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Abstract of the Dissertation 

 

Direct synthesis of fullerenes is of considerable interest as a method to access new 

fullerenes which cannot be obtained in the uncontrolled process of graphite 

evaporation or form in low yields as a “hard-to-isolate” mixture. The general 

strategy of the direct approach to fullerenes is based on the synthesis of polycyclic 

aromatic hydrocarbons (PAH) that already contain the required carbon framework. 

Such “unrolled” molecules can be “rolled up” to form fullerenes through 

intramolecular Aryl-Aryl condensation under flash vacuum pyrolysis (FVP) 

conditions. The presence of chlorine or bromine in the initial precursor is essential 

for effective Aryl-Aryl condensation via free radical mechanism. On the other hand 

the use of chlorine and bromine functionalizations reaches its limits in the case of 

large molecules such as fullerene precursors. Availability of alternative promoters 

which do not have these disadvantages is a key prerequisite for successful direct 

fullerene synthesis.  

In this work various functional groups have been tested as alternative promoters of 

Aryl-Aryl intramolecular condensation under FVP conditions. Methyl and fluorine 

functionalization has been found to be promising approaches. Unexpected high 

selectivity in cyclization was observed for fluorine derivatives. It was found that HF 

elimination is a synchronous process leading directly to the target molecule without 

any intermediates, thus producing no side products. The small size and low 

molecular weight of fluorine as well as high thermostability of the C-F bond, makes 

fluorine a “perfect” activating group for rational fullerene synthesis. Since fluorine 

can promote the desired ring closure only if hydrogen is placed neighboring in space 

in the precursor structure, full control in the direction of the condensation can be 

achieved. It was shown that the use of fluorine, as an activating group, solves the 

problem of selectivity in FVP and provides an effective conversion of the respective 

PAH precursors. 
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Several fullerene precursors containing fluorine atoms in key positions have been 

synthesized and investigated as a precursor for direct fullerene synthesis. 

Furthermore optimization has led to the discovery of a highly effective alternative 

solid-state strategy for intramolecular Aryl-Aryl coupling via HF elimination. The 

efficiency of the approach has been demonstrated by quantitative transformation 

of the precursor molecules to the desired PAHs and buckybowl structures. 

The quantitative conversion to the extended C46 buckybowl, representing more 

than 75% of the C60 fullerene connectivity, demonstrates the high potential of the 

technique for construction of extended non-planar carbon based nanostructures, 

including higher fullerenes, giant buckybowls and nanotubes. The results obtained 

point the way to the fabrication fullerenes as well as other carbon based 

nanostructures such as single walled nanotubes and nanoribbons in a fully 

controllable manner. 
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1.1. Carbon and carbon based structures 
 

1.1.1. Introduction 

Carbon is a unique element compared to all others of the periodic system. Due to its 

moderate electronegativity carbon can form stable covalent bonds with itself and 

other more electronegative and electropositive elements. This leads to an incredible 

variety of possible carbon based molecular structures. Even elemental carbon can 

exist in numerous modifications or allotropes - the property of elements to exist in 

two or more different forms. Here carbon takes a leading place among all elements. 

The richness of carbon allotropes is a direct consequence of the possibility to form 

strong single, double and triple carbon-carbon bonds. In nature, elemental carbon 

was found in two allotropic modifications – diamond and graphite which are known 

since antiquity. During the last decades many new carbon allotropes such as 

graphene,[1,2] nanotubes,[3-7] and fullerenes[8,9] were discovered and well 

characterized. The latest were also found in nature on Earth (mineral Shungit),[10] 

and recently in interstellar space.[11] Importantly, the physical and chemical 

properties of all carbon allotropes strongly depend on the type of carbon atom 

hybridization and the connectivity. 

 

1.1.2. Allotropes of carbon 

Carbon has the peculiarity to exist in three different stable states of hybridization 

sp3, sp2 and sp which strongly influence the bond length, bond strength and the 

molecular geometry, thus determining many related properties of corresponding 

carbon-based materials (Table 1.1). The sp3-carbon based structures are typical 

isolators due to the lack of electron mobility. In contrast free electrons of sp- and 

sp2-hybridized carbon atoms can give rise to delocalization and corresponding 

structures usually conduct electrical current very effectively. Thus for example, the 

current density in carbon nanotubes may be a thousand times higher than that at 

which copper wires explode.[12] The high stability of the carbon-carbon bonds is 
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responsible for the specific mechanical properties of many carbon based materials, 

some of which are predicted to be the strongest materials. For example, the 

Young's modulus of nanotubes is much higher than that of diamond.[13] Importantly 

that many physical properties can be precisely tuned by the structure, which makes 

carbon based materials very prospective for many applications from medicine and 

mechanics to molecular electronics. 

 

 

Table 1.1. Typical C-C bond energies (bond-dissociation energies) and C-C bond lengths for 

differently hybridized carbon atoms.[14] 

Hybridization 

 

sp3 sp2 sp sp 

Example 

structure 
  

 

C C HH

α  

 

H2C C CH2

α  

C-C bond type single double triple double 

Bond energy 

[kcal/mol]  
83.8 148 202  

C-C bond  

length [pm] 
154 133 120 131.5 

Ideal bond  

angles α [°] 
109.5 120.0 180.0 180.0 
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Figure 1.1. sp3-carbon based allotropes. Fragments of diamond and lonsdaleite structures 

(top). Polyprismane structures - a theoretically predicted metastable form of sp3-

hybridized carbon (bottom). 

 

 

1.1.2.1. sp
3
-carbon based allotropes 

Diamond is the modification based on pure sp3-hybridized carbon in which carbon 

atoms form four covalent bonds with neighboring atoms resulting in a tetrahedral 

coordination. These corner linked tetrahedra form the three-dimensional crystal 

structure. Due to its three-dimensional covalent network, diamond is one of the 

hardest known solids (10 on the Mohs scale) and has extremely high thermal 
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conductivity of more than 2000 W/(mK).[15] It is transparent to light in the visible 

range and has a high refractive index. Due to many useful properties diamond is 

widely used in jewelry, as abrasive, in cutting tools and heat traps. Lonsdaleite,[16,17]
 

which is also known as hexagonal diamond, has a hexagonal unit cell, related to the 

diamond unit cell in the same way that the hexagonal and cubic close packed crystal 

systems are related. Another interesting example of carbon allotropes composed of 

sp3-carbon exclusively are Prismanes - theoretically-predicted metastable 

modifications (Figure 1.1).[18] 

 

1.1.2.2. sp
2
-carbon based allotropes 

Graphite is a well-known modification of sp2-hybridized carbon representing the 

most stable carbon form under standard conditions. In graphite each carbon atom is 

covalently bonded to three neighboring ones producing planar hexagonal rings 

(carbon atoms are formally packed in a honeycomb crystal lattice). These six-

membered rings form flat layers which are arranged one above the other with an 

interlayer spacing of around 3.4 Å.[19] Since one electron remains “free” a high 

degree of delocalization takes place and graphite conducts electrons along the 

layers effectively. The individual graphite layer represents another well-known 

allotrope of sp2-carbon - graphene which has many fascinating properties, such as 

mechanical stiffness, very high electrical conductivity and high thermal conductivity. 

Due to these unique properties, graphene is considered to be a very promising 

material for many nanotechnological applications.[20] Formally graphene can be 

considered as a starting "material" from which many other forms of sp2-hybridized 

carbon can be derived (Figure 1.2). Thus single walled carbon nanotubes (SWCNTs) 

can be thought of as a graphene layer rolled-up into a tube. Fullerenes and 

buckybowl molecules formally can be imagined as a defect graphene where 

introduction of pentagons (defects) results in the formation of bowl-shaped 

molecules (buckybowl) or closed cage-structures (fullerenes). Both fullerenes and 
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nanotubes are characterized by rich structural variations. Thus differently "rolled 

up" graphene sheets will produce different types of carbon nanotubes. Depending 

on the orientation of the hexagonal lattice with respect to the tube’s axis, the 

resulting nanotubes can be classified as zigzag, armchair or chiral (Figure 1.3). 

Importantly, the electronic structure of nanotubes is fully defined by the chirality.[21-

24]. Thus, armchair nanotubes are metallic whereas zigzag and chiral nanotubes can 

be either metallic or semiconducting.[24] The number of possible fullerene structures 

is virtually unlimited and each fullerene cage formally represents a new allotropic 

form of carbon with its related properties. The possible structural variations and 

isomerism of fullerene cages will be discussed in more detail in chapter 1.1.3.4. 

 

 

 

Figure 1.2. sp2-carbon allotropes: graphite, graphene, nanotubes and fullerenes. 

 

 

Obviously the number of possible sp2-carbon based structures is not limited by 

these derived from the honeycomb graphene lattice. It is easy to imagine that the 
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combination of differently membered rings can give many alternative 2D carbon 

based allotropes which can be considered as isomeric forms of graphene. 

Consequently many other 0D, 1D and 3D structures can be derived in analogy to 

graphene. Thus the polyphenylene structure (Figure 1.4) can be viewed as a starting 

point for construction of polyphenylene-like nanotubes and fullerenes. Although 

polyphenylene-like graphene still exists on paper only, small polyphenylene blocks 

have been already synthesized and have been found to be stable.[25] 

 

 
 

Figure 1.3. Examples of different types of single-walled carbon nanotubes: armchair, zigzag 

and chiral. 

 

 

1.1.2.3. sp-carbon based allotropes 

Carbyne is a linear polymer, in which sp-hybridized carbon atoms are connected in a 

chain of alternating single and triple-bonds (α-carbyne), or exclusively double bonds 

(β-carbyne or polycumulene structure) as presented on the Figure 1.5. According to 

some researchers, unambiguous and rigorous proof of identity and structure of 

carbyne has not yet been provided.[26-29] On the contrary, other authors believe that 

such evidence is available.[30] Although the existence of linear polyynes is still not 

settled, cyclic polyynes have been synthesized and well studied.[31] As in the case of 
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fullerenes differently membered polyyne rings represent an individual allotrope of 

carbon with related particular properties. 

 

Phenylene-like graphene Phenylene-like fullerene
 

 

Figure 1.4. The structure of  polyphenylene based 2D carbon allotrope and an example of 

the derived polyphenylene based "fullerene" molecule (both structures are theoretically 

predicted). 

 

 

 

Figure 1.5. The structures of sp-carbon based allotropes: polyyne (α-carbyne); 

polycumulene (β-carbyne) and three cyclic polyyne structures. 
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1.1.2.4. Hybrid carbon allotropes 

The chemistry of pure carbon is so rich that it is impossible to describe even small 

part of all possible structures which can be obtained by combination of different 

types of carbon allotropes. In this part only several interesting examples of 

experimentally observed allotropes will be briefly considered aiming to 

demonstrate the virtually unlimited structural variations. Many new structures can 

be obtained by simple combination of known allotropes. Thus, the so-called double-

walled- and multi-walled- nanotubes (DWCNT and MWCNT) are a good example. In 

both cases individual single-wall-nanotubes are placed inside each other and are 

held together by Van-der-Waals forces. Both DWCNTs and MWCNTs are 

experimentally observed species. Alternatively carbon nanotubes can be bonded 

covalently, like logs in the construction of buildings or “bunch in Forest” (Figure 

1.6).[32,33,34]  

In analogy to nanotubes, fullerene molecules can also be placed each in other or 

linked together covalently. The first type are the well known carbon onions which 

form as a byproduct under conventional synthesis of carbon nanotubes.[35] The 

covalently linked fullerene-based allotropes have been observed in C60 crystals after 

exposure to high pressure (Figure 1.7).[36]  

Experimentally observed carbon nanobuds represent a combination of nanotubes 

and fullerenes. In these materials the fullerene fragments are covalently bonded to 

the walls of the nanotube as presented on the Figure 1.8.[37] Carbon peapods are 

another example of a hybrid allotrope in which fullerene molecules are trapped 

inside a nanotube.[38] Recently observed graphenated carbon nanotubes, a 

combination of graphene and nanotubes,[39,40,41] once again underline the 

uniqueness of carbon and the unlimited number of carbon based nanostructures 

which can be obtained (Figure 1.9). 
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Figure 1.6. Several experimentally observed (right, TEM images) CNT-based carbon 

allotrope structures obtained by nanotube joining. 
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Figure 1.7. Several experimentally observed fullerene-based carbon allotropes. a) 

molecular structure (left) and TEM image of the carbon onions.[35] b) the most probable 

structures of covalently linked C60 fullerenes.[36] 

 

 

 

 

Figure 1.8. Experimentally observed hybrid carbon based nanostructures: nanobuds and 

peapods. 
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Figure 1.9. Experimentally observed graphenated carbon nanotubes.[41] 

 

 

1.1.3. Discovery of fullerenes, structure and isomerism 

The first reliable experimental evidence for the existence of fullerene was obtained 

in 1985,[8] but only in 1991 a method for C60 fullerene production in macroscopic 

amounts has been developed.[9] In the first experiments, carbon was vaporized from 

the surface of a graphite disc under helium atmosphere using a focused pulsed 

laser. The resulting carbon clusters were detected by time-of-flight mass 

spectrometry (TOF-MS). It was immediately found that under certain clustering 

conditions the peak corresponding to C60 has a remarkably higher intensity in 

comparison to signals of other clusters (Figure 1.10). 

The structure of the C60 cluster was proposed to have the geometry of a truncated 

icosahedron (polyhedron composed from 12 pentagons and 20 hexagons) and was 

given the name “buckminsterfullerene” in honor of the famous architect 

Buckminster Fuller.[43]  As soon as C60 had become available in a bulk, its structure 

was unambiguously confirmed by several spectroscopic and crystallographic 

methods.[44] 
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Figure 1.10. TOF-MS spectrum of carbon clusters obtained by laser vaporization of 

graphite.[42] 

 

 

1.1.3.1. Classical methods of fullerene production 

Soon after the discovery of buckminsterfullerene several alternative methods were 

developed for fullerene synthesis, including vaporization of graphite,[45] synthesis in 

sooting flames[46-48] and pyrolysis of hydrocarbons.[49-51] The first preparative 

method, which Krätschmer has used for the production of fullerenes, is based on 

the resistive heating of graphite electrodes. Upon applying a voltage, the electric 

current passing through the electrodes causes heating at the narrow region of 

contact. This leads to a bright glow in this area associated with the vaporization of 

carbon. The arc-discharge technique is an alternative approach to resistive 

heating.[52] In this set-up, the sharpened graphite electrodes are kept in close 

proximity, but not in direct contact; thus, the electrical power is dissipated in an arc 

but not in resistive heating. In the solar generator method, a solar furnace is used 

for heating of graphite.[53] A parabolic mirror collects sunlight and focuses it onto a 

graphite sample. In comparison to other techniques, the efficiency of the solar 

generator method is rather low. Fullerenes can also be produced using inductive 
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heating of a carbon body.[54,55] In this case more control over the synthesis 

parameters can be achieved. 

 

1.1.3.2. Combustion synthesis of fullerenes  

It has been found that the fullerene formation takes place in optimized sooting 

flames.[46,47] Here, premixed laminar benzene-oxygen-argon flames have been found 

to be effective.[48] The main disadvantage of this route is the formation of many 

polycyclic aromatic hydrocarbons which complicate further purification. The 

amount of fullerenes produced is of around 0.1 - 5 % of the soot mass. Despite the 

relatively low yield, this process can be easily scaled up. Later a combustion system 

allowing to produce fullerenes at the ton scale has been developed.[56] 

 

1.1.3.3. Pyrolysis of hydrocarbons 

Fullerene formation has been also detected during the pyrolysis of several PAHs, 

such as naphthalene,[49] corannulene and benzofluoranthene,[50] and 

perchlorofulvalene.[51] The yields of C60 in these cases were found to be around 0.5 

% or less. Although this approach can’t be used for fullerene productions it is rather 

interesting from the theoretical point of view and sheds some light on the fullerene 

formation mechanism. This approach represents a first attempt to rationalize the 

fullerene formation process. Its further improvement has led to the development of 

the direct synthesis approach which will be discussed in detail in chapter 2. 

 

1.1.3.4. Higher fullerenes and fullerene isomerism  

All methods of fullerene production discussed above are based on spontaneous 

carbon cage assembly, and as a result of the spontaneous nature of formation, a 

complex mixture of several fullerenes forms. The soot obtained contains typically 

about 5-15% of fullerenes depending on the technique used for the production. The 

soluble fullerenes can be extracted using an organic solvent whereas the non-

soluble remainder can be separated from the amorphous carbon and graphite by 
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subsequent sublimation under vacuum. Among the insoluble fullerene species, only 

the most abundant C74 fullerene has been separated and recently unambiguously 

characterized.[58] 

The C60 fullerene is the most abundant soluble fullerene which can be easily isolated 

by means of high performance liquid chromatography (HPLC) in bulk amounts. The 

next fullerene which can also be isolated on a preparative scale is C70 (Figure 1.11). 

Besides C60 and C70 the fullerene soot extract contains around 2-3% of soluble higher 

fullerenes. These species still remain poorly investigated because of difficulties 

related to their separation. In contrast to C60 and C70 all higher fullerenes (starting 

from C76) have several structural isomers which obey the IPR rule, stating that all 

pentagons must be surrounded by hexagons in order to form a stable cage.[59,60] The 

number of possible IPR isomers increases exponentially with increasing carbon cage 

size (number of carbon atoms) (Table 1.2). Thus, for example, while C78 has only five 

IPR cages, C84 has 24 IPR isomers (Figure 1.12), C100 has already 450 stable isomers. 

