to be completely tolerant toward aromatic C−Br and C−Cl bonds, 

thus allowing the facile synthesis of rationally halogenated buckybowls with an unprecedented 

level of selectivity. This finding opens the way to functionalized BS‐PAH systems that cannot be 

obtained by alternative methods.  
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Publication 2. 

Unusual Fusion of α-Fluorinated Benzophenones under McMurry Reaction Conditions. 

V. Akhmetov, M. Feofanov, V.Ioutsy, F. Hampel, K. Y. Amsharov. 

Chem. - A Eur. J. 2019, 25, 1910-1913. DOI:10.1002/chem.201805290. 

Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

ABSTRACT: 

By exposure of α-fluorinated benzophenones to McMurry reaction conditions, we have observed 

the remarkable formation of 9,10-diphenylanthracenederivatives. This unexpected transformation 

necessitates the cleavage of the exceptionally stable aromatic C-F bond under mild McMurry 

conditions. In this work, the condensation of several related fluorinated benzo-and acetophenones 

has been investigated, which allow us to propose a domino-like fusion mechanism for this unusual 

transformation. The scope and limitations of the fluorine-promoted benzophenone fusion are 

subsequently discussed. 
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Publication 3. 

Tailoring Diindenochrysene through Intramolecular Multi-Assemblies by C-F Bond Activation on 

Aluminum Oxide. 

V. Akhmetov, M. Feofanov, S. Troyanov, K. Y. Amsharov. 

Chem. - A Eur. J. 2019, 25, 7607-7612. DOI:10.1002/chem.201901450. 

Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

ABSTRACT: 

The unique nature of the alumina‐mediated cyclodehydrofluorination gives the opportunity to 

execute the preprogrammed algorithm of the C−C couplings rationally built into a precursor. Such 

multi‐assemblies facilitate the construction of the carbon‐skeleton, superseding the conventional 

step‐by‐step by the one‐pot intramolecular assembly. In this work, the feasibility of the alumina‐

mediated C−F bond activation approach for multi‐assembly is demonstrated on the example of a 

fundamental bowl‐shaped polycyclic aromatic hydrocarbon (diindenochrysene) through the 

formation of all “missing” C−C bonds at the last step. Among valuable insights into the reaction 

mechanism and the design of the precursors, a facile pathway enabling the two‐step synthesis of 

diindenochrysene was elaborated, in which five C−C bonds form in a single synthetic step. It is 

shown that the relative positions of fluorine atoms play a crucial role in the outcome of the 

assembly and that governing the substituent positions enables the design of effective precursor 

molecules “programmed” for the consecutive C−C bond formations. In general, these findings 

push the state of the field towards the facile synthesis of sophisticated bowl‐shaped carbon‐based 

nanostructures through multi‐assembly of fluoroarenes. 
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Publication 4. 

Effect of the Cove Region Geometry in PAHs on Alumina Assisted Cyclodehydrofluorination. 

V. Akhmetov, K. Y. Amsharov. 

Phys. Status Solidi B DOI:10.1002/pssb.201900254. First Published on 11th of July, 2019. 

Copyright © 2019 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

ABSTRACT: 

Despite conventional opinion on high inertness of aluminum oxide and exceptional stability of the 

carbon fluorine bond, activated γ‐alumina effectively polarizes C‐F bond. This process is known 

to implement effective C‐C coupling in the cove region leading to intramolecular annulation and 

formation of non‐alternant polycyclic aromatic hydrocarbons (PAHs). This study shows the 

importance of the cove region geometry on annulation efficiency. This is demonstrated using 

precursor 1 as a model which allows investigation of the cove region's major feature, namely its 

helical geometry, and effect of its structure on the efficiency of intramolecular C‐C bond 

formation. Herein, the synthesis of 1, its behavior on activated alumina and reasoning for the 

observed outcomes are described. 
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Publication 5. 

Towards Non-alternant Nanographenes by Self-Promoted Intramolecular Indenoannulation 

Cascade via C-F Bond Activation. 