Because of the big number of isomeric structures which often display similar 

chromatographic behavior and their small share in the fullerene extract, the 

separation of isomerically pure higher fullerenes is frequently difficult. Despite the 

rather intense research in the field of fullerenes during the last decades, only few 

higher fullerenes have been successfully isolated and characterized.[58,61-66] 

It is important to emphasize, that despite the structural similarity each individual 

fullerene has its unique spectrum of magnetic, electrical, optical and chemical 

properties, thus representing very interesting objects for many applications. On the 

other hand, since none of the existing techniques can provide access to the higher 

fullerenes, their applications remain highly elusive. It is obvious, that in order to 

access these unique molecules in bulk and in isomerically pure form, an alternative 

synthetic method, which is able to address all disadvantages of the conventional 

production routes, has to be developed. 
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Figure 1.11. Typical HPLC profile of fullerene extract. Two intense signals correspond to C60 

and C70 fullerenes which can be rather easily isolated in pure form by single step HPLC 

separation. Several abundant higher fullerenes C76-C84 can be separated by multi stage 

HPLC procedure. The big number of overlapping peaks corresponds to other higher 

fullerenes (insert - shows the 100x zooming of the corresponding region). 
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Table 1.2. The number of theoretically possible isomers and the number of possible IPR cages for 

C60-C102 fullerenes.[67] 
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60 1 812 1 

62 2 385 0 

64 3 465 0 

66 4 478 0 

68 6 332 0 

70 8 149 1 

72 11 190 1 

74 14 246 1 

76 19 151 2 

78 24 109 5 

80 31 924 7 

82 39 718 9 

84 51 592 24 

86 63 761 19 

88 81 738 35 

90 99 918 46 

92 126 409 86 

94 153 493 134 

96 191 839 187 

98 231 017 259 

100 285 914 450 

102 341 658 616 
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Figure 1.12. Possible IPR of C60-C80 fullerenes (top) and all IPR isomers of C84 (bottom). 

Reproduced from reference.[67] 



20 
 

1.2. Polycyclic aromatic hydrocarbons 
 

1.2.1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs) are compounds consisting of only carbon 

and hydrogen with two or more fused aromatic rings. The PAH molecules can be 

considered as building blocks of carbon based nanostructures such as graphene, 

nanotubes and fullerenes. Since the general strategy used in this work is based on 

the synthesis of PAH precursor molecules, a brief description of several PAH types 

and their nomenclature will be given. 

 

1.2.2. Nomenclature 

Since the IUPAC nomenclature has been adopted for PAHs only in 1979, the names 

encountered in the earlier literature are usually uniform and often confusing. Here, 

only a short description of IUPAC nomenclature necessary for further discussion will 

be given. The detailed IUPAC rules can be found in the original literature.[68, 70] 

The simplest member of PAH is naphthalene which contains only two condensed 

aromatic rings. In contrast, the biphenyl molecule which also has two benzenoid 

rings, formally does not belong to the PAH family, since the two aromatic rings are 

not fused (Figure 1.13). Nevertheless this type of compound is often called a non-

condensed PAHs in the literature. 

 

 

 
Figrure 1.13. Naphthalene, the simplest member of PAHs (left). Biphenyl, no PAH (right). 

 

 
The number of possible PAH isomers strongly increases with the increase of the 

number of fused rings. Only one isomer is possible for the two-benzenoid ring 
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system, two isomers for the three-ring system and six isomers for the four-ring 

system. A PAH containing ten fused hexagons has already several thousand isomers. 

All small PAH molecules have a trivial name. The most important members are 

listed in Figure 1.14. 

 

 

 

Figure 1.14. IUPAC names of several common PAHs. 

 

 

For practical use, each carbon atom has to be numbered. Before numbering, the 

molecule has to be placed in such a way, that the maximum number of rings will be 

oriented in a horizontal line. If two or more orientations meet these requirements, 

the one having the greatest number of the remaining rings in the upper right 
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quadrant and as few rings as possible in the lower left quadrant should be chosen 

(Figure 1.15). 

 

 
 
Figure 1.15. Correct orientation and an example of incorrect orientation of PAH molecule 

for numbering. 

 

 

Numbering  begins (in clockwise manner) from the ring located on the right in the 

top starting with the carbon atom that is not part of two rings. Meanwhile, only 

carbon atoms connecting to hydrogen should be numbered. Analogously, all 

“external” bonds of the PAH molecule are lettered in alphabetic order as presented 

in Figure 1.16. Anthracene and phenanthrene are exceptions of these rules, their 

numberings are given additionally in Figure 1.16.  

The attached components should be as simple as possible. For example, the 

addition of a benzo-fragment to the position e in the pyrene molecule and the 

addition of a benzo fragment to the position def in triphenylene will result in the 

same compound (Figure 1.17). The base component in the resulting structure is 

pyrene, because it comes later than triphenylene in Figure 1.14. Thus, the correct 

name is benzo[e]pyrene, but not benzo[def]triphenylene. Another example is 

dibenzo[a,k]chrysene. Naphtho[c]chrysene is not correct name, because “benzo” is 

simpler than “naphtho”, even if there are two benzo-additional components and 

only one naphtha-additional component (Figure 1.17). Since the IUPAC names of 
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more complex PAHs are too complicated for practical use, many trivial names are 

offered for large PAHs in the literature. 
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Figure 1.16. IUPAC numbering and lettering of PAHs. (bottom) Numbering of anthracene 

and phenanthrene (exeptions of the rule). 

 

 

Figure 1.17. Two examples of naming of complex fused ring systems. 
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1.2.3. Bay, cove and fjord regions
[69]

 

PAHs have engendered a specialized terminology outside the formal rules. Thus the 

terms “bay”, “cove” and “fjord” regions coming from landscapes and bodies of 

water, are widely used for the description of the PAH geometry (periphery). A bay 

region refers to a molecular region between two angularly fused aromatic rings (like 

4,5-positions in phenantherene). Two following fusions with hexagons in angular 

manner result in cove and fjord regions, respectively, as it presented in Figure 1.17. 

 

 

 

 

Figure 1.18. Different molecular regions in PAH molecule. 

 

 

1.2.4. Alternant and non-alternant PAHs 

All PAHs can be classified as alternant or non-alternant.[70] In alternant PAHs all 

carbon atoms can be labeled alternately in such a way that no adjacent carbon 

atoms marked with an asterisk will appear and the number of labeled and non-

labeled carbon atoms has to be equal (Figure 1.19). 
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Figure 1.19. Typical examples of alternant and non-alternant PAHs. 

 

 

1.2.5. Kata- and peri-condensed PAHs 

All alternant PAHs can be further classified depending on the type of ring 

connectivity, as kata- or peri-condensed.[70] Acenes and phenes are typically kata-

annealated PAHs, in which carbon belong maximally to two rings. Acenes have 

benzenoid rings fused in a linear arrangement. Examples are anthracene, tetracene, 

pentacene and hexacene. In contrast, phenes (phenanthrene, tetraphene, 

pentaphene, hexaphene) consist of benzenoid rings fused in an angular 

arrangement. Another class of kata-condensed PAHs are helicenes, containing the 

benzenoid rings arranged in a helical manner (Figure 1.20). 

In peri-condensed structures, at least one carbon atom belongs to three rings. Pyren 

and perylene are typical peri-condensed PAHs (Figure 1.14).  
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Figure 1.20. Typical members of kata-condensed PAHs. 

 

 

Kata- and peri-condensed PAHs are different not only in the structural organization, 

but also show remarkably different properties. Independently their kata- or peri-

condensed nature, the so-called fully benzoid structures[69] (Clar’s hydrocarbons) 

represent an important subclass of alternant PAHs. These PAHs are formally 

constructed only from benzene rings that are connected together by (formally) 

single C-C bonds. Benzene itself is the smallest representative of this group. All fully 

benzoid PAHs are characterized by an exceptionally high stability comparable to 

benzene. Several important members of this class are given in Figure 1.21. 

All other polyarenes, which can not be “separated” in individual “benzol” 

fragments, are more reactive than fully benzoid PAHs, because of the partially 

localized double bond which gives an olephinic character (Figure 1.22). According to 

the Clar's rule the resonance structure containing the maximal number of 

"separated" sextets contributes mainly to the stability and determines the chemical 

properties of the corresponding PAH molecule. 
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Figure 1.21. Examples of fully benzenoid PAHs. Each circles correspond to an aromatic 

sextet (a group of six delocalized  electrons, benzene-like moieties). 

 

 

 

 

Figure 1.22. The resonance structures of several non fully benzoid PAHs having maximal 

number of sextets. The presence of localized double bond is responsible for partial olefinic 

character in these compounds. 

 

 

1.2.6. PAHs containing five-membered rings 

In principle, aromatic hydrocarbons may have not only hexagonal rings in the 

structure, but also four-, five-, seven- or eight- membered rings. PAHs containing 

five-membered rings are of greater interest for us, since they are fragments of 

buckybowls, fullerene precursors, and fullerenes. All PAHs containing pentagons are 

non-alternant and can be divided into several subtypes depending on how the rings 
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are connected. Thus, compounds where the pentagon is fused only with one 

hexagon belong to indene type. The PAHs where the pentagon is fused with two 

hexagons can be divided in to fluorene and acenaphtylene types. Three hexagon 

rings can surround a pentagon ring in two different ways, which yield fluoranthrene 

and phenanthrene types. Four hexagon rings can surround a pentagon ring only in 

one way producing benzo[ghi]fluoranthrene. The simplest PAH in which the 

pentagon is completely surrounded by hexagons is corannulene. Corannulene is of 

particular interest because of its non-planar geometry, which will be discussed in 

the next chapter. 

 

 

 

Figure 1.22. Different types of pentagon-containing PAHs. 
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1.2.7. Non-planar PAHs 

The steric congestion of the hydrogen atoms frequently gives rise to a non-planar 

geometry of PAH molecules. Thus, the strain in the cove regions of 

hexabenzocoronene causes remarkable deviations from planarity. Helicenes 

represent an extreme example of such kind of strain. Cyclophanes are another 

major class of non-planar PAHs, where the inherently planar PAH molecules is 

typically connected by chains in such a way that aromatic part adopts bent 

geometry. The carbon nanotubes formally belong to this class of non-planar PAHs. 

The introduction of five-membered rings in PAHs as well introduce remarkable 

strain in the system. Thus, corannulene where the five-membered ring is completely 

surrounded by hexagons, displays deviations from planar since the circumference is 

to small to yield a flat molecule. The force which retains the typical C-C bond 

distances turns the system out of the plane and the molecule adopts a bowl shape. 

Such compounds (containing pentagons surrounded by hexagons) form a big family 

of the so-called geodesic polyarenes or buckybowls (Figure 1.23). Fullerenes can be 

classified in this term as “closed geodesic polyarenes” which represent an ultimate 

extension of buckybowls, forming a sphere of solely carbon atoms. 

 

 

Figure 1.23. Examples of non planar PAHs: Corannulene (buckybowls, fullerenes), 

hexabenzo[a,d,g,j,m,p]coronene and 1,1,8,8-tetramethyl[8](2,11)-teropyrenophane 

(cyclophanes, nanotubes). 
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1.2.8. Properties of PAHs 

The solubility, reactivity and stability of PAH molecules are very important aspects 

which have to be taken into account before planning the synthesis of new PAH 

molecules, especially in the case of large PAHs such as fullerene precursors. 

In general the solubility of organic molecules is dependent upon numerous factors. 

Although as a rule the solubility tends to diminish with increasing molecular size the 

molecular weight is not a major factor. The most important of these are related to 

the crystal formation energy and the ability of molecules to fit closely together in a 

crystal lattice.[70] The factors include molecular symmetry, planarity, and the 

presence of substituents. Highly symmetrical and planar alternant polyarenes 

without any functional groups are usually able to pack in a crystal lattice very 

effectively, so that the energy required for solubilization is rather high. Conversely, 

polyarenes that lack symmetry, deviate from planarity, and/or possess bulky 

substituents are often reasonably soluble in organic media. Low solubility may often 

be countered by substitution in appropriate molecular sites. Methyl substitution 

tends to markedly enhance the solubility of most PAHs, probably by steric 

interference with the close association of planar fused aromatic ring systems in the 

crystal lattice. As a rule an introduction of polar functionality tends to enhance the 

solubility of PAH molecules in polar organic media. 

Chemical properties and reactivity are also directly dependent on the molecular 

structure of PAHs. Some PAHs display exceptionally high chemical stability due to 

effectively delocalized π-systems, whereas some PAHs are very reactive and 

unstable molecules. As was mentioned before, the fully benzoid structures possess 

the highest stability among all PAH classes. Phenes and helicenes are also relative 

stable, but more reactive than fully benzoid structures due to partially localized 

double bonds. Thus phenanthrenes, for instance, easily undergo a bromine addition 

typical for alkenes bromine addition instead of an electrophilic substitution typical 

for aromatic compounds. Acenes show the highest reactivity among all PAHs, which 

is enhanced with increasing numbers of rings, leading to a decrease of the energy 
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HOMO-LUMO gap and therefore to a higher chemical reactivity. For example, 

anthracene is a rather stable compound, hexacene must be handled under an inert 

atmosphere, whereas heptacene has never been obtained in pure state. 

The reactivity of extra large PAHs can be easily distinguished by an analysis of their 

periphery which correlates with the resonance energy.[69] The best stabilization is 

observed for arm-chair periphery. In contrast, a zig-zag periphery typical for acenes, 

leads to low stabilization and consequently to higher reactivity (Figure 1.24).[69] 

 

 

 

 

Figure 1.24. Stable arm-chair and reactive zig-zag periphery determined the 

reactivity/stability of large PAHs. 

 

 

In contrast to the alternant polyarenes, the chemical stability of non-alternant PAHs 

can’t be predicted so easily. Frequently non-alternant PAHs demonstrate 

surprisingly high differences in their stability. Thus for example, Diindeno[1,2,3,4-

defg:1',2',3',4'-mnop]chrysene can be distilled at 550 oC, whereas pyracylene 

decomposes already at room temperature (Figure 1.25).[70]  

Deviation from planarity also influences the reactivity, and non-planar PAHs 

typically display enhanced reactivity in comparison to planar homologues. The 

reason for the higher reactivity is local strain and imperfect overlap of adjacent p-

orbitals which reduce the stabilization in the molecule. Such a scenario leads to the 

partial localization of double bonds and more pronounced olephinic character in 

these molecules. Nevertheless the C60 fullerene which possess huge strain energy 
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(of around 609 kcal/mol) is found to be extremely stable and can survive up to 500 

oC in bulk and more than 1500 oC in the gas phase.  

 

 

 

Figure 1.25. Non-alternant PAHs: stable diindenochrysene and highly reactive pyracylene. 

 

 

1.2.9. Analysis and characterization of large PAHs 

Several of the classic tools that are generally used for structure determination are 

frequently not well suited for the study of large PAHs (PAH). For example, infra-red, 

1H- and 13C-NMR spectroscopy are generally not very useful for isomer 

differentiation. Infra-red spectra show only carbon ring motions, and motions of the 

peripheral protons. Since all large PAHs contain these fragments, little information 

is gained by this analysis. However, infra-red spectroscopy can be used in order to 

find which types of ring fusions exist in the molecule. In the case of NMR analysis, 

besides the solubility problem, the spectra need to be collected on extremely high-

field instruments in order to resolve the hyperfine couplings. Nevertheless, in some 

cases 1H-NMR is rather useful for structural analysis. Thus, sterically crowded bay 

region protons which show characteristic downfield shifts (8.5-8.8 ppm), the 

protons in cove regions which exhibit even greater downfield shifts (8.6-9.2 ppm) 

and protons in the fjord regions exhibiting usually broad shifts (7.5-8.2 ppm) can be 

easily recognized. Gas chromatography is usually not suitable for the analysis and 
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separation of large PAHs because the peaks are often not fully resolved. In contrast, 

HPLC is rather effective in separation of these molecules. Mass spectrometry is 

often used for analysis since stable PAH molecules can be easily ionized without 

decompositions using different types of ionization. Even completely insoluble extra 

large molecules with molecular weight up to 20000 can be analyzed using MALDI-

TOF techniques.[71] Typically each PAH shows a rather characteristic UV-absorbance 

spectrum. These often possess many absorbance bands and are unique for each 

ring structure. Thus, for a set of isomers, each isomer has a different UV-absorbance 

spectrum than the others. This is particularly useful in the identification of PAHs. 

Functional groups such as methyl, bromine, etc, give predictable bathochromic 

shifts. Many of the PAHs show intense fluorescence, emitting characteristic 

wavelengths of light when they are excited. The properties of nitromethane to 

quench selectively fluorescence emission of alternant PAHs can be very useful in 

order to distinguish between alternant and non-alternant PAHs (emission intensities 

of non-alternant PAHs are usually unaffected).[72] 
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1.3. Rational fullerene synthesis 

 

1.3.1. Introduction 

Numerous attempts to optimize the graphite vaporization process clearly 

demonstrate that selective formation of isomerically pure fullerenes can not be 

achieved by this technique. The next step in this direction is a rational chemical 

synthesis which is based on the controlled construction of the desired fullerene 

cage. The method is of practical interest not only as method for synthesis of higher 

fullerenes in pure form, but also as a prospective method for synthesis of various 

carbon based nanostructures which cannot be obtained by the uncontrolled process 

of graphite evaporation. The construction of the fullerene cage is not a trivial task 

because of several reasons. First of all, even in the case of the smallest stable C60 

fullerene, it is necessary to connect 32 rings. Moreover, since the non-planar nature 

of the fullerene π-system results in enormous strain energy such an assembly is very 

challenging. 