V. Akhmetov, M. Feofanov, O. Papaianina, S. Troyanov, K. Y. Amsharov. 

Chem. – A Eur. J. DOI: 10.1002/chem.201902586. First Published on 13th of July, 2019. 
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ABSTRACT: 

The development of new synthetic approaches to large PAHs and NGs appears as a matter of great 

importance. Nevertheless, a serious downside of the bottom‐up approach is the necessity of 

oftentimes meticulous multi‐step synthesis demanding serious time and financial investments. One 

of the possibilities to avoid such an unpleasant obstacle is a design of the one‐pot procedures, 

where multiple bonds are formed at once. However, in the general perception, the endeavours to 

perform several reactions at once lead to the notable drop of the yields with the increase of the 

number of bonds created. Moreover, the reactions which give an opportunity to form several bonds 

at once are rather scarce. Scholl reaction, enabling multiple Aryl‐Aryl couplings, may serve as an 

illustrative example of such reactions. Despite its broad applicability, the method allows synthesis 

only honeycomb like structures and cannot be exploited to insert the pentagons into a PAH’s core. 

Meanwhile, PAHs bearing pentagons within their structure possess an outstanding scope of 

properties and possible applications e.g. electronics and supramolecular chemistry. Here we report 

that alumina‐mediated HF elimination may be used for the self‐promoted multiple 
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indenoannulation yielding useful non-alternant NGs. We demonstrate that the unique nature of the 

reaction leads to a rather counter‐intuitive outcome and allows considering each previous Aryl‐

Aryl coupling as a promoter of the following ones. 
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5 Summary 

The main objective of this thesis was to develop alumina-mediated C-F activation from infant state 

to established general method enabling the facile synthesis of pristine and functionalized 

buckybowls. By infant state here, we imply previously reported achievements in our group, 

namely, it was shown that activated alumina is capable of C-F bond polarization, which in its turn 

induces effective C-C coupling. Moreover, it has been shown that C-C coupling occurs even if 

significant strain energies are required to be overcome, as it is usually so in the case of buckybowls’ 

synthesis. Single examples demonstrated perspectives to implement selective C-F activation and 

to preserve C-Br functionality. Even though these observations are already impressive, they do not 

make the method well studied, since no scope and limitation are investigated. Additionally, the 

selectivity to C-F bonds opens a new horizon of domino-like reactions and their application for 

synthesis of elusive non-planar PAHs. Besides bright perspectives, these phenomena also indicate 

the mechanism of the reaction to be far from trivial and tough for perception. Thus, among 

synthetic applicability of the method, we aimed to determine the mechanistic details of the process. 

The following chapter briefly describes our achievements and observations made during the thesis 

fulfillment. 

First of all, buckybowls were and still remain to be molecules with a high scientific demand and 

unmet synthetic supply. Even brighter this contrast comes out in case of functionalized 

buckybowls, which can be used for the construction of yet subtler and more sophisticated 

materials, but the low availability of such buckybowls hampers this field from thriving. These 

issues served as the main motivation for the first work mentioned in the thesis. There we developed 

a facile synthesis of both pristine and halogenated buckybowls that will be used as valuable 

building blocks in future works.  

Secondly, we investigated whether selective activation of C-F bonds can be used to perform 

consequent C-F bond activation generating several C-C bonds in one synthetic step. As a model 

compound, archetypal buckybowl- diindenochrysene, has been chosen. Despite multiple efforts, 

there are only two published works, where authors successfully obtained  this fundamental 

buckybowl. This makes it not merely a model molecule, but actually hard-to-reach target molecule. 

Nevertheless, exploiting alumina-mediated technique we managed to obtain diindenochrysene via 
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several synthetic pathways, in which two, three and five! C-C bonds were created at the last stage. 

There we demonstrate both zipping and multi-assembly of fluorinated PAHs yielding 

diindenochrysene and its derivatives. Eventually, we offer two-step procedure enabling the 

synthesis of pristine diindenochrysene in 5% overall yield. 

Additionally, in the course of preparation of some precursors, we discovered an unusual fusion of 

fluorinated benzophenones, which were expected to undergo McMurry coupling solely, but 

besides that we also observed fluorinated 9,10-diphenylantracenes formed in substantial yields. 

We have investigated the scope and limitations of the transformation and carried out DFT 

calculations that shed some light on the mechanism of the process. 

As of mechanistic studies, we investigated the role of twisted structure of [4]-helicene in efficiency 

of cove-region closure. The strain energy is the major problem interfering with the synthesis of 

buckybowls. That is why structure (especially its distortion) plays a crucial role in C-C coupling. 

This thought comes as quite reasonable and rather intuitive, nevertheless, different methods tend 

to have different thresholds, which they are capable of overcoming. The question we were trying 

to answer was where is the limit/threshold of alumina-mediated C-F bond activation. We compared 

several fluorinated PAHs bearing multiple cove-regions and examined the efficiency of 

cyclodehydrofluorination. This comparison shows that structure and distortion of cove-region are, 

indeed, crucial for the process of HF elimination. 