 

1.3.2. Total synthesis of corannulene 

The first attempts to synthesize compounds with non-planar π-system were made 

in 1971 (14 years before the discovery of fullerenes).[73] Barth and Lawton have 

successfully synthesized corannulene (the smallest member of geodesic polyarenes) 

by a 18 step synthesis (Figure 1.26). The total synthesis approach based on step-by-

step construction turned out to be so complicated that it has been reproduced only 

once during the next 41 years. Obviously, that such an approach cannot be applied 

to the synthesis of more complex structures such as fullerenes. It is also clear that 

the creation of large and highly strained systems such as fullerenes requires 

alternative synthetic approaches.  
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Figure 1.26. The first synthesis of corannulene by Barth and Lawton.[73] a) maleic 
anhydride, 210-240 oC; b) eutectic melt of AlCl3 - NaCl; c) N2H4, KOH; d) Mg, Et2O, CdCl2; e) 
Pd/C, p-cymene; f) N-bromosuccinimide, CCl4; g) triethyl-1,1,2-ethanetricarboxylate, 
tBuOK; h) KOH; i) H3PO4; j) MeOH, H2SO4, 1,2-dichloehane; k) H2, Pd/C, AcOH; l) Et2O, NH3 

Na; m) 1) CH2N2 2) Na/NH3; n) 1) NaBH4 2) KOH, n-PrOH; o , p, q) heat; r) 1) NaBH4 2) Pd/C  

 
 
1.3.3. Flash vacuum pyrolysis 

In 1974 Roger Brown presented an effective method for generating carbene species 

from acetylene derivatives under high temperatures shock conditions.[75] Nowadays, 

this method is well known as a flash vacuum pyrolysis (FVP). FVP consists in the 

heating of molecules in the gas phase to very high temperatures for a very short 
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time. The typical FVP set up is presented in Figure 1.27. Typically the sample is 

sublimed at reduced pressure under inert atmosphere and the vapors pass through 

a quartz tube heated by an electric furnace. A gentle stream of carrier gas (argon or 

nitrogen) is commonly used to facilitate the flight of large molecules. The “heating 

time” is short, around 10-6 sec, which is enough to introduce a large amount of 

energy into the molecules, but not enough for their decomposition. The pyrolysis 

products are collected in a cold trap. 

 

 

Figure 1.27. Typical FVP set up. Reproduced from reference.[74] 

 

In the first experiments, Brown has shown that in the case of biphethylacetylene 

pyrolysis, the reactive carbene formed attacks the neighboring carbon atom, 

resulting in C-C bond formation. Such an intramolecular condensation leads to 

phenanthrene, as it presented in Figure 1.28.[75] 

In 1992 this approach has been successfully applied for the "second" synthesis of 

corannulene by Scott et al. using a 7,10-diethynylfluoranthene (Figure 1.29).[76] The 

corannulene yield was found to be low, because of partial polymerization and 

destruction of the precursor during sublimation. After this discovery a variety of 

possible precursors with optimized structures (bearing masked acetylene groups) 

were investigated.[77,78]  
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Figure 1.28. The mechanism of efficient intramolecular condensation in 

binaphthylacetylene under FVP conditions. 

 

 

 

 

Figure 1.29. Second synthesis of corannulene using FVP approach. 

 

 

As a result of this work the best precursor found is dichlordivinylfluoranthene[79] 

(Figure 1.30 compound B), pyrolysis of which gave corannulene with 40 % yield. 
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Figure 1.30. FVP precursors of corannulene. 

 

 

Later, it has been found that not only acetylene derivatives can be used for 

synthesis of geodesic PAH via intramolecular condensation. Namely, it was 

discovered that radical species possess enough energy for such cyclization as well 

(Figure 1.31). 
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Figure 1.31. The mechanism of intramolecular condensation via radical mechanism under 

FVP on the example of condensation in the cove region of benzo[c]phenanthrene.  

 

 

1.3.3.1. Buckybowl synthesis 

Soon after, based on this strategy many geodesic polyarenes were obtained by 

intramolecular Aryl-Aryl coupling in polycyclic aromatic precursor molecules with 

the required location of all carbon atoms in the structure. It has also been found 

that the introduction of a halogen atom in the initial precursor, to carbon atoms 

where a new bond is desired, significantly increases the yield of the product.[80-82] 

Such effect is the result of effective radical generation. The carbon-halogen bond 

breaks homolytically more easily during pyrolysis than the C-H bond and the radical 

formed attacks the neighbouring carbon atom with formation of required carbon-

carbon bond. Two examples of such activation are given on Figure 1.32. 

Later, it was found that the introduction of halogen atoms in the α-position to 

carbon atoms where a new bond is desired, also provokes cyclization quite 

effectively (Figure 1.33).[84-86] This discovery is very important from a practical point 

of view, since the introduction of a halogen atom in the cove and/or fjord regions is 

usually difficult or practically impossible because of sterical hindrance. 
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Figure 1.32. Effective ring closure under FVP conditions using activation by chlorine 

functionality.[83]
 

 

 

Figure 1.33. Examples of an effective condensation under FVP conditions of precursor 

molecules containing halogen atoms in α-positions. 
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1.3.3.2. Attempts of rational fullerene synthesis 

The same strategy has been used in the first rational synthesis of C60 by the Scott 

group.[87] The C60 precursor, containing all 60 carbon atoms at the for fullerene 

formation required positions and three chlorine atoms for radical generation has 

been obtained through an 11-step synthesis. After the FVP of this precursor at 1100 

oC, the C60 fullerene has been obtained with 0.1 to 1 % yield (Figure 1.34). 

 

 

 

 

Figure 1.34. The first direct synthesis of C60 fullerene.[87] a) Mg, Et2O, CH3CHO; b) PBr3, 

benzene; c) PPh3, toluene; d) LiOCH2CH3, 2-naphthaldehyde, ethanol/dichloromethane; e) 

hv, I2, propylene oxide, cyclohexane; f) N-bromosuccinimide, dibenzoylperoxide, CCl4; g) 

KCN, tetrabutylammonium hydrogensulfate, water/dichloromethane; h) KOH, ethylene 

glycol; i) SOCl2; j) AlCl3, dichloromethane; k) TiCl4, o-dichlorobenzene, 140 oC. 
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1.3.3.3. Advantages and limitation of FVP 

From one side Scott’s work on C60 synthesis has demonstrated the possibility of 

selective rational synthesis of fullerenes (no other fullerenes were detected), on the 

other hand this experiment clearly demonstrates the limitation of the FVP approach 

for synthesis of big molecules such as fullerenes as can be seen from the 

disappointing low yield. The main problem is the activation of the Aryl-Aryl coupling 

process. The fullerene formation requires fifteen tandem Aryl-Aryl condensations, 

but only three chlorine atoms are involved in the structure. Introduction of a bigger 

number of halogens will significantly increase the molecular weight and such 

molecules cannot be transferred in the gas phase without decomposition. Moreover 

in the example above, the chlorine atoms are not placed in the key position which 

also affects the efficiency of condensation. The introduction of chlorine atoms in 

sterically hampered cove or fjord regions is a difficult task. Recently, the possibility 

of higher fullerene synthesis by FVP has also been demonstrated, although because 

of the above mentioned reasons the yield remains disappointingly low.[88,89]  

 

1.3.4. Alternative Aryl-Aryl coupling techniques 

The "classical” methods for Aryl-Aryl coupling such as Scholl,[90,91] Pschorr[92-94] 

reactions or Wurtz[95] and Ullmann[96] couplings tend to involve harsh reaction 

conditions and as a consequence the selectivity and yields are usually low. In this 

chapter only mild methods for Aryl-Aryl coupling, which proceed with high 

selectivity and provide high yields, will be briefly discussed. 

 

1.3.4.1. Photocyclization 

Stilbenes and many related structures frequently undergo intramolecular cyclization 

under UV irradiation in the presence of an oxidant such as oxygen or iodine.[97] 

Mallory photocyclization methods were found to be very effective for the synthesis 

of various phenes and helicenes, and rather widely applied for the synthesis of large 

PAHs. For example benzo[c]phenanthrene, picene, hexabenzocoronene have been 

obtained by this route with good to excellent yields (Figure 1.35).[98-100] 
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Figure 1.35. Several examples of successful Mallory photocyclization. 

 

 

The big advantage of this method is a high tolerance to many functionalities and no 

need to introduce any functional groups to provoke C-C bond formation. On the 

other hand the reactions are very capricious and the yields frequently vary from 

quantitative to virtually zero percent.  Thus as an example, for two rather similar 

condensations in tetraphenylethylene, only one C-C bond forms under UV 

irradiation (Figure 1.36). The high inertness of 1,1’-binaphthyl under 

photocyclization is another good example demonstrating limitation of this route. 

Although the photocyclization technique was found to be very effective for the 

formation of strained PAHs such as helicenes, no examples of buckybowls synthesis 
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by this approach are known. As a rule the introduction of pentagons in the structure 

completely prevents further cyclodehydrogenation (Figure 1.36.).[98] 

 

 
 

Figure 1.36. Several examples of failed cyclodehydrogenation under UV irradiation. 

 

 

1.3.4.2. Oxidative Aryl-Aryl coupling 

Many polyphenylene based systems readily undergo intramolecular 

dehydrogenation in the presence of strong acids (as well as Lewis acids) and an 

oxidizing agent.[101] Although the oxidative Aryl-Aryl coupling is known more than 50 

years (Scholl reaction), for a long time its use has been limited to synthesis of 

substituted triphenylenes and only recently this approach has become of practical 

interest.[102,103] The main drawback of this method is bad control over the reaction 
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because of the radical-cation nature of the condensation. The process is often 

complicated by various side reactions and polymerization, and the outcome is 

frequently unpredictable. Oxidations and partial chlorination during the reactions 

are other disadvantages of the method. Nevertheless in several cases the successful 

multifold cyclization has been realized with good to excellent yield even in the case 

of extra-large PAHs (Figure 1.37). On the other hand this method works very well 

only in the case of formation of planar graphene-like structure and especially good 

in the case of full-benzoid PAHs.[104]  

 

 

 

Figure 1.37. Examples of large PAHs synthesis by oxidative Aryl-Aryl coupling. 
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1.3.4.3. Palladium catalyzed Aryl-Aryl coupling  

The Pd catalyzed Aryl-Aryl coupling is a powerful method for the construction of 

complex PAH molecules. It has been shown that effective Aryl-Aryl coupling can be 

achieved in many cases.[105] The method was found to be effective for the 

fabrication of large planar or close to planar PAHs. Moreover the technique works 

rather good in the case of intermolecular and intramolecular condensations and 

allows construction of both hexagons and pentagons. The palladium(0)-catalyzed 

direct arylation utilizing bromo and chloro derivatives or aryl triflates has been 

found to be effective for the synthesis of small buckybowls and related 

structures.[106-108] The effective cove-region closure by palladium-catalyzed 

intramolecular coupling has been demonstrated on the synthesis of 

benzo[ghi]fluroanthenes which has been obtained with 85% yield (Figure 1.38, 

reaction A).  

 

 

Figure 1.38. Buckybowl synthesis via palladium mediated Aryl-Aryl coupling. 
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Later the possibility to synthesize non-planar PAHs has been demonstrated. Thus an 

effective double palladium-mediated cyclization in dichlorobenzopicene was 

achieved in the presence of the strong organic base (DBU) with more than 70% yield 

(Figure 1.38, reaction B). Later Scott and co-workers have reported an elegant 

synthesis of pentabenzocorannulene by means of microwave-assisted palladium-

mediated intramolecular coupling (Figure 1.38, reaction C).[109] Although the 

method is very powerful for the synthesis of large planar molecules, the yield 

usually drops significantly in the case of non-planar PAHs. Concerning direct 

fullerene synthesis, the main drawback are aggressive reaction conditions with 

respect to the fullerene species.[110] 

 

 

1.3.4.4. Condensation on the metal surfaces 

Although the rather effective cove region closure in bezo[c]phenanthrene on the 

Pd/C has been reported more than 50 years ago, only recently this technique has 

been applied for synthesis of geodesic PAHs. The first step towards synthesis of 

buckybowls on a surface was made in 2007 where an effective formation of a C46 

bowl from a PAH precursor has been demonstrated utilizing a Ruthenium 

surface.[111]  Soon after, the efficiency of this method has been demonstrated on the 

synthesis of C60 fullerene on a Platinum surface with quantitative yield.[112] Recently 

the high selectivity of this process has been confirmed experimentally and the first 

example of rational synthesis of higher fullerenes has been also demonstrated 

(Figure 1.39).[113] Although the surface-catalyzed cyclization was found to be highly 

selective, it is limited to only picomole amount production. On the other hand these 

results demonstrate the principal possibility of specially designed precursors to 

condense very effectively to the desired fullerene molecules. 
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Figure 1.39. Synthesis of C48 buckybowl, C60 and C84 fullerene via metal catalyzed 

cyclodehydrogenation. 
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2.1. FVP approach 

 

2.1.1. Introduction  

As it was shown previously, many geodesic PAHs can be obtained by intramolecular 

Aryl-Aryl coupling under FVP conditions.[1-4] The presence of a chlorine or bromine 

functionality in the initial precursor is essential for effective radical formation which 

is the driving force of the reaction. Non-halogenated analogues frequently do not 

undergo intramolecular cyclization or give only trace amounts of the target 

products.  

As it was shown above this approach has proven to be effective for the synthesis of 

small non-planar PAHs but high-yield synthesis of fullerenes still remains 

challenging. Although the principal possibility of rational fullerene formation by FVP 

has been demonstrated by the examples of C60,
[5-9] C78,[10] and C84,[11] the rates of 

conversion to the target molecules have remained disappointingly low. Thus C60 has 

been obtained with 0.1-1% yield,[7-9] whereas higher fullerenes were only detected 

by mass spectrometry.[10,11] The low yields result from a lack of efficient promoters 

of Aryl-Aryl coupling. The frequently employed bromine or chlorine 

functionalizations reach their limits in the case of large molecules because of 

decomposition of such precursors under heating. The molar masses will generally 

be high, since the large numbers of new C-C bonds that need to be formed in the 

precursor necessitate the introduction of a big number of promoter groups. 

Moreover, the introduction of halogens atoms such as chlorine or bromine in the 

large molecules causes serious synthetic difficulties. Availability of alternative ring-

closure promoters which do not have these disadvantages is a key prerequisite for 

successful rational fullerene synthesis via intramolecular Aryl-Aryl coupling under 

FVP conditions. 
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2.1.2. Alternative radical promoters for efficient intramolecular condensation 

The conversion of benzo[c]phenanthrene to benzo[ghi]fluoranthene was chosen as 

a model reaction for the investigation of new ring closure promoters. 

Benzo[c]phenanthrene represents the smallest molecule bearing a cove region, 

where the new C-C bond should be established. Importantly, the efficiency of 

condensation for chlorobenzo[c]phenanthrene demonstrated previously has been 

proven transferable to the synthesis of large buckybowls structures.[12]  

 

 

 

Figure 2.1. (top) Model reaction: The conversion of benzo[c]phenanthrene to 

benzo[ghi]fluoranthene through a cove region closure. (bottom) Two possible ways for 

activation of ring closure process in benzo[c]phenanthrene. X-denotes the ring closure 

promoter. 
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The best position for activation is the carbon atoms where the new carbon-carbon 

bond should be established. In the system under consideration, those carbon atoms 

always belong to the cove region. According to the proposed mechanism, the 

radical formed attacks the neighboring carbon atom with formation of a new C-C 

bond. Alternatively, the promoter group can be introduced to α-positions as it is  

presented in Figure 2.1. After homolytic cleavage of the corresponding C-X bond 

and subsequent 1,2- hydrogen shift, the radical position will be displaced into the 

cove region.[13] Although such activation is less effective, it avoids synthetic 

difficulties associated with the introduction of the halogens in the sterically 

hampered cove/fjord regions. 

Considering the routes to the synthesis of fullerene related PAHs, two approaches 

have been proven to be effective. The first route is based on the trimerization of 

cyclic ketones.[14,15] This approach meets some limits in the case of large molecules 

such as precursors of higher fullerenes, mostly because of the low solubility of 

intermediate products.[15,16] The reaction frequently stops after dimerization and 

the product often is contaminated by a considerable amount of insoluble side 

products. An alternative route, which avoids the solubility problem, is based on the 

Pd-catalyzed arylation, giving the desired product with high purity.[17,18] 

Unfortunately the Pd-catalyzed cyclization excludes the option to introduce chlorine 

or bromine in the structure and none of these approaches can provide a way to the 

required precursors bearing chlorine or bromine in the structure. To solve this 

problem we have examined alternative promoters which can be introduced in the 

structure taking the above mentioned synthetic approaches into consideration. 

Benzo[c]phenanthrene was choosen as a model compound for intramolecular Aryl-

Aryl coupling. All benzo[c]phenanthrene derivatives (5) (Figure 2.2) were 

synthesized by four step synthesis according the synthetic route given in Figure 2.3. 

Two positions in benzo[c]phenanthrene can be used for activation of ring closure 

process, which are coded as R3 and R1 in compound 5 (Figure 2.2) The R1 position 

was chosen preferably because of the more convenient synthetic access. 
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Figure 2.2. Benzo[c]phenanthrene derivatives 5a-5h used in this study. (5h was synthesized 

by debromination of 5g ). 

 

 

Benzyl bromides (2) were obtained by free radical bromination of corresponding 

methylbenzenes (1) with N-bromosuccinimide (NBS) in the presence of 

dibenzoylperoxide (DBPO) in CCl4. The solution of corresponding benzyl bromide 

and triphenylphosphine in toluene was refluxed to form the corresponding 

phosphonium salt (3), which was filtered and used for the next step without 

additional purification. Wittig reactions were carried out in anhydrous THF using n-

butyllithium as a base (ethanol and potassium tert-butoxide were used for the 

synthesis of flouro-derivatives). Following chromatographic separation gives 

benzostilbene (4) in form of a cis/trans isomer mixture. No additional separation 

steps were performed since the isomers interconvert photochemically in the next 



65 
 

step. Benzo[c]phenanthrenes (5) were synthesized using the Katz improvement of 

the Mallory photocyclization reaction from corresponding benzostilbenes.[19] 

 

 

 
Compound R

1
 R

2
 R

3
 

a Cl H H 

b CH3 H H 

c CF3 H H 

d H H H 

e Ph H H 

f F H H 

g H Br F 

h H H F 

 

Figure 2.3. The synthetic route to benzo[c]phenanthrenes 5. 
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Pyrolysis experiments were carried out at typically 800-1100 oC in an improved FVP 

furnace allowing the simultaneous control of carrier gas flow, pressure in the 

system and sublimation speed. The products of FVP were analyzed by means of 

HPLC. As a result of harsh reaction conditions, besides desired 

benzo[ghi]fluoranthene the formation of several side products was observed. The 

major reaction products are summarized in Figure 2.4. 

 

R
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7 8 9
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R
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Figure 2.4. The major products of FVP pyrolysis of benzo[c]phenanthrene derivatives. 

 

 

Benzo[c]phenanthrene (5d) and 2-chloro benzo[c]phenanthrene (5a) were selected 

as reference compounds. FVP of 5a shows that the efficiency of condensation 

increases with increasing the temperature of pyrolysis and decreasing pressure in 

the system. At the same time the selectivity decreases due to conversion of 

benzo[ghi]fluoranthene (6) to the thermodynamically more stable 
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cyclopenta[cd]pyrene (8), which is in agreement with literature data.[12,20,21] Thus, 

the pyrolysis of 5a at 1100 oC and a pressure of 2.5 mbar with N2 flow of 12 mL/min 

gives 8 with 50% yield, whereas 6 forms only with 20 % yield (molar percentages). 

The optimal conditions for condensation of 5a to 6 were found to be T = 1000 oC, p 

= 2 mbar and N2 flow of 8 mL/min. In this case 6 can be obtained with 80 % yield. 

Pyrolysis of benzo[c]phenanthrene (5d) at the same conditions gave only 3 % of the 

product 6. The efficiency of alternative promoters was investigated in comparison 

with the efficiency as determined for 5a and 5d, under conditions required for the 

sublimation of large fullerene precursor molecules (p = 0.5 mbar, T = 1100 oC). The 

results of FVP experiments are summarized in Table 2.1. It was found, that the 

efficiency of the ring closure is in good correlation with the C-R1 bond dissociation 

energy which is a result of effective homolytic cleavage of the corresponding bond, 

Table 2.1. At the same time phenyl and fluorine derivatives fall out of the 

correlation.  

According to the data obtained, the methyl group can be considered as a 

prospective ring-closure promoter. The most probable mechanism of cyclization in 

methylbenzo[c]phenanthrene includes homolytic cleavage of the ArCH2-H bond 

with formation of a stable benzylic radical which stimulates the ring closure without 

loss of the methyl group.[22] Thus, low temperature pyrolysis results mostly in the 

formation of methylbenzo[ghi]fluoranthene 9b. Increasing the temperature results 

in the subsequent cleavage of the Aryl-CH3 bond with formation of a 

benzo[ghi]fluoranthene radical which finally results in 6. Importantly, remarkable 

transformation of 6 and 9 to the corresponding cyclopenta[cd]pyrenes takes place 

already at 1000 oC (Figure 2.5), although such a transformation usually needs a 

temperature of more than 1150 oC.[20] The formation of trace amounts of 7 confirms 

that no direct Aryl-Me bond cleavage takes place at “low” temperatures. 

 

 



68 
 

Table 2.1. The effect of promoters on the condensation of benzo[c]phenanthrenes. 

Pyrolysis at 1100 oC (p = 0.1 mbar). The yields are given as a molar ratio to 

benzo[ghi]fluoranthene (6). Bond energy (Ph-R1) according references.[22,23] 

 

[a] concentrations are  estimated on the assumption of equal sorption with 

benzo[ghi]fluoranthene. [b] The weakest bond in 5b (PhCH2-H). 

 

 

Importantly, the methyl group promotes rather selective ring closure, but not 

directly involved in the sterically hampered cove region. The subsequent cleavage of 

the methyl group could provide activation for the next step of cyclization, which 

makes the Me group a rather promising candidate for the activation of the 

cyclization process in the precursor molecule where a big number of new bonds 

should be created. 
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Figure 2.5. HPLC profile of products of FVP of 5b. (T = 1000 oC, p = 0.1 mbar). 

 

 

The deviation from the correlation between bond dissociation energy and efficiency 

of cyclization in the case of 5e is probably caused by the lower dissociation energy 

of the C-H bond in the cove region, stimulating ring closure without loosing of the 

Ph group. Indeed, a significant amount of phenyl benzo[c]phenanthrene (9e) was 

observed in the pyrolysis product. Unfortunately a low degree of conversion and 

the formation of many side products are limiting the use of a phenyl group as a ring-

closure promoter. In contrast to Ph and Me groups a CF3 group does not show 

activation and gave a complex mixture of the products.  

Unexpectedly, fluorine has show rather high efficiency in the activation. The results 

of FVP of fluorinated benzo[c]phenanthrenes are presented in Table 2.2. The 
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activity in the case of 2-fluoro-benzo[c]phenanthrene (5f) is highly unexpected. 

Since the C-F bond is considered as a very stable bond,[24] and according to the 

proposed radical mechanism should strongly inhibit the condensation. High fluorine 

activity in ring closure pointed out that the mechanism of condensation is different 

from that proposed for other halogens. 

The condensation of 1-fluoro-benzo[c]phenanthrene (5h) gave even more exciting 

results. In this case, a high selectivity, not typical for pyrolysis, was observed in the 

low temperature FVP experiment (Figure 2.6). Although only 10 % of 5h were 

converted to target 6, the selectivity of condensation has been found to be more 

than 97 %. In other words, the unreacted 5h can be, principally, recovered and can 

be condensed to the targeted product with close to quantitative yield by repetitive 

pyrolysis. 

 

 

Table 2.2. Relative yields of pyrolysis products (molar %). 
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The potential for fullerene precursor closing offered by functionalization of the 

precursors with fluorine is obviously promising. First of all, fluorine does not 

increase the molecular weight of the precursor drastically. Moreover the high 

stability of C-F bond excludes decomposition of the precursor during sublimation. 

Because of the small size of the fluorine atom it can be easily introduced in the 

sterically hampered cove and fjord regions of the precursor molecule.  The 

resistance of the C-F bond remarkably extends the scope of reactions that can be 

applied for the precursor synthesis. 

 

 

Figure 2.6. HPLC profile of FVP of 5h. (T = 850 oC, p = 0.1 mbar). 
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As stated above, the mechanisms of ring closure in benzo[c]phenanthrenes are 

different for different functional groups. The most probable mechanisms of 

condensation for 5a, 5b, 5f and 5h are summarized in Figure 2.7. 
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Figure 2.7. The proposed mechanism of condensation of 5a, 5b, 5f, 5f and 5h under FVP 

conditions. 
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In the case of 5a the mechanism of condensation seems to be the same as for its 

brominated analogue.[14] As a first step, the homolytic dissociation of the weak C-Cl 

bond takes place. The formed radical (11) can be recombines with a hydrogen 

radical with formation of benzo[c]phenanthrene (7) or can be rearranged to 12 or 

14. Since the β-scission of the phenyl radical is less favorable (82.2 kcal/mol) than a 

1-2 hydrogen shift (58.4 kcal/mol), 11 converts to radical 12.[14] Subsequent ring 

closure gives intermediate 13, which finally converts to the targeted 6. Increasing 

the pyrolysis temperature reduces the selectivity of transformation of 11 to 12. In 

this case, both species (12 and 14) can be formed from 11 with similar probability. 

Whereas 12 leads to formation of benzo[ghi]fluoranthene 6 the intermediate 14 

rearranges to carbene 16, cyclization of which results in cyclopenta[cd]pyrene 8. 

In the case of methylarenes the ArCH2-H bond dissociation (89.7 kcal/mol) is 

favored over Ar-CH3 bond breaking (103.5 kcal/mol). Thus pyrolysis of 5b preferably 

gives benzylic radical 17 which undergos 1,3-sigmatropic shift with formation of 18 

and subsequent ring closure to 19. The radical 19 can be transformed to 20, which 

finally yields benzo[ghi]fluoranthene 9b. Although the low temperature pyrolysis 

results mostly in formation of 9b, a remarkable amount of 

methylcyclopenta[cd]pyrene 10b was observed in the product mixture. The most 

probable way of formation of 10b is the rearrangement of 9b. Increasing the 

pyrolysis temperature up to 1000 oC results in considerable formation of 

cyclopenta[cd]pyrene 8. This can be a result of cleavage of the CH3 group in 9b and 

subsequent rearrangement of benzo[ghi]fluoranthene 23 to 24. Additionally, this 

confirms that the benzo[ghi]fluoranthene radical 19 could rather easily be 

transformed in to corresponding cyclopenta[cd]pyrene 10b. Pyrolysis at 1100 oC is 

not selective and results in a complex product mixture. Formation of 

benzo[c]phenanthrene 7 under these conditions indicates the direct Ar-CH3 bond 

dissociation in 5b under FVP conditions. 

The Ph group also shows enhanced activity in ring closure. Indeed, according to 

quantum chemical calculations the phenyl group decreases the C-H bond 



74 
 

dissociation energy in the cove region. Thus the formation of 21 from 5e requires 

only 106.78 kcal/mol instead of 112.9 kcal/mol, which is typical for homolytic CAr-H 

bond dissociation. The radical formed (21) leads to the ring closure (22) and finally 

results in 9e.  
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Figure 2.8. Relative activation of C-H bond cleavage in the cove region. The energies given 

correspond to the C-H bond dissociation energy obtained on DFT level calculation 

(B3LYP/6-31G basis set). 

 

Because of the high stability of the C-F bond, the formation of radical 11 from 

fluorinated benzo[c]phenanthrene 5f is highly unlikely. Indeed, the experiments 
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have shown that HF elimination does not take place through the intermediate 11, 

since no benzo[c]phenanthrene 7 was found in the pyrolysis products. The most 

probable mechanism involves direct HF elimination from the cove region. Fluorine 

seems to be an excellent candidate for an efficient intramolecular condensation and 

possess all the required properties of an “ideal promoter”. High selectivity and 

moderate conversion together with other attractive properties of fluorine makes it 

a very promising group for condensation of the precursor molecules to buckybowls 

and fullerenes.  
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2.1.3. HF - homoelimination 

In order to understand the effect of fluorine functionalization on the selectivity of 

thermally activated Aryl-Aryl coupling, the HF elimination process has been 

investigated further theoretically and experimentally. According to the 

experimental data the activation barrier for conversion of 5h to 6 is rather low. As it 

was stated before, the most probable mechanism includes synchronous HF 

elimination. The HF elimination is a well known decomposition process in the 

photolysis of fluoroethylenes.[25-30] Although the photofragmentation would be 

expected to proceed from an excited electronic state, it has been shown that direct 

dissociation most likely occurs through the ground state.[30] This is supported by the 

fact that thermal fragmentation of fluoroethylenes shows a similar result, and the 

main decomposition process is the unimolecular 1,2-HF elimination.[31] Theoretical 

studies have revealed that 1,2-HF elimination is the main decomposition channel 

which passes through a four- or three-centered transition state, as it presented in 

the Figure 2.9.  

 

 

 

Figure 2.9. 1,2-HF elimination via four-centered transition state - the main channel of 

difluoroethene and fluorobenzene decomposition. 
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The activation barrier for HF elimination in fluoroethylenes has been found to be 

only 74 kcal/mol.[32] A similar elimination process has been identified as the main 

channel of fluorobenzene decomposition. The activation barrier in the latter case is 

higher and amounts to 92 kcal/mol (Figure 2.9).[33] 

Considering the pyrolysis of 5h and 5f, the formation of benzyne 14 as an 

intermediate via 1,2-HF elimination appears to be possible (Figure 2.10). The highly 

reactive intermediate 14 could be stabilized by ring closure, resulting in the 

benzo[ghi]fluoranthene 6. According to this mechanism both 5h and 5f should 

provide comparable activity in intramolecular condensation. However the FVP 

experiments show, that 5h is much more reactive than 5f. At low temperature 

pyrolysis (850 °C) 5f remains virtually unchanged whereas compound 5h yields 

about 10 % of 6 with very high selectivity (more than 97 %). Increasing the pyrolysis 

temperature up to 1000 °C results in 15 % of 6 in the case of 5h, whereas pyrolysis 

of 5f gave only 1 % of the product. Moreover, pyrolysis of 5f preferably results in 

cyclopenta[cd]pyrene 8 whereas 5h almost exclusively leads to the desired 6. Such a 

large difference in the reactivities of 5h and 5f indicates that 14 is not a relevant 

intermediate in the condensation path from 5h to 6. The effective cyclisation of 5h 

can only be understood as a 1,5-elimination of HF from the cove region of the 1-

fluorobenzo[c]phenanthrene molecule which leads directly to the target molecule 

without any intermediates. (This process is energetically more favorable than the 

competing 1,2-elimination). The benzyne 14 is considered to be the major product 

of pyrolysis of 5f. Formally 14 could give 6, or could rearrange to the more stable 

carbene 16 which finally leads to 8. The low molar ratio 6/8 at low temperature 

pyrolysis of 5f indicates that rearrangement to 8 is the more favorable process. 

Increasing the pyrolysis temperature decreases the selectivity of the reaction and 

both processes occur with comparable probability. As a result the 6/8 molar ratio 

starts to approach the value of 1 (Figure 2.11). On the other hand, compound 5h 

can either give 6 by direct 1,5-HF elimination or can produce 14 via 1,2-HF 

elimination. The preferred formation of 6 at low temperature indicates that the 
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activation barrier for 1,5-HF elimination is remarkably lower than the barrier for 1,2-

elimination. At high temperature both processes become equiprobable, but the 

molar ratio of 6/8 in the pyrolysis products of 5h remains higher than 1. This is in 

good agreement with the proposed mechanism, since there are two channels to 6 

and only one to 8. 

 

F
F

-HF -HF

-HF

5h 5f14

6 16 8  

Figure 2.10. Possible transformations of 1- and 2-fluoro  benzo[c]phenanthrenes under FVP 

conditions. 

 

In order to corroborate the presented hypothesis, and to prove the principal 

possibility of 1,5-HF elimination experimentally, 1,2,3,4-

tetrafluorobenzo[c]phenanthrene (26) has been synthesized and subjected to FVP 

at the same conditions. The synthetic route to compound 27 is summarized in 

Figure 2.12. None of the fluorine atoms in 26 has immediate hydrogen neighbours, 

and therefore 26 is not able to eliminate HF via conventional 1,2-elimination. Thus, 

the formation of benzo[ghi]fluoranthene would unambiguously confirm direct 1,5-

HF elimination to have occurred. 
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Figure 2.11. Temperature-dependent dynamic of benzo[ghi]fluoranthene/ 

cyclopenta[cd]pyrene molar ratio in FVP of fluorinated benzo[c]phenanthrenes 5h, 5f and 

26. The molar ratios are obtained from HPLC data of the pyrolysis product. The 

concentration of trifluoro-cyclopenta[cd]pyrene is estimated on the assumption of equal 

sorption with unsubstituted cyclopenta[cd]pyrene. 

 

 

Br

F
F F

F a, b

F
F F

F

F
F F

F

F
F

F
c d

25 26 27
 

Figure 2.12. The synthetic route to 1,2,3,4-tetrafluoro-benzo[c]phenanthrene 26 and its 

condensation to trifluoro-benzo[ghi]fluoranthene 27. a) PPh3, toluene 97 % b) 2-

naphtaldehyde, KOtBu, EtOH, 87 % c) hv, I2, propylene oxide, cyclohexane, 43 % d) FVP, 

1100 oC, 60 %. 
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Indeed, FVP of 26 has resulted in highly selective benzo[c]phenanthrene formation. 

Importantly, no cyclopenta[cd]pyrene derivatives were found in the pyrolysis 

products, which is in good agreement with the proposed mechanism. The evolution 

of the benzo[ghi]fluoranthene/cyclo[cd]pyrene ratio with temperature for 

compounds 5h, 5f and 26 are summarized in Figure 2.13.  

 

 

 

 

 

Figure 2.13. HPLC profile of products of FVP of 26 at 900 oC (top) and  1100 oC (bottom). 
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As can be seen from Figure 2.11, even high temperature pyrolysis does not result in 

a noticeable cyclopenta[cd]pyrene formation in case of 26. Only a small amount of 

trifluorinated cyclopenta[cd]pyrene was observed in the pyrolysis products which is 

a result of the expected rearrangement in the non-fluorinated benzene ring at high 

temperatures. Since all other channels of HF elimination are “blocked” in 26, 

increasing the pyrolysis temperature does not affect the selectivity substantially. 

This has made it possible to achieve a remarkably selective and efficient 

condensation of 26 to 27 under FVP conditions with up to 60 % yield. Almost no side 

products were detected in the pyrolysis product (Figure 2.13). 

The quantum chemical calculations show that 1,5-elimination in the 1-

fluorobenzo[c]phenanthrene molecule is possible via the four-centered transition 

state. The transition state and its optimum geometrical parameters are presented in 

Figure 2.14.  

 

 

Figure 2.14. Transition state geometry for HF homo-elimination predicted with the DFT 

B3LYP/6-311G(d,p) method. On the right, only those bonds broken or formed during the 

reaction are shown. Bond lengths are given in Å, angles in degrees. The geometry of the 

benzo[c]phenanthrene moiety in the transition state is characterized by sufficient 

deviation from planarity. The four centered transition state is highly distorted from square 

geometry, and the H atom is placed virtually on the C-F axis. 
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The activation energy for this process was found to be 80.2 kcal/mol. The 1,5-HF 

elimination is thus substantially favored over the 1,2-elimination (92 kcal/mole).  