Moreover, we offer an alternative pathway to effective indennoannulation, which was previously 

done via either Pd-catalysis or silylium carboranes-mediated C-F activation. As a major advantage, 

we show that our approach tends to work better for larger systems. Thus, the more C-C bonds are 

generated during the process, the more effective each cyclization becomes. This trend has been 

clearly shown on the example of several indenonaphthalenes and pyrenes. Noteworthy, that other 

methods possess reversed dynamic (larger molecule-poorer efficiency). Besides demonstrating the 

power of the technique to generate non-alternant large PAHs, we also reveal the unusual nature of 

alumina-mediated cyclodehydrofluorination mechanism, where electronic effects turn out to be 

more important than steric. 

Summing up our performance, we pushed the state of alumina-mediated C-F activation to a rather 

well-developed method, where currently accumulated knowledge shows major advantages and 

limitations of this method. The obtained information clarifies mechanistic details and allows 
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critical comparison of our approach with others described in the literature methods. As a major 

achievement, the development of attractive technique, which does not require any expensive 

catalyst or reagents should be mentioned. Moreover, this technique effectively overcomes strain 

energy and show tolerance to key functionalities such as halogens, opening facile access to 

buckybowls and their derivatives. 
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6 Zusammenfassung 

Das Hauptziel dieser Arbeit war es, die durch Aluminiumoxid-vermittelte C-F Aktivierung von 

einem frühen Anfangsstadium zu einem etablierten allgemeinen Verfahren zu entwickeln, das eine 

einfache Synthese von reinen und funktionalisierten Buckybowls ermöglicht. Dabei bezieht hier 

das frühe Anfangsstadium bereits in unserer Gruppe gemeldete Erfolge ein: Es wurde gezeigt, dass 

aktiviertes Aluminiumoxid eine C-F Bindungspolarisation auslösen kann, die wiederum eine C-C 

Kupplung induziert. Darüber hinaus wurde gezeigt, dass eine C-C Kupplung auch dann auftritt, 

wenn erhebliche Spannungsenergien überwunden werden müssen, wie dies normalerweise bei der 

Buckybowl-Synthese der Fall ist. Einzelne Beispiele zeigten Perspektiven auf, um eine selektive 

C-F-Aktivierung zu implementieren und die C-Br-Funktionalität zu erhalten. Obwohl diese 

Beobachtungen bereits beeindruckend sind, bleibt die Methode jedoch nicht ausreichend 

untersucht, da kein Geltungsbereich und keine Einschränkung untersucht werden. Darüber hinaus 

eröffnet die Selektivität für C-F-Bindungen einen neuen Horizont für dominoartige Reaktionen 

und deren Anwendung für die Synthese schwer fassbarer nichtplanarer PAK Diese Phänomene 

weisen neben aussichtsreichen Perspektiven auch darauf hin, dass der Reaktionsmechanismus 

alles andere als trivial und schwer zu verstehen ist. Daher wollten wir neben der synthetischen 

Anwendbarkeit der Methode auch mechanistische Details des Prozesses bestimmen. Das folgende 

Kapitel beschreibt kurz unsere Errungenschaften und Beobachtungen, die während der Erfüllung 

der Dissertation gemacht wurden. 

Erstens waren und sind Buckybowls immer noch Moleküle mit hohem wissenschaftlichen 

Anspruch und unbefriedigendem Syntheseangebot. Noch stärker ist dieser Kontrast bei 

funktionalisierten Buckybowls, die für den Bau von noch feineren und anspruchsvolleren 

Materialien verwendet werden können. Die geringe Verfügbarkeit solcher Buckybowls 

beeinträchtigt jedoch das Florieren dieses Bereichs. Diese Fragen dienten als Hauptmotivation für 

die erste in der Dissertation erwähnte Tätigkeit. Dort haben wir eine einfache Synthese von sowohl 

unfunktionalisierten als auch halogenierten Buckybowls entwickelt, die in zukünftigen Arbeiten 

als wertvolle Bausteine verwendet werden. 

Zweitens haben wir untersucht, ob die selektive Aktivierung von C-F-Bindungen verwendet 

werden kann, um eine aufeinanderfolgende C-F-Aktivierung durchzuführen, die mehrere C-C-
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Bindungen in einem Syntheseschritt erzeugt. Als Modellverbindung wurde der archetypische 

Buckybowl Diindenochrysen gewählt. Trotz mehrfacher Bemühungen gibt es nur zwei 

veröffentlichte Werke, bei denen Autoren erfolgreich Diindenochrysen erhielten. Damit ist es nicht 

nur ein Modellmolekül, sondern auch ein schwer zugängliches Zielmolekül. Dennoch ist es uns 

mit Hilfe des Aluminiumoxid-vermittelten Verfahrens gelungen Diindenochrysen über mehrere 

Synthesewege herzustellen denen im letzten Schritt zwei, drei und fünf! C-C-Bindungen gebildet 

wurden. Dort zeigen wir sowohl das Zippen als auch die Mehrfachanordnung von fluorierten PAK 

zu Diindenochrysen und seinen Derivaten. Schließlich bieten wir ein zweistufiges Verfahren an, 

das die Synthese von reinem Diindenochrysen in einer Gesamtausbeute von 5% ermöglicht. 

Zusätzlich entdeckten wir im Laufe der Herstellung einiger Vorläufer eine ungewöhnliche Fusion 

von fluorierten Benzophenonen, von denen erwartet wurde, dass sie ausschließlich eine McMurry-

Kupplung eingehen. Daneben beobachteten wir jedoch auch fluorierte 9,10-Diphenylantracen, die 

in erheblichen Ausbeuten gebildet wurden. Wir haben Umfang und Grenzen der Transformation 

untersucht und DFT-Berechnungen durchgeführt, die Aufschluss über den Mechanismus des 

Prozesses geben. 

Im Rahmen mechanistischer Studien untersuchten wir die Rolle der verdrillten Struktur von [4]-

Helicen hinsichtlich/bezüglich der Effizienz bei Ringschlüssen in Cove- Regionen. Die 

Spannungsenergie ist das Hauptproblem bei der Synthese von Buckybowls. Aus diesem Grund 

spielt die Struktur (insbesondere ihre Verzerrung) bei der C-C-Kupplung eine entscheidende Rolle. 

Dieser Gedanke ist durchaus vernünftig und eher intuitiv, doch neigen verschiedene Methoden 

dazu, unterschiedliche Schwellenwerte zu haben, die sie zu überwinden vermögen. Die Frage, die 

wir zu beantworten versuchten, war, wo die Grenze / Schwelle der durch Aluminiumoxid-

vermittelten C-F Aktivierung liegt. Wir verglichen mehrere fluorierte PAK mit mehreren Cove-

Regionen miteinander und untersuchten die Effizienz der HF-Eliminierung. Dieser Vergleich 

zeigt, dass Struktur und Verzerrung der Cove-Region tatsächlich eine entscheidende Rolle bei der 

HF-Eliminierung spielen. 

Darüber hinaus bieten wir einen alternativen Weg zur effektiven Indennoannulierung, die zuvor 

entweder über Pd-Katalyse oder durch Silyliumcarborane-vermittelte C-F-Aktivierung 

durchgeführt wurde. Als großen Vorteil zeigen wir, dass unser Ansatz tendenziell besser bei 

größeren Systemen funktioniert. Je mehr C-C-Bindungen während des Prozesses erzeugt werden, 
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desto effektiver wird somit jede Zyklisierung. Dieser Trend wurde am Beispiel mehrerer 

Indenonaphthalins und Pyrens deutlich. Bemerkenswert ist, dass andere Methoden eine 

umgekehrte Dynamik aufweisen (größere Moleküle - schlechtere Effizienz). Neben dem 

leistungsstarken Verfahren zur Erzeugung nicht alternierender großer PAK zeigen wir auch die 

ungewöhnliche Natur des Aluminiumoxid-vermittelten Mechanismus, bei dem elektronische 

Effekte wichtiger sind als sterische. 

Zusammenfassend lässt sich sagen, dass wir den Stand der Aluminiumoxid-vermittelten C-F-

Aktivierung auf eine recht gut entwickelte Methode gebracht haben, bei der die derzeit 

gesammelten Erkenntnisse wesentliche Vorteile und Grenzen dieser Methode aufzeigen. Die 

gewonnenen Informationen verdeutlichen mechanistische Details und ermöglichen einen 

kritischen Vergleich unseres Ansatzes mit anderen in der Literatur beschriebenen. Als wesentliche 

erzielte Vorteile haben wir eine recht attraktive Technik entwickelt, die ohne teure Katalysatoren 

oder Reagenzien auskommt. Darüber hinaus überwindet dieses Verfahren effektiv die 

Spannungsenergie, zeigt Toleranz gegenüber Schlüsselfunktionalitäten wie Halogenen und 

eröffnet damit den einfachen Zugang zu Buckybowls und deren Derivaten. 
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