Interestingly, none of the carbon atoms involved changes its hybridization during 

reaction, which is atypical for an elimination reaction. The formal increase in 

unsaturation, which is a necessary prerequisite of any elimination, is realized 

through the formation of a new ring in the system. The π-system of 

benzo[c]phenanthrene is not involved in the condensation process and the 

elimination process can thus be considered as four-centered homo-elimination 

reaction. In order to estimate the influence of the π-system on the condensation 

process, the model reaction between benzene and fluorobenzene has been 

investigated theoretically. Indeed, a low energetic path to biphenyl with a similarly 

low activation energy barrier (84.2 kcal/mol) was also found in this case. This 

confirms our conclusion that HF elimination in the system considered is a homo 

reaction takes place directly through the space. Ordinarily, inter-molecular process 

cannot possibly occur due to entropic reasons in the case of fluorobenzene, but it 

becomes possible in the case of benzo[c]phenanthrene, in which benzene rings are 

already oriented in an appropriate way in space. In other words Csp2-H and Csp2-F 

groups can interact directly through space whereas the rest of the molecule is not 

involved in the process but is just interconnecting the reacting atoms. This 

interaction finally results in formation of a new Csp2-Csp2 bond and elimination of HF. 

The geometries of the transition states for benzene–fluorobenzene condensation 

and for cyclisation in 5h were found to be rather similar, except for a higher 

deviation from planarity in the case of the biphenyl system. The angular orientation 

of benzene rings with 113o angle was found to be optimal for homo HF elimination 

(Figure 2.15). Such an orientation of benzene rings in benzo[c]phenanthrene 

requires partial perturbation of the aromatic system, but according to calculations 

the deviation from planarity does not contribute significantly to the activation 

energy. 
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Figure 2.15. Transition state geometry for HF elimination for hypothetical intermolecular 

benzene-fluorobenzene condensation predicted with the DFT B3LYP/6-311G(d,p) method. 

On the right, only those bonds broken or formed during the reaction are shown. Bond 

lengths are given in Å, angles in degrees. 

 

 

As an important consequence, the cyclisation occurs via a transition state with an 

already curved π-system, which is required for buckybowls and fullerenes. 

Regarding the condensation of fullerene precursors such a bent geometry seems to 

be suitable for condensation and the activation barrier for HF elimination is 

expected to be even lower than found for benzo[c]phenantrene. 

Taking into consideration that fluorine can promote the desired ring closure only if 

hydrogen is placed neighbouring in the precursor structure, it seems to be possible 

to fully control the direction of the condensation. According to our results highly 

efficient intramolecular condensations of appropriately functionalized PAH to non-

planar PAHs via homo-HF elimination can be achieved. Use of fluorine as an 

activating group could solve the problem of selectivity in FVP and should provide an 
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effective conversion of respective planar PAH precursors to the desired fullerene 

cage. 

 

2.1.4. Synthesis of fullerene precursors containing fluorine in key positions 

The small size and low molecular weight of fluorine, as well as high thermostability 

of the C-F bond, make fluorine a “perfect” activating group for rational fullerene 

synthesis. As a next step towards the direct fullerene synthesis, several C60 fullerene 

precursors containing fluorine atoms in key positions have been synthesized and 

investigated as a precursor for synthesis of C60 fullerene.  

Two general strategies were choosen for the synthesis of fullerene related PAHs. 

The first route starts from the heptacyclic hydrocarbon truxene, the trianione of 

which can be alkylated by treatment with bromomethyl-bromoarene. The 

corresponding trialkylated truxene can be converted to the fullerene-related PAH by 

intramolecular palladium-catalyzed arylation via HBr elimination.[18,34] An alternative 

approach is based on the acid catalyzed head-to-tail cyclotrimerization of cyclic 

ketones,[14,15] which leads directly to the precursor molecule. In whis work both 

approaches for the synthesis of C60 fullerene precursors containing a varying 

number of fluorine atoms in the key positions have been examined. 

 

2.1.4.1. Synthesis on the base of truxene 

The starting fluorinated truxenes was obtained in one step synthesis by acid 

catalyzed aldol cyclotrimerization of corresponding fluoroindanones (31a, 31b, 31c) 

as it is presented on Figure 2.16. Indanone 31c (5,6,7-trifluoro-1-indanone) was 

prepared in several steps from 3,4,5-trifluorobenzyl bromide. 3,4,5-trifluoro-

hydrocinnamic acid was synthesized analogously using the known procedure for 

hydrocinnamic acid.[35] On the final step, the trifluoro-hydrocinnamic acid was 

directly cyclized by heating in polyphosphoric acid (PPA). 
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6,11,16-trifluorotruxene (compound 32a) was prepared in 27 % yield  by the 

classical route consisting in refluxing of 7-fluoro-1-indanone (31a) in a 1:2 mixture 

of concentrated HCl and acetic acid (HOAc).[36] All attempts to trimerize 31b and 31c 

under the same conditions failed. Condensation of 5,7-difluoro indanone (31b) in a 

HCl/HOAc mixture e.g. results in the formation of the dimer (2-(2,3-dihydro-5,7-

difluoro-1H-inden-1-ylidene)-2,3-dihydro-5,7-difluoro-1H-Inden-1-one) (33) with 44 

% yield (Figure 2.16). The reaction probably stops after dimerization because of the 

low solubility of the dimer, which precipitates out of the reaction mixture as soon as 

it is formed. Sterical reasons can be excluded since the trifluorotruxene 32a 

containing three fluorine atoms in sterically hampered regions readily forms by 

trimerization of fluoroindanone 31a. Applying the improved protocol for aldol 

trimerization (p-toluenesulfonic acid (TsOH) in o-dichlorobenzene (ODCB),[14] gave 

the desired truxene 32b, but the product is contaminated by the dimer and 

tetramer, according to MS data. Pure 32b was obtained after recrystallization from 

boiling o-xylene (or o-dichlorobenzene) with an overall yield of about 30%. 

Condensation of 31b in aprotonic medium, using TiCl4 in ODCB,[15] gave the pure 

product with more than 50 % yield. Introducing a third fluorine atom in the 

indanone molecule additionally reduces the ability to undergo aldol trimerization. 

Thus, whereas difluoro-indanone 31b trimerizes to hexafluorotruxene 32b in fair 

yield using TsOH/ODCB system under relative mild conditions (110 oC), the trifluoro-

indanone 31c gives no more than traces of the trimer, in a wide range of 

temperatures. In contrast, the condensation of 31c in ODCB in presence of TiCl4 

gave truxene 32c with moderate yield (45 %). 

The fluorinated truxenes represent useful building blocks for synthesis of various 

fluorine-containing fullerene precursors.  
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Figure 2.16. Synthetic route to 5,6,7-trifluoro-1-indanone a) NaOEt/EtOH; b) KOH; c) H2SO4 

(overall yield 32 %); d) PPA 80oC (40 %). Synthesis of fluorinated truxenes by aldol 

cyclotrimerization (32a: 27 %, 32b: 31 %, 32c: 45 %). 
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Thus a C60 precursor containing 3 fluorine atoms in the fjord regions (compound 35) 

has been obtained in just two steps starting from trifluorinated truxene 31a (Figure 

2.17) analogously to the previously reported procedure.[17,34] On the first step 1-

bromo-2-bromomethylnaphthalene was added to the trifluorinated truxene 

trianion, which was generated in situ by treatment of 32 with three equivalents of 

n-BuLi. Compound 34 was obtained as a mixture of syn and anti isomers. 

Interestingly, both syn and anti isomers show good solubility in common organic 

solvents, whereas the syn isomer of the nonfluorinated analog is a highly insoluble 

compound. As a final step, palladium-catalyzed intramolecular arylation of the 

anti/syn mixture of 34 and the subsequent sublimation gave the compound 35.  

 

 

Figure 2.17. The synthetic route to the trifluorinated C60 precursor - C60H27F3. a) nBuLi/THF, 

-78 oC; b) 1-bromo-2-bromomethylnaphthalene (61 %) c) Pd(OAc)2, DMA, Cs2CO3, 

Me3BzNBr, 140 oC (67 %).  
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It is easy to see that additional fluorine atoms can be introduced in all other key 

positions by using appropriately fluorinated bromomethyl arenes. For instance, the 

C60 fullerene precursor in which six regions are activated can be obtained starting 

from 32a and 1-bromo-8-fluoro-2-bromomethylnaphthalene. 

Hexa- and nona-fluorinated truxenes represent alternative building blocks for 

synthesis of multi-fluorinated precursors. However, all attempts to synthesize hexa- 

and nona-fluorinated precursor starting from truxenes 32b and 32c failed on the 

alkylation step. This is probably because of low stability of the corresponding 

truxene trianion and/or enhanced acidity of protons neighboring to fluorine. The 

reaction of 1-bromo-2-bromomethylnaphthalene with the corresponding 

fluorinated truxene trianion results in a complex mixture, which is difficult to 

analyze. 

 

2.1.4.2. Synthesis on the base of aldol trimerization of cyclic ketones 

An alternative way to fullerene related PAHs is based on the aldol trimerization of 

cyclic ketones. Although this reaction was discovered more than 100 years ago, it 

only recently became a powerful method for the synthesis of large molecules.  It 

was demonstrated that large PAHs can be obtained effectively via aldol 

trimerization of cyclic ketones using TsOH in ODCB,[16,37] or TiCl4 in ODCB.[7,15,38] Both 

methods have been examined for synthesis of fluorinated precursors. 

The synthetic route to hexa- and nona-fluorinated precursors is summarized in 

Figure 2.18. Fluorinated methylbenzo[c]phenanthrenes (38a and 38b) were 

synthesized by standard Wittig olefination of correspondingly fluorinated 

acetophenones with subsequent photocyclization. Benzylic bromination with NBS 

and subsequent treatment with aqueous ethanolic sodium cyanide gave 

cyanomethylbenzophenanthrenes (40a, 40b) which were hydrolyzed into acid (41a, 

41b). Ketones 42a and 42b were obtained after transforming the acids (41a, 41b) to 
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the corresponding acid chlorides with subsequent intramolecular Friedel-Crafts 

acylation in the presence of AlCl3. 

 

 

 

Figure 2.18. The synthetic route to the hexa and nona fluorinated C60 precursors. a) 

Ph3PCH2Ph+ Br-, NaOEt/EtOH; b) hv, I2, propylene oxide (38a: 67 %; 38b: 65 %); c) NBS, 

DBPO, CCl4 (39a: 68 %; 39b: 72 %); d) NaCN, EtOH/H2O (40a: 75 %; 40b: 85 %); e) H2SO4, 

H2O, HOAc (41a: 90 %; 41b: 84 %); f) SOCl2; g) AlCl3/DCM (42a: 30 %; 42b: 23 %); k) 

TiCl4/ODCB (43a: 57 %; 43b: 85 %). 
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Despite the quite smooth trimerization conditions needed for indanones 31b and 

31c, the condensation scenario changes drastically in the case of structurally related 

benzacephenanthrylenones 42a and 42b. Thus, the condensation of 42a in ODCB in 

presence of TsOH at 100-140 oC gave a complex mixture containing mainly dimer, 

tetramer and hexamer according to MS data. Interestingly only a trace amount of 

trimer and pentamer were detected in MS.  Condensation at 160 oC gave a highly 

insoluble product which shows three groups of signals at 858.3, 856.3 and 854.3 

m/z (Figure 2.19). 

 

 

 

Figure 2.19. The MS spectra of condensation products of 42a in TsOH/ODCB system. 
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The sample was purified by sublimation and analyzed. MS analyses have shown 

almost exclusively the ion peak at 854.2 m/z which is 4 Da less than the mass of the 

expected trimer (Figure 2.19). However, for the targeted structure a respective 

hydrogen elimination can not take place since all possible condensation ways are 

blocked by the fluorine atoms (formation of new C-C bond requires HF elimination). 

The elimination of hydrogen atoms would have only become possible if one of the 

benzophenanthrene fragments is “wrongly” oriented, as it shown in Figure 2.20. 

Indeed, the analysis of intermediate products confirms this supposition. A more 

detailed MS analysis of the reaction mixture shows the presence of a dimer 

containing two carbonyl groups confirming the possibility of 42a for atypical tail-to-

tail dimerization. 

 

 

Figure 2.20.
 MS analysis of  the intermediate products of condensation of 42a in HCl/AcOH, 

72 h, reflux (more probable structures are given). 
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More information about the mechanism can be obtained by analysis of reaction 

products obtained at mild conditions (HCl/AcOH, 100 oC or TsOH/ODCB, 100 oC). In 

this case all intermediates can be easily detected in the MS spectra. According to 

MS data the reaction mixture contains the dimer and several products of its 

subsequent condensation. The molecular masses of trimer, tetramer and pentamer 

are slightly less than expected which additionally confirms the presence of 

“wrongly” connected benzacephenanthrylenone fragments (Figure 2.20 and Figure 

2.21). Although the mechanism of condensation is not fully clear, it obviously 

involves unusual tail-to-tail ketone condensation and is accompanied by numerous 

redox processes. The presence of such a condensation product has been confirmed 

by detail MS/MS/MS analysis of 42a dimer (Figure 2.22). 

 

 

 

Figure 2.21.
 MS analysis of the intermediate products of condensation of 42a in 

TsOH/ODCB 20 min, 100 oC (more probable structures are given). 
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Figure 2.22. MS/MS/MS analysis of dimer of 42a. The presence of two carbonyl groups in 

the molecule confirms tail-to-tail condensation of ketone 42a. 

 

 

On the other hand the condensation of 42a and 42b in an aprotic medium, using 

TiCl4 in ODCB, gave the desired products with good yields (60-80 %), and in high 

purity. In both cases, the MS analyses shows the single ion peaks at 858.2 m/z for 

the hexafluorinated precursor (43a) and 912.2 m/z  for nonafluorinated precursor 

(43b), which corresponds to the expected structures (Figure 2.23). Both compounds 

show poor solubility and can not be analyzed by NMR spectroscopy. However, MS 

and MS/MS analyses have provided sufficient structural information. Thus, applying 

a higher ionization energy causes partial condensation of the precursor exclusively 
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by HF elimination. No loss of two hydrogen atoms under high energy ionization 

confirms the expected structure (absence of “wrongly” oriented 

benzophenanthrene fragments), because only in this case there is no possibility for 

intramolecular condensation via H2 elimination. In the MS/MS experiment the 

monoisotopic precursor ions were selected and subjected to collision-induced 

dissociation with argon. The respective analyses show that H2 elimination is a main 

fragmentation process for the non-substituted precursor C60H30, which is a result of 

intramolecular condensation in the fjord/cove regions. In the case of the 

trifluorinated precursor (35), the intramolecular condensation is accompanied by 

elimination of HF and H2 molecules, which is in good agreement with the expected 

structure of the precursor. The hexa-fluorinated precursor (43a) is not able to 

undergo intramolecular condensation via H2 elimination, since all fjord/cove regions 

contain fluorine atoms. Therefore no [M-H2]+ ions are observed in the respective 

MS/MS spectra. Interestingly, the cyclization via HF elimination results in the 

formation of a new fjord region and H2 elimination as a subsequent step become 

possible. Indeed, the corresponding ion peak ([M-HF-H2]+) was detected in the 

MS/MS spectra of 43a (Figure 2.25). In contrast, the nonafluorinated precursor 

(43b) does not show any H2 elimination since the new fjord/cove region which 

forms after HF elimination still contains a fluorine atom. The MS/MS patterns 

obtained indicate that all fjord regions in 43a and 43b contain fluorine atoms, which 

confirm the absence of “wrongly” orientated benzophenanthrene fragments in the 

structure. Additionally, the comparison of UV-spectra of nona-fluorinated (43b), 

hexa-fluorinated (43a), tri-fluorinated (35) precursors with well characterized C60H30 

precursor, reveals the similarity of π-system for all four compounds (Figure 2.26) 
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Figure 2.24. LDI mass spectrum of 35 (C60H27F3), 43b (C60H21F9) and 43a (C60H24F6) (positive 

mode). 
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Figure 2.25. MS/MS spectra of precursors 35, 43a, 43b and C60H30. 



97 
 

 

 

Figure 2.26. UV/VIS spectra of C60 fullerene precursors: C60H30, 35 (C60H27F3), 43a (C60H24F6) 

and 43b (C60H21F9) (1,2,4-trichlorobenzene, 60 oC).  

 

 

Thus fullerene precursors containing a different number of fluorine atoms in the key 

positions can be synthesized from trifluorinated truxene or by aldol 

cyclotrimerization of cyclic ketones. In contrast to chlorine, the fluorine can be 

introduced quite easily into the sterically hampered regions of the precursor 

molecules as a result of the small size. The aldol condensation of fluorinated cyclic 

ketones using TiCl4/ODCB was found to be an effective route for synthesis of 

fluorine containing PAHs, whereas the condensation using TsOH/ODCB, which is the 

best route for synthesis of related chlorinated PAHs completely failed.  
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2.1.5. Condensation of fluorinated C60 precursor to C60 fullerene  

The fluorinated PAHs obtained represent attractive precursor molecules for rational 

fullerene synthesis by flash vacuum pyrolysis. Taking into consideration that fluorine 

can promote the ring closure only if hydrogen is placed in a neighboring position in 

the precursor structure it appears to be possible to fully control the direction of the 

process.  

 

2.1.6. Condensation under FVP conditions  

Compound 35, 43a, and 43b were found to be thermally stable and can be easily 

sublimed without visible decompositions, which is an important prerequisite for the 

FVP procedure. The FVP experiments indeed have shown a selective transformation 

of the precursors 35, 43a, and 43b to the C60 fullerene. As it was expected, the best 

results were obtained for compound 43b in which nine positions are “activated” by 

fluorine.  

 

 

Figure 2.27. The LDI-MS spectrum of the toluene extract of the FVP products of 43b. 
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Additionally no side 1,2-elimination in 43b is possible, which is probably also 

responsible for high selectivity in the condensation process. Unfortunately, as a 

result of high molecular weight of the precursor molecules the pyrolysis experiment 

was carry out at pressure of about 10-2 mbar (it was not possible to carry out the 

experiment at optimal pressure, p = 0.1 mbar). Unfortunately the efficiency of 

conversation has been significantly reduced in this case. Thus, many products of 

partial condensation can be detected in extract of pyrolysis product as well as 

unreacted starting material (Figure 2.27). Although the C60 has formed very 

selectively (no other fullerenes were detected) the yield of target molecule was 

found to be low ( < 0.5 % ). 

 

2.1.7. Condensation under LDI-MS conditions 

During LDI-MS analysis of the precursors 35, 43a, and 43b was found that effective 

HF elimination takes place if high laser energy is applied. Thus tandem 

cyclodehydrofluorination has been monitored directly as it can be seen from Figure 

2.28. Subsequent elimination of nine HF molecules leads to the formation of 

metastable C60H12, which, according to quantum chemical calculations, is able to 

collapse spontaneously to the C60 fullerene. The process of six subsequent H2 

eliminations can be observed on the MS-spectrum. In order to exclude possible 

spontaneous C60 fullerene formation under laser ablation 13C a labelled C60H21F9 

precursor has been synthesized and condensed under LDI-MS conditions. The 

labelled precursor has been synthesized in analogy to compound 43b (using K13CN 

for nitrile synthesis). Since the resulting precursor has three 13C-carbon atoms 

(13C3C57H21F9) its condensation will give labelled C60 fullerene bearing three 13C. The 

difference between natural C60 and labelled 13C3C57 (3.0 Da heavier) can be easily 

detected by MS. Indeed LDI-MS analysis of the labelled precursor has shown that 

13C3C57 forms exclusively. This experiment gave strong evidence that fullerene 
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formation is a result of selective condensation of the precursor to the desired 

fullerenes. 

 

 

Figure 2.28. The LDI-MS spectrum of 43b at high laser ionization energy. 
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2.2. Non-pyrolytical approach  
 
 
2.2.1. Introduction 

Fluorine group was found to be a very effective for activation of intermolecular Aryl-

Aryl coupling under FVP conditions. As demonstrated above, the fluorine atom can 

be rather easily introduced in the sterically hampered cove/fjord regions due to its 

small size, and the scope of reactions which can be used for the precursor synthesis 

can be remarkably extended. Although, a single intramolecular condensation via HF 

elimination by FVP can be realyzed rather selectively under FVP conditions, the 

conversion rate is still too low (of about 60 % for a single cyclization) in order to 

carry out a multifold process effectively. Besides modest yield and difficulty in scale-

up the main drawback of the FVP technique is minimum functional group tolerance 

and numerous side reactions caused by the harsh reaction conditions. To overcome 

these disadvantages several alternative liquid-phase intermolecular Aryl-Aryl 

coupling techniques have been developed during the last years. Thus the Pd(0) 

catalyzed arylation utilizing bromo- or chloro- derivatives has been found to be 

effective for the synthesis of various buckybowls.[18,39-41] Unfortunately, this 

methodology can not be extended to fluorinated analogues because of low 

reactivity of C-F bond. Moreover, the main drawback of the approach is aggressive 

reaction conditions with respect to the fullerene species. The discovery of C-F bond 

activation under transition-metal free conditions utilizing silylium-carborane 

catalysis might be a good alternative.[42] Recently this strategy has been successfully 

applied for to intramolecular Aryl-Aryl coupling.[43] Unfortunately, the yield, in the 

case of non-planar PAHs, drops from 99 % to 50-80 % already for single 

condensation, which limits the application for multifold condensation.  Moreover all 

solution approaches might be not effective in the case of extra large hydrocarbons 

which are typically insoluble compounds. It is worth mentioning that the 

intramolecular Aryl-Aryl coupling cannot be realized in a domino fashion neither by 

Pd(0) catalyzed arylation nor by silylium-carborane catalysis.  
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2.2.2. Al2O3 mediated Cove-Region-Closure via HF elimination 

In the search for a more effective method for ring closure, applicable for highly 

insoluble fullerene precursors, we have turned our attention to solid state 

reactions. It has been found that several metal oxides show activity in Aryl-Aryl 

coupling through HF-elimination. Thus Al2O3, SiO2, Ga2O3 and GeO2 have shown 

activity in HF elimination at 300–350 oC. The highest activity has been observed for 

γ-Al2O3 which has been investigated further in detail. 

The conversion of 1-fluorobenzo[c]phenanthrene (5h) to benzo[ghi]fluoranthene (6) 

was chosen as a model reaction for the investigation. In this system the γ-Al2O3 

displays pronounced activity above 300 oC. In the case of benzo[ghi]fluoranthene 

the rather high temperature does not cause further decomposition and 5h can be 

(effectively) converted to 6. Nevertheless the condition is too harsh for synthesis of 

buckybowls and fullerenes. During the optimization of the reaction conditions it was 

found that the high temperature is only required for γ-Al2O3 activation whereas the 

condensation process can proceed smoothly at lower temperatures. The best 

results were obtained after activation of γ-Al2O3 by annealing at 500 oC for 15 min at 

10-3 mbar pressure. Using such activated γ-Al2O3, compound 5h can be 

quantitatively transformed to 6 at amazingly low temperatures. Thus, quantitative 

conversion of 5h to 6 was observed after 20 h at 150 oC. Full conversion has even 

been achieved at 100 oC after 60 h. The same process can be completed in 1 h or in 

just several minutes at 200 oC and 250 oC respectively. For practical purpose the 

condensation temperature of about 150 – 200 oC was found to be the most 

appropriate.  
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Figure 2.29. The synthetic route to 1,4-difluoro-6-methyl-benzo[c]phenanthrene (46). (a) 2-

acetonaphthone, t-BuOK/EtOH, reflux (60 %); (b) hv, I2, propyleneoxide, cyclohexane (89 

%) 

 

 

Figure 2.30. Cove-Region-Closure (CRC) mediated by Al2O3. CRC via HF elimination in 1-

fluorobenzo[c]phenanthrene derivatives, demonstrating high chemoselectivity and 

regiospecificity of the process. Compounds 6, 47 and 48 were obtained with quantitative or 

close to quantitative yield. 



104 
 

The process discovered has demonstrated an unexpectedly high chemoselectivity 

and regiospecificity. Thus, if the fluorine atom is not involved in the cove region (2-

fluorobenzo[c]phenanthrene), no reaction takes place and the compound remains 

completely intact. The regiospecificity has been demonstrated on the synthesis of 

47 where condensation in 46 has been realized with quantitative yield (Figure 2.30). 

Importantly, chlorinated and even brominated analogues (2-

chlorobenzo[c]phenanthrene and 2- bromobenzo[c]phenanthrene) have shown no 

activity and both cases starting compound remain completely intact. The high 

chemoselectivity has been demonstrated by the synthesis of 48 where HF 

elimination has been realized in the presence of a C-Br bond. Importantly, no 

exchange of fluorine to hydrogen has been detected and no evidence of any side 

reactions has been obtained during the condensation. The desired 48 has formed 

exclusively and has required no further purification (Figure 2.31).  

 

        

Figure 2.31. HPLC profile  of the compound 47 (left) and compound 48 (right) as obtained 

after reaction (200 oC, 2h). 5PYE column, toluene:MeOH 1:4 as eluent. (inset) UV-Vis 

spectra (toluene/MeOH). 
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The driving force of the reaction is the formation of exceptionally strong Al-F bond. 

On the other hand, the results obtained exclude direct C-F bond activation and 

indicate that no reactive intermediates form during the reaction. The most probable 

mechanism of condensation includes aromatic transition states (the condensation 

takes place in a concerted fashion) (Figure 2.32).  

 

 

Figure 2.32. A schematic representation of the most probable mechanism of the CRC. The 

mechanism of the CRC at the example of benzo[c]phenanthrene condensation 

representing the key points of the process: coordination on the aluminium oxide surface, 

aromatic transition state and high energy gain due to Al-F bond formation. 

 

 

2.2.3. Synthesis of extended buckybowls 

 

 

Figure 2.33. The synthetic route to the 13,16-diflouro-Benzo[s]picene. (a) NBS, DBPO, CCl4, 

reflux (97 %); (b) 1) Ph3P, toluene, reflux 2) PhCHO, t-BuOK/EtOH, reflux (58 %); (c) hv, I2, 

propyleneoxide, cyclohexane (84 %). 
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Since bond dissociation and bond formation takes place simultaneously, no reactive 

intermediates (which might cause side reactions) form. An aromatic transition state 

explains the low activation barrier allowing the reaction to take place under rather 

low temperatures. Regiospecificity can also be explained in terms of the assumed 

mechanism, since 1,2-HF elimination is unfavorable due to high energy of 1,2-

didehydrobenzene which should be formed. 
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Figure 2.34. The synthetic route to the compound 54. (a) 1,2-Benzenedicarboxaldehyde, t-

BuOK/EtOH, reflux (20 %); (b) hv, I2, propyleneoxide, cyclohexane (52 %). 

 

 

Considering the multifold condensation, each new pentagon formation imposes 

remarkable strain to the system because of perturbation of the aromatic system. 

Typically, each subsequent condensation step requires harder condition and 

frequently the condensation process stops. 
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Figure 2.35. Synthesis of buckybowls by CRC approach. (top) Buckybowl synthesis by two- 

and fourfold Fjord-Region-Closure. (bottom) ORTEP plot of compound 56 (top and side 

view) and DFT optimized structure of 57 (top and side view) demonstrating the geodesic 

shapes. Compounds 56 and 57 were obtained with quantitative yield. 

 

 

The suitability of the γ-Al2O3 for construction of non-planar PAHs via HF-elimination 

has been examined on the synthesis of indacenopicene (56). Despite of the strain 

imposed, compound 51 was converted to the buckybowl 56 quantitatively at 150 oC 

after 60 h. At 250 oC the process was completed after 60 min. Interestingly, the 

product of mono condensation 55 was not detected in the reaction even if the 

starting material was not fully converted. This indicates that the HF elimination in 

55 proceeds much faster than in compound 51. Indacenopicene 56 was obtained in 
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pure form by extraction with hot toluene (isolated yield 99 %). Single-crystal X-ray 

analysis unambiguously confirms the structure and reveals the geodesic shape of 56 

(Figure 2.35-2.38).  

 

 

Figure 2.36. HPLC profile  of the compound 56 as obtained after reaction (150 oC, 48h). 

5PYE column, toluene as eluent. (inset) UV-Vis spectrum of 56 (toluene). 
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To address the solubility issue we investigated the discovered reaction for the badly 

soluble precursor 54. It was found that the four-fold HF elimination proceeds very 

effectively. After annealing (10 h, 250 oC) of 54 deposited on an activated γ-Al2O3 

and subsequent Soxhlet extraction with o-xylene, the desired buckybowl 57 was 

obtained in pure form as a hardly soluble red powder (isolated yield 98 %). 

Imortantly, no side products and no products of partial condensation were found in 

the sample (Figure 2.39). 

 

 

Figure 2.37. 1H spectra of the compound 56 (CD2Cl2). 

 
 

Quantitative transformation of the precursor molecules to the desired buckybowl 

structures demonstrates high efficiency of the approach. The high conversion level 

to extended buckybowl 57, which formally represents more than 75 % of the C60 

fullerene surface, demonstrates high potential of the technique for synthesis of 
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extended non-planar carbon based nanostructures, including higher fullerenes, 

giant buckybowls and nanotubes. 

 

Figure 2.38. 13C-NMR spectra of the compound 56 (CD2Cl2). 
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Figure 2.39. (top) HPLC profile  of the compound 57 as obtained after reaction (250 oC, 10 

h). 5PYE column, column temperature 60 oC, toluene as eluent. (inset) UV-Vis spectrum of 

57. (bottom) 1H-NMR spectrum of the compound 57 measured in C2D2Cl4 at 110 oC. 

 

 

2.2.4. Perspectives of Al2O3 media for synthesis of fullerenes, nanotubes and other 

carbon based structure 

The high tolerance to chlorine and bromine functionalities makes the approach a 

very powerful synthetic tool for synthesis of functionalized buckybowls representing 

useful building blocks for the synthesis of more complex carbon based 

nanostructures.  
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3. Experimental Part 
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3.1. Measurements  

 

LDI-Mass spectra were recorded with a Shimadzu AXIMA resonance spectrometer. 

1H-(300 MHz) and 13C-NMR (75.5 MHz) spectra were measured on Bruker ARX-300 

instrument, δ were determined in ppm relative to TMS (0.00 ppm). All NMR spectra 

were measured at 20 °C (if not otherwise indicated). X-ray experimental intensity 

data of the single crystals were collected with a Smart APEX I diffractometer (Bruker 

AXS, Karlsruhe, Germany, Mo-Kα radiation, λ = 0.71073 Å) and a dual wavelength 

three circle single crystal diffractometer - Smart APEX II (Bruker AXS, Karlsruhe, 

Germany) equipped with a CCD-detector, a Siemens X-ray sealed tube (Mo-Kα 

radiation, l = 0.71073 Å), an Incoatec (Geesthacht, Germany) microfocus X-ray 

source ImS (Cu-Kα radiation, λ = 1.54178 Å). The X-ray beam of the copper-source 

was generated with Incoatec IG150 and monochromatized by using a Montel optic 

monochromator (Incoatec, Geesthacht, Germany). The collection and reduction of 

data were carried out with the Bruker Suite software package.[1] Intensities were 

corrected for absorption effects applying a semi-empirical method.[2] The structures 

were solved by direct methods and refined by full-matrix least-squares fitting with 

the SHELXTL software package.[3] HPLC analyses were carried out using a Shimadzu 

HPLC system (CBM-20A), equipped with an UV-Vis DAD (SPD-M20A) detector. 

Cosmosil Buckyprep (4.6 mm x 250 mm) and Cosmosil 5-PYE (4.6 mm x 250 mm) 

columns were used for analysis (flow rate 1 mL/min). Flash chromatographic 

purifications were carried out using flash grade silica gel Kieselgel 60 (0.06-0.2 mm). 

Rf values were determined on TLC-PET sheets coated with silica gel with fluorescent 

indicator 254 nm (layer thickness 0.25 mm, medium pore diameter 60 Å), Fluka. 

Elemental analyses were performed with an Elementar VARIO EL elemental 

analyser. Quantum chemical calculations were performed by the DFT method with 

B3LYP/6-31G using the Gaussian03 software package. The commercially available 

reagents were used as received without further purification (if not otherwise 

stated). 
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3.2. General procedures 

 

3.2.1. Synthesis of bromomethylarenes 

 

 

 

100 mmol of the respective methylarene was dissolved in 150-200 mL of CCl4. 100 

mmol of N-bromosuccinimide (NBS) with catalytic amounts (5-10 mg) of 

dibenzoylperoxide (DBPO) were added and the mixture was refluxed until 

completion as monitored by TLC (2 - 6 h). The reaction mixture was then allowed to 

cool, filtered and evaporated. The crude product was purified chromatographically 

on silica gel. 

 

3.2.2. Synthesis of phosphonium salts 

 

 

 

The respective bromomethylarene (100 mmol) and triphenylphosphine (110 mmol) 

were dissolved in 100-200 mL of toluene, and mixture was reflux with vigorous 

stirring for 12 h. During this time a white crystalline solid precipitated from solution. 

The reaction mixture was cooled to room temperature and then filtered. The solid 

was washed with toluene and hexane to give a total of 85 - 95 % yield of the 

phosphonium salt as a white powder. The resulting salt was used in a next step 

without additional purification. 
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3.2.3. Synthesis of diarylethenes 

 

 

 

Method 1: 

The whole procedure was carried out under argon atmosphere. Respective 

phosphonium salt (30 mmol) and aldehyde (or ketone) (30 mmol) were dissolved in 

100 mL of absolute ethanol. The mixture was stirred while t-BuOK (34 mmol) in 

ethanol was added dropwise for 5-10 min. The solution obtained was refluxed for 

10-20 h (TCL monitoring). The reaction mixture was cooled to room temperature 

and neutralized by addition of 1M HCl. After concentration by evaporation under 

reduced pressure, the mixture was diluted with water and the product was 

extracted with DCM. The DCM solution was dried over MgSO4 and filtered through a 

short silica gel plug using a DCM:PE mixture as the eluent. After evaporation the 

diarylethene was obtained as a white solid with yield of 65 - 80 % (mixture of 

cis/trans isomers).  The resulting diarylethene was used in the next step without 

additional purification. 

 

Method 2:  

The whole procedure was carried out in a round-bottomed flask under argon 

atmosphere. The phosphonium salt (34 mmol) was dissolved in anhydrous THF (100 

mL). The mixture was cooled to –78 °C and stirred while n-butyllithium (38 mmol) 

1.6M solution in hexane was added dropwise over 10–20 min. The orange-red 

solution obtained was allowed to warm to room temperature and stirred for an 

additional 45 min. At this point, aldehyde or ketone (34.1 mmol) was added as a 

solution in anhydrous THF. After stirring for 12 h the reaction mixture turned light-

yellow. THF was removed by evaporation and the resulting material was passed 
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through a short silica gel plug using DCM as the eluent. A white solid of the title 

compound as a mixture of cis/trans isomers was obtained in a yield of 65–80 %. The 

resulting stilbene was used in the next step without additional purification. 

 

3.2.4. Photocyclization  

 

 

 

The corresponding benzo-stilbene (10 mmol) as a cis/trans mixture was dissolved in 

cyclohexane (350 mL). The resulting solution was placed in a 500 W water-cooled 

quartz photochemical reactor and iodine (11 mmol) was then added. Argon was 

bubbled through the stirred solution for 15–20 min before an excess of propylene 

oxide (10 mL) was added. After irradiation for 10–30 h the colour of iodine had 

disappeared. The mixture was washed with aqueous Na2S2O3 to remove residual 

traces of iodine, concentrated in vacuo and then purified by flash chromatography 

on silica gel. A mixture of light petroleum and dichloromethane (1:1) was used as 

eluent. The targeted compound was obtained with 60–95 % yield as a white solid. 

 

3.2.5. Flash vacuum pyrolysis (FVP)  

Pyrolysis experiments were carried out at typically 800-1100 oC in an improved FVP 

furnace that allowed simultaneous control of the pressure and the flow of the 

carrier gas in the system. A movable oven made it possible to regulate the 

sublimation temperature and tune the sublimation speed during the FVP 

experiments. A special construction of the injector decreases the probability of 
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contact between sample molecules and the walls of the heated quartz tube. 

Nitrogen flow and pressure in the system can be tuned independently by flow and 

pressure regulators (EV 016 DOS AB, Oerlikon Leybold Vacuum). The product trap is 

cooled by water. The second trap (cooled by liquid nitrogen) is used to protect the 

vacuum pump. (Figure 3.1). 

 

 

Figure 3.1. FVP apparatus (left), schematic representation (right). 

 

 

3.2.6. Cove-Region-Closure via Al2O3 mediated HF Elimination 

 

 

 



124 
 

Commercially available aluminium oxide (activated, neutral, 50-200 micron, Acros) 

has been used for HF elimination procedure. Typically 2-3 g of Al2O3 were placed in 

glass ampule and activated by annealing at 500 oC for 10-15 min in vacuum (10-3 

mbar). 20-50 mg of the respective fluoroarene were carefully mixed with activated 

aluminium oxide under argon atmosphere. The ampule was evacuated (10-3 mbar) 

and sealed. The condensation was carried out typically at 150-200 oC for 2-10 h. The 

product was obtained after extraction with toluene (xylene) and evaporation. 
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3.3. Synthesis 

 

Compounds 2 - 4 (Figure 3.2) were synthesized using the general techniques 3.2.1 -

3.2.3. 

 

 

 

 

 

Compounds R
1
 R

2
 R

3
 R

4
 

2a, 3a, 4a Cl H H H 

2b, 3b, 4b CH3 H H H 

2c, 3c, 4c CF3 H H H 

2d, 3d, 4d H H H H 

2e, 3e, 4e Ph H H H 

2f, 3f, 4ff F H H H 

2g, 3g, 4g H Br F H 

2h, 3h, 4h H H F H 

2i, 3i F F F F 

 

 

 

Figure 3.2. Benzo[c]phenanthrenes 2-4. 
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(E/Z)-2-[2-(2-Bromo-5-fluorophenyl)ethenyl]-naphthalene (4g) 

 

 

 

Compound 4g was synthesized using the general procedure 3.2.4 2-Bromo-5-

fluorobenzylphosphonium bromide (9.4 g, 17.7 mmol), tBuOK (1.99 g, 17.7 mmol) 

and 2-naphthaldehyde (2.77 g, 17.7 mmol) were dissolved in ethanol (200 mL). The 

mixture was reflux overnight. White solid (4 g, 70 %). 

 

2-Chlorobenzo[c]phenanthrene (5a) 

 

 

 

Compound 5a was synthesized from compound 4a according the general procedure 

3.2.4. White solid (yield 70 %). Rf = 0.38 (hexane). M.p. 61.4-61.8 °C. 1H-NMR (CDCl3, 

300 MHz) δ = 7.48 (dd, J1 = 8.57, J2 = 2.01, 1H), 7.52 - 7.68 (m, 2H), 7.69 - 7.88 (m, 

5H), 7.93 (dd, J1 = 7.87, J2 = 1.36, 1H), 8.96 (d, J1 = 8.43, 1H), 9.03 (d, J2 = 1.82, 1H). 

13C-NMR (CDCl3, 75 MHz) δ = 126.12, 126.41, 126.64, 126.67, 126.94, 127.05, 

127.18, 127.36, 128.14, 128.69, 129.91, 130.11, 131.15, 131.48, 131.73, 132.35, 

133.52. LDI-TOF MS: m/z = 262.06 [M]+ (Exact Mass: 262.0549). Anal. Calcd. for 

C18H11Cl1: C, 82.29; H, 4.22; Found: C, 81.9; H, 4.2.  
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2-Methylbenzo[c]phenanthrene (5b) 

 

 

 

Compound 5b was synthesized from compound 4b according the general procedure 

3.2.4. White solid (yield 57 %). Rf = 0.31 (hexane). M.p. 75.8-76.2 °C. 1H-NMR (CDCl3, 

300 MHz) δ = 2.57 (s, 3H), 7.34 (d, J = 8.13, 1H), 7.48 - 7.86 (m, 7H), 7.93 (dd, J1 = 

6.5, J2 = 1.42, 1H), 8.86 (s, 1H), 9.01 (d, J = 10.6, 1H). 13C-NMR (CDCl3, 75 MHz) δ = 

22.24, 125.65, 125.90, 125.97, 126.88, 126.95, 127.23, 127.26, 127.39, 127.65, 

127.82, 128.37, 128.5, 130.42, 130.49, 131.14, 131.58, 133.45, 135.83. LDI-TOF MS: 

m/z = 242.11 [M]+ (Exact Mass: 242.1096). Anal. Calcd. for C19H14: C, 94.18; H, 5.82; 

Found: C, 94.1; H, 5.9.  

 

2-Trifluoromethylbenzo[c]phenanthrene (5c) 

 

 

 

Compound 5c was synthesized from compound 4c according the general procedure 

3.2.4. White solid (yield 73 %). Rf = 0.40 (hexane). M.p. 109.6-110.0 °C. 1H-NMR 

(CDCl3, 300 MHz) δ = 7.55 - 7.75 (m, 4H), 7.82 - 7.9 (m, 3H), 8 - 8.08 (m, 2H), 8.92 (d, 

J = 8.48, 1H), 9.33 (s, 1H). 13C-NMR (CDCl3, 75 MHz) δ = 121.66 (q, J = 3.38), 125.38 

(q, J = 4.5), 126.41, 126.60, 126.84, 126.88, 127.42, 128.39, 128.79, 129.11, 129.33, 
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129.48, 129.94, 131.46, 133.7. LDI-TOF MS: m/z = 296.10 [M]+ (Exact Mass: 

296.0813). Anal. Calcd. for C19H11F3: C, 77.02; H, 3.74; Found: C, 76.1; H, 4.0. 

 

2-Phenylbenzo[c]phenanthrene (5e) 

 

 

 

Compound 5e was synthesized from compound 4e according the general procedure 

3.2.4. White solid (yield 55 %). Rf = 0.18 (hexane). M.p. 131.5-131.9 °C. 1H- and 13C-

NMR spectra are in a good agreement with the data reported previously.[24] LDI-TOF 

MS: m/z = 304.13 [M]+ (Exact Mass: 304.1252). Anal. Calcd. for C24H16: C, 94.70; H, 

5.30; Found: C, 94.5; H, 5.2. 

 

2-Fluorobenzo[c]phenanthrene (5f) 

 

 

Compound 5f was synthesized from compound 4f according the general procedure 

3.2.4. White solid (yield 66 %). Rf = 0.33 (hexane). M.p. 63.7-64.1 °C. 1H-NMR (CDCl3, 

300 MHz) δ = 7.31 (td, J1 = 2.42, J2 = 8.32, 1H), 7.49 - 8.09 (m, 8H), 8.73 (dd, J1 = 2.1, 

J2 = 12.37, 1H), 8.99 (d, J = 8.34, 1H). 13C-NMR (CDCl3, 75 MHz) δ = 112.46 (d, J = 

23.4), 115.16 (d, J = 24.23), 126.01, 126.19 (d, J = 2.42), 126.51, 126.66, 126.72, 
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126.77, 127.08 (d, J = 1.06), 127.11, 128.09, 128.70, 130.29, 130.6 (d, J = 9.13), 

131.37 (d, J = 8.83), 131.53, 133.4, 161.45 (d, J = 244.15). LDI-TOF MS: m/z = 246.04 

[M]+ (Exact Mass: 246.0845). Anal. Calcd. for C18H11F: C, 87.78; H, 4.50; Found: C, 

86.1; H, 4.5. 

 

4-Bromo-1-fluorobenzo[c]phenanthrene (5g) 

 

 

 

Compound 5g was synthesized from compound 4g according the general procedure 

3.2.4. White solid (yield 50 %). Rf = 0.34 (hexane). 1H-NMR (CDCl3, 300 MHz) δ = 7.12 

- 7.21 (m, 1H), 7.49 - 7.59 (m, 2H), 7.69 - 7.77 (m, 1H), 7.78 - 7.86 (m, 2H), 7.87 - 

7.95 (m, 2H), 8.08 - 8.28 (m, 2H). 13C-NMR (CDCl3, 75 MHz) δ = 112.87 (d, J = 25.74), 

117.42 (d, J = 3.47), 120.3 (d, J = 13.67), 124.44 (d, J = 3.25), 125.17 (d, J = 2.94), 

125.56, 125.93 (d, J = 2.19), 126.29, 127.47, 129.09, 129.22, 129.57 (d, J = 16.9), 

129.83 (d, J = 3.4), 130.21 (d, J = 8.99), 131.82, 132.93, 133.35 (d, J = 4.45), 158.85 

(d, J = 254.41). Crystal Data: monoclinic; space group P 21/c; a = 7.2750(8), b = 

11.6037(12), c = 15.4111(16) Å; β = 91.147(2), V = 1300.7(2) Å3, Z = 4; 2θmax = 

54.26°; -9<h<9, -14<k<14, -19<l<19; λ=0.71073 Å; T=137(2) K; final R value 0.0369 

(Rw = 0.1030). CCDC-743279.  

 

1-Fluorobenzo[c]phenanthrene (5h) 
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Compound 5h was synthesized from compound 5g. 1 g, (3.1 mmol ) of 4-bromo-1-

fluorobenzo[c]phenanthrene were dissolved in 50 mL of anhydrous THF. All 

procedures were carried out under argon atmosphere. The mixture was cooled to – 

78 oC and stirred while n-butyllithium (3.1 mmol) was added dropwise. The reaction 

was quenched after 3 min by addition of 3 mL of cooled acetic acid. The reaction 

mixture was heated to room temperature. Afterwards H2O was added to the 

reaction mixture and the product was extracted with DCM, dried over Na2SO4 and 

evaporated. The compound was purified chromatographically (silica gel, PE). White 

solid (yield 66 %). Rf = 0.25 (hexane). M.p. 85.0-85.4 °C. 1H-NMR (CDCl3, 300 MHz) δ 

= 7.31 (td, J1 = 2.42, J2 = 8.32, 1H), 7.49 - 8.09 (m, 8H), 8.73 (dd, J1 = 2.1, J2 = 12.37, 

1H), 8.99 (d, J = 8.34, 1H). 13C-NMR (CDCl3, 75 MHz,): δ 112.46 (d, J = 23.4), 115.16 

(d, J = 24.23), 126.01, 126.19 (d, J = 2.42), 126.51, 126.66, 126.72, 126.77, 127.08 (d, 

J = 1.06), 127.11, 128.09, 128.70, 130.29, 130.6 (d, J = 9.13), 131.37 (d, J = 8.83), 

131.53, 133.4, 161.45 (d, J = 244.15). LDI-TOF MS: m/z = 246.06 [M]+ (Exact Mass: 

246.0845). Anal. Calcd. for C18H11F: C, 87.78; H, 4.50; Found: C, 87.3; H, 4.4. 

 

2,3,4,5-Tetrafluorobenzyltriphenylphosphonium bromide (3i)  

 

 

 

The compound 3i was obtained according the general procudere 3.2.1. 10.0 g (41.2 

mmol) of 2,3,4,5-tetrafluorobenzylbromide and 11.8 g (45.0 mmol) 

triphenylphosphine were dissolved in 50 mL of toluene. The product was obtained 

as a white powder, 20.8 g (97 %). The resulting phosphonium salt was used in the 

next step without additional purification. 
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cis-2-[2-(2,3,4,5-Tetrafluorophenyl)ethenyl]-naphthalene (25)  

 

F

F

F

F

 

 

Compound 25 was obtained according the general procedure 3.2.3. using 9.78 g 

(19.4 mmol) of 2,3,4,5-tetrafluorobenzyltriphenylphosphonium bromide, 2.17 g 

(19.4 mmol) of KOtBu and 3.03 g (19.4 mmol) of 2-naphthaldehyde and 300 mL of 

absolute ethanol. 5.1 g (87 %) (mixture of cis/trans isomers). Rf cis (hexane) = 0.20, 

Rf trans (hexane) = 0.23. The pure cis isomer (2.3 g, 39 %) was obtained after 

grinding under hexane and filtration. White solid.  1H-NMR (CDCl3, 300 MHz) d = 

7.09 - 7.22 (m, 3H), 7.38 - 7.44 (m, 2H), 7.6 - 7.69 (m, 1H), 7.71 - 7.88 (m, 4H). 13C-

NMR (CDCl3, 75 MHz,): d = 118.23, 123.2, 26.53, 126.6, 127.67, 127.74, 128.18, 

128.61. 133.06 (d, J = 4.5), 133.51 (d, J = 2.9), 133.62. 

 

1,2,3,4-Tetrafluorobenzo[c]phenanthrene (26)  

 

 

 

Compound 26 was obtained according the general procedure 3.2.4. 1 g (3.3 mmol) 

of 25 (cis isomer) were dissolved in 400 mL of cyclohexane, 0.94 g of iodine ( 3.7 

mmol)  and  propylene oxide (4.8 mL) were added. The product was obtained with 

43 % yield (0.44 g). White solid. Rf (hexane) = 0.24. m.p. 153.1-153.2 oC. 1H-NMR 
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(CDCl3, 300 MHz) d= 7.58 (dd, J1 = 3.34, J2 = 5.9, 2H), 7.75 (d, J = 8.6, 1H), 7.82 (d, J = 

8.8, 1H), 7.78 - 7.98 (m, 2H), 7.99 - 8.05 (m, 1H), 8.06 - 8.19 (m, 1H). 13C-NMR 

(CDCl3, 75 MHz,): d = 125.20, 125.56, 125.76, 126.68, 127.58, 127.6, 128.51, 128.86, 

129.09, 129.55 (Figure 3.3). LDI-TOF MS: m/z = 300.06 [M]+ (Exact Mass: 300.0562). 

UV spectrum see in Figure 3.4. 

 

 

 

Figure 3.3. 1H- and 13C-spectra of 1,2,3,4-tetrafluorobenzo[c]phenanthrene (26). 



133 
 

 

2 5 0 .0 2 7 5 .0 3 0 0 .0 3 2 5 . 0 3 5 0 . 0 3 7 5 .0 n m

0

5 0

1 0 0

1 5 0

2 0 0

2 5 0

3 0 0

3 5 0

4 0 0

4 5 0

5 0 0

5 5 0

6 0 0

6 5 0

7 0 0

7 5 0

8 0 0

8 5 0

9 0 0

m AU

2
8

6

2
7

6

3
1

7

3
5

9

 

3 50.0 37 5.0 40 0.0 n m

0

10

20

30

40

50

60

70

80

90

1 00

1 10

1 20

1 30

1 40

1 50

1 60

1 70

1 80

1 90

m AU

36
0

 

 

Figure 3.4. UV- spectra of 1,2,3,4-tetrafluorobenzo[c]phenanthrene (26). 

 

3,4,5-Trifluorobenzo[ghi]fluoranthene (27)  

 

 

 

Compound 27 was obtained according the general procedure 3.2.5. 50 mg of 26 

was subjected to FVP at 1100 oC (p = 0.2 bar). The target compound was obtained 

with 60% yield according to HPLC data (yield is given as a molar concentration in 

pyrolyzate). Small amounts of 27 were separated for analytical purpose by means of 

HPLC (Buckyprep, Toluene:Methanol 1:1). Yellow needle. 1H-NMR (CD2Cl2, 300 MHz) 

d = 7.7 (dd, J1 = 7.1, J2 = 8.1, 1H), 7.87 - 8.02 (m, 5H), 8.12 (d, J = 7.0, 1H). 13C-NMR 

(CD2Cl2, 75 MHz,): d = 120.28, 125.26, 125.49, 125.67, 126.98, 127.65, 128.12, 
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129.12, 132.72 (Figure 3.5). 19F-NMR (CD2Cl2, 35 MHz) d = -160.74 (dd, J1 = 12.6, J2 = 

17.0), -139.12 (dd, J1 = 12.6, J2 = 9.2), -126.85 (dd, J1 = 9.2, J2 = 17.0) (Figure 3.6). 

LDI-TOF MS: m/z = 280.05 [M]+ (Exact Mass: 280.0500). UV spectrum see in Figure 

3.7 

 

 

 

 

 

Figure 3.5. 1H- and 13C-NMR spectra (CDCl2) of 3,4,5-trifluorobenzo[ghi]fluoranthene (27). 
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Вставить картинки спектров из SI к статье! 

 

 

 

 

Figure 3.6. 19F-NMR experimental (CD2Cl2) and predicted (DFT B3LYP 6-311G(d,p) CSGT) 

spectra of 3,4,5-trifluorobenzo[ghi]fluoranthene (27) and F-F coupling constants. 
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Figure 3.7. UV-spectra of 1,2,3,4-tetrafluorobenzo[c]phenanthrene (27). 

 

 

3-(3,4,5-Trifluoro)propionic acid (30) 

 

 

 

1.0 g (44 mmol) of metallic sodium was dissolved in 50 mL of absolute ethanol. 7.13 

g (45 mmol) of diethylmalonate were added to the stirred solution of sodium 



137 
 

ethoxide obtained. After gradual addition of 10.0 g (44.4 mmol) of 

trifluorobenzylbromide the mixture was reflux for 2 h and cooled down. The sodium 

bromide was filtered out and the major part of ethanol was removed in vacuo. The 

residue was distilled under reduced pressure. The colorless oil obtained was mixed 

with aqueous KOH (5 g KOH in 10 mL H2O) and reflux for 3 h. Afterwards the ethanol 

formed was removed under diminished pressure, 5 mL of H20 and 25 mL of 5M 

H2SO4 were added additionally and the resulting mixture was refluxed for 5 h. After 

cooling the mixture was diluted with 50 mL of water, three times extracted with 

Et2O, dried over MgSO4 and evaporated. The yellowish oil had crystallized during 

cooling. The product was filtered, washed with hexane and dried. White crystalline 

powder (3.1 g, 32 % yield). 1H-NMR (CDCl3, 300 MHz) δ = 2.5-2.6 (m, 2H), 2.8-2.9 (m, 

2H), 6.7-6.8 (m, 2H). Rf  = 0.29 (DCM). 

 

5,6,7-Trifluoro-1-indanone (31с) 

 

 

 

2.8 g (12.8 mmol) of 30 and 25 mL of polyphosphoric acid were stirred for 24 h at 80 

oC. After cooling down the mixture was diluted with 50 mL of water and extracted 

with DCM. The extract was dried over MgSO4 and evaporated. The crude product 

was purified chromatographically using DCM as an eluent. White solid 1.0 g (40 % 

yield). Rf = 0.40 (DCM). 1H-NMR (CDCl3, 300 MHz) δ = 2.68 (t, J = 6.1, 2H), 3.05 (t, J = 

5.7, 2H), 7.00 (t, J = 6.8, 1H). 13C-NMR (CDCl3, 75 MHz) δ = 25.76, 37.11, 110.08 (dd, 

J1 = 4.5, J2 = 18.1). LDI-TOF MS: m/z = 186.03 [M]+ (Exact mass: 186.0292). 
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6,11,16-Trifluorotruxene (32a)  

 

F

F

F

 

 

4.5 g (30 mmol) of commercially available 7-fluoro-1-indanone (31a) were added to 

a mixture of 20 mL of acetic acid and 10 mL of concentrated (34 %) HCl and stirred 

for 36 h at 100 o C. After cooling down the mixture was poured into ice. The solid 

was filtered, washed with water, acetone, and DCM to give a white powder. White 

solid (1.1 g, 27% yield). 1H-NMR (C2Cl4D2, 300 MHz) δ = 4.37 (s, 6H), 7.03 (t, J = 10.6, 

3H), 7.17-7.3 (m, 3H), 7.3-7.45 (m, 3H) (Figure 3.8). 19F-NMR (C2Cl4D2, 235 MHz) δ = -

112.5 (sex, J = 6.01) (Figure 3.9). LDI-TOF MS: m/z¼395.04 [M-H]- (Exactmass: 

395.1048). 

 

Figure 3.8.
 1H-NMR of 6,11,16-trifluorotruxene (32a) (300 MHz, C2Cl4D2). 
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Figure 3.9.
 19F-NMR of 6,11,16-trifluorotruxene (32a) (235 MHz, C2Cl4D2, 120 oC). 

 

 

6,8,11,13,16,18-Hexafluorotruxene (32b) 

 

 

 

Method 1: 

A mixture of 5,7-difluoro-1-indanone (1 g, 5.95 mmol), p-toluenesulfonic acid 

monohydrate (3.45 g, 20.8 mmol), propionic acid (1.54 mL, 20.55 mmol) and o-

dichlorobenzene (5 mL) was transferred in round-bottom flask. The mixture was 

heated at 110 oC for 16 h. After cooling down the mixture was poured into 50 mL of 

methanol containing aqueous KOH. The precipitate was filtrated, washed with 
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methanol, H2O, acetone, DCM and petroleum ether resulting in a greenish powder 

(0.52 g). Recrystallization from boiling o-xylene gave a product as a white powder 

(0.28 g, 31 % yield). 

 

Method 2: 

200 mg of 5,7-trifluoro-1-indanone, 6 mL of o-dichlorobenzene  and 0.72 mL of TiCl4 

(6 molar equivalents) were transferred in a glass ampoule. The ampoule was 

evacuated and sealed by melting while the reaction mixture was frozen by liquid 

nitrogen to prevent the solvent from evaporation. The ampoule was heated at 180 

oC for 20 h. After cooling down the ampoule was opened and the mixture was 

poured into 50 mL of acetone. The precipitate was filtrated, washed with acetone, 

DCM and petroleum ether. Pink crystals (92 mg, 52 % yield). 1H-NMR (C2Cl4D2, 250 

MHz, 120 oC) δ = 4.38 (d, J = 5.75, 6H), 6.81 (t, J = 10.25, 3H), 7.10 (d, J = 7.25, 3H) 

(Figure 3.10). 19F-NMR (C2Cl4D2, 235 MHz, 120 oC) δ = -112.04 (q, J = 7.29), δ = -109.2 

(sex, J = 5.88) (Figure 3.11). LDI-TOF MS: m/z = 449.07 [M-H]- (Exact mass: 

449.0765). 

 

 

Figure 3.10.
 1H-NMR of 6,8,11,13,16,18-hexafluorotruxene (32b) (250 MHz, C2Cl4D2, 120 

oC). 
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Figure 3.11.
 19F-NMR of 6,8,11,13,16,18-Hexafluorotruxene (32b) (235 MHz, C2Cl4D2,  

120 oC). 

 

 

6,8,9,11,12,13,16,17,18-Nonafluorotruxene (32c) 

 

 

 

32c was synthesized analogously to 32b (route 2) starting from 5,6,7-trifluoro-1-

indanone. The mixture was heated at 170 oC for 16 h. Pink crystals (50 mg, 45 %). 

1H-NMR (C2Cl4D2, 250 MHz, 120 oC) δ = 4.35 (d, J = 5.75, 6H), 7.19 (t, J = 7.25, 3H) 
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(Figure 3.12). 19F-NMR (C2Cl4D2, 235 MHz, 120oC) δ = -166.57 (td, J1= 6.03, J2= 19.6), 

δ = -152-(-141) (m) (Figure 3.13). LDI-TOF MS: m/z = 503.03 [M-H]- (Exact mass: 

503.0482). 

 

 

Figure 3.12. 
1H-NMR of 6,8,9,11,12,13,16,17,18-nonafluorotruxen (32c) (250 MHz, C2Cl4D2, 

120 oC). 

 

Figure 3.13. 
19F-NMR of 6,8,9,11,12,13,16,17,18-nonafluorotruxen (32c) (235 MHz, C2Cl4D2, 

120 oC). 
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2-(2,3-Dihydro-5,7-difluoro-1H-inden-1-ylidene)-2,3-dihydro-5,7-difluoro-1H-

inden-1-one (Dimer of 5,7-difluoro-1-indanone) (33) 

 

 

 

5.0 g (29.7 mmol) of 5,7-difluoro-1-indanone were added to a mixture 20 mL of 

acetic acid and 10 mL of concentrated HCl. The mixture was stirred for 72 h at 100 

oC, cooled down and poured into ice. The solid precipitate was filtered, washed with 

water, acetone and DCM to give a white powder (2.1 g. 44 % yield). 1H-NMR (CDCl3, 

300 MHz) δ = 3.01 (t, J = 6.28, 2H), 3.5 (t, J = 6.1, 2H), 3.95 (d, J = 5.35, 2H), 6.6 - 6.8 

(m, 2H), 6.88 (d, J = 7.6, 1H), 6.94 (d, J = 6.25, 1H) (Figure 3.14). 19F-NMR (C2Cl4D2, 

235 MHz, 120 oC) δ = -112.8 (dd, J1 = 9.6, J2 = 2.6), δ = -105.3 (q, J = 8.9), δ = -100.5 

(7, J = 5.2), δ = -100.1 (dt, J1 = 8.9, J2 = 12) (Figure 3.15), LDI-TOF MS: m/z = 319.06 

[M+H]+ (Exact mass: 319.2783). 

 

 

Figure 3.14. 
1H-NMR of 2-(2,3-dihydro-5,7-difluoro -1H-inden-1-ylidene)-2,3-dihydro-5,7-

difluoro- 1H-Inden-1-one (300 MHz, C2Cl4D2). 
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Figure 3.15. 
19F-NMR of of 2-(2,3-dihydro-5,7-difluoro-1H-inden-1-ylidene)-2,3-dihydro-

5,7-difluoro-1H-Inden-1-one (235 MHz, C2Cl4D2, 120 oC). 
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C60H27F3 (35) 

 

 

 

THF was refluxed over KOH and distilled over metallic sodium. THF was degassed 

using ”freeze-thaw-pump” technique and additionally distilled under reduced 

pressure before use. All follow-up manipulations were carried out under argon 

atmosphere using Schlenk technique. 100 mg (0.25 mmol) of 32a were suspended 

in 10 mL of THF. 0.5 mL of 1.6M n-BuLi in hexane (0.8 mmol) was slowly added to 

the mixture at -78 oC. After stirring for about 40 min, the mixture was slowly 

warmed to 0 oC. After 1 h the solution of 1-bromo-2-bromomethylnaphthalene 250 

mg (0.83 mmol) in THF (15 mL) was drop-wise added to the red solution of truxene 

trianione. The resulting mixture was stirred for 2 h and diluted with EtOAc, washed 

with saturated aqueous NaCl solution, dried over Na2SO4 and concentrated. The 

product was precipitated through addition of hexane, filtered and dried, resulting in 

compound 34 wich was used without additional purification (mixture of syn/anti 

isomers). White powder (162 mg, 61 %). 1H-NMR aliphatic/aromatic proton ratio 

1/3. Rf1 = 0.21, Rf2 = 0.30 (CCl4 : hexane 1 : 1). The mixture of 150 mg of 34, Pd(OAc)2 

(45 mg), trimethylbenzylammoniumbromide (70 mg), Cs2CO3 (500 mg) and 10 mL of 

dimethylacetamide was stirred at 140 oC for 72 h. The mixture was cooled and solid 

was filtered off, washed with DCM, acetone and water. The solid obtained was 

suspended in aqueous NaCN and stirred for 3 h, filtered off and washed with water, 

acetone and DCM to give 35 as yellow solid (83 mg, 67 %). LDI-TOF MS: m/z = 804.2 
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[M]+ (Exact mass: 804.20648) (Figure 3.16). UV: λmax (1,2,4-trichlorobenyene)/[nm] 

322, 371, 390, 408, 521. Mp > 300 oC. 

 

 

Figure 3.16. LDI mass spectrum of 35 (C60H27F3) (positive mode). 

 

 

(E/Z)-2-[2-(3,5-Difluorophenyl)-propen-1-yl]-naphthalene  (37a) 

 

 

 

Compound 37a was obtained from 3,5-difluoroacetothenon using general method 

3.2.3. 
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(E/Z)-2-[2-(3,4,5-Trifluorophenyl)-propen-1-yl]-naphthalene  (37b) 

 

 

 

Compound 37b was obtained from 3,4,5-trifluoroacetothenon using general 

method 3.2.3. 

 

1,3-Difluoro-5-methylbenzo[c]phenanthrene (38a) 

 

 

 

8.0 g (28.6 mmol) of 37a as a mixture of cis/trans isomers were dissolved in 350 mL 

of cyclohexane. The resulting solution was placed in a 500 W water cooled quartz 

photochemical reactor and 8.0 g (31.4 mmol) of iodine were then added. Argon was 

bubbled through the stirred solution for 15 min before excess of propylene oxide 

(40 mL) was added. After irradiation for 20-30 h the color of iodine had 

disappeared. The mixture was washed with aqueous Na2S2O3 to remove residual 

iodine traces, concentrated in vacuo, and then purified by flash chromatography on 

silica gel. The mixture of light petroleum and DCM 1:1 was used as an eluent. The 

targeted compound was obtained with 67 % yield as a white solid (5.2 g). Rf = 0.17 

(Hexane). 1H-NMR (CDCl3, 300 MHz) δ = 2.68 (s, 2H), 7.08 - 7.2 (m, 1H), 7.48 - 7.7 (m, 

5H), 7.82 - 7.95 (m, 2H), 8.08 - 8.22 (m, 1H). 13C-NMR (CDCl3, 75 MHz) δ = 19.83, 
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102,37 (t, J = 28.2), 104.89 (dd, J1 = 3.5, J2 = 21), 124.97 (d, J = 2.86), 125.44, 125.8, 

127.48, 128.37, 128.96, 129.11, 129.34. 

 

1,2,3-Trifluoro-5-methylbenzo[c]phenanthrene (38b)  

 

F F

F  

 

38b was synthesized analogously to 38a starting from 5.25 g (17.86 mmol) of 37b. 

White solid 3.25 g (65 % yield). Rf = 0.45 (Hexane:DCM, 2:1). 1H-NMR (CDCl3, 300 

MHz) δ = 2.66 (s, 3H), 7.48 - 7.72 (m, 5H), 7.86 - 7.94 (m, 2H), 8.07 - 8.2 (m, 1H). 13C-

NMR (CDCl3, 75 MHz) δ = 19.65, 106.02 (dd, J1 = 3.7, J2 = 17.3), 125.29 (d, J = 2.9), 

125.97, 127.56, 128.3 (broad), 128.66, 128.89, 128.93. 

 

1,3-Difluoro-5-(bromomethyl)benzo[c]phenanthrene (39a) 

 

 

 

4.65 g (16.7 mmol) of 38a and 2.98 g (16.7 mmol) of NBS with catalytic amount of 

dibenzoyl peroxide (5 mg) were dissolved in 70 mL of CCl4. According to the general 

procedure 3.2.1. a grayish solid (4.1 g, 68 % yield) was obtained. Rf (Hexane:DCM, 

1:1) = 0.76. 1H-NMR (CDCl3, 300 MHz) δ = 4.9 (s, 2H), 7.1 - 7.22 (m, 1H), 7.48 - 7.6 

(m, 2H), 7.63 - 7.74 (m, 2H), 7.82 - 7.95 (m, 3H), 8.08 - 8.22 (m, 1H). 13C-NMR (CDCl3, 
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75MHz) δ = 31.36, 103.14 (t, J = 27.8), 105 (dd, J1 = 3.8, J2 = 21.4), 125.31 (d, J = 

3.02), 125.44, 126.63, 127.56, 128.84, 129.34, 129.59, 130.56, 133.28.  

 

1,2,3-Trifluoro-5-(bromomethyl)benzo[c]phenanthrene (39b) 

 

 

 

39b was synthesized analogously to 39a starting from 3.2 g (11.0 mmol) of 38b. 

Yellowish solid (2.9 g, 72 % yield). Rf (Hexane:DCM, 2:1) = 0.40. 1H-NMR (CDCl3, 300 

MHz) δ = 4.87 (s, 2H), 7.49 - 7.6 (m, 2H), 7.68 (d, J = 8.5, 2H), 7.76 - 7.86 (m, 2H), 

7.87 -7.94 (m, 2H), 8.03 -8.19 (m, 2H). 13C-NMR (CDCl3, 75 MHz) δ = 30.99, 106.23 

(dd, J1 = 3.6, J2= 18) 125.43, 125.63 (d, J = 2.9), 126.8, 127.65 (d, J = 1.1), 128.91, 

129.14, 129.40, 129.83, 130.9 (broad), 133.19.  

 

1,3-Difluorobenzo[c]phenanthrene-5-acetonitrile (40a) 

 

 

 

3.85 g (11 mmol) of 39a were dissolved in mixture of 200 mL of EtOH and 20 mL of 

H2O. 600 mg (12 mmol) of NaCN were added and the solution was refluxed for 24 h, 

diluted with H2O and extracted with DCM. The extract was washed with H2O, dried 

over Na2SO4 and evaporated in vacuo resulting in an orange oil. The oil was purified 

by chromatography using a mixture of DCM and petroleum 1:1 as eluent. Yellow 
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solid (2.5 g, 75 % yield) Rf (Hexane:DCM, 1:1) = 0.20; 1H-NMR (DMSO-D6, 300 MHz) δ 

= 4.51 (s, 2H), 7.6 - 7.7 (m, 2H), 7.7 - 7.81 (m, 1H), 7.88 - 7.97 (m, 1H), 7.99 - 8.05 (m, 

1H), 8.06 - 8.22 (m, 4H). 13C-NMR (DMSO-D6, 75 MHz) δ = 21.17, 103.71 (t, J = 28.1), 

105.30 (dd, J1 = 3.7, J2 = 22.1), 118.76, 125.64 (d, J = 2.88), 126.43 (dd, J1 = 3.1, J2 = 

7.8), 126.77, 127.78, 128.81 (d, J = 3.2), 128.93, 129.11, 129.15, 129.26, 130.38, 

132.82. 

 

1,2,3-Trifluorobenzo[c]phenanthrene-5-acetonitrile (40b) 

 

 

 

40b was synthesized analogously to 40a starting from 2.7 g (7.2 mmol) of 39b. 

White solid (1.95 g, 85 % yield) Rf = 0.16 (Hexane:DCM, 1:1). 1H-NMR (CDCl3, 300 

MHz) δ = 4.10 (s, 2H), 7.49 - 7.61 (m, 3H), 7.71 - 7.79 (m, 1H), 7.90 - 8.0 (m, 3H), 8.08 

- 8.20 (m, 1H). 13C-NMR (CDCl3, 75 MHz) δ = 22.07, 104.74 (d, J = 3.47), 104.88 (d, J = 

3.84), 106.65, 116.70, 125.4, 125.71, 125.83, 126.85, 127.71, 128.8, 128.93, 129.02, 

129.7, 130.87, 133.16. 

 

1,3-Difluorobenzo[c]phenanthrene-5-acetic acid (41a) 
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2.5 g (8 mmol ) of 40a were dissolved in mixture of acetic acid (60 mL), H2SO4 (40 

mL) and water (40 mL). The mixture was heated under stirring at 120 °C for 24 h. 

After cooling down, 100 mL of H2O were added and the product was filtrated, 

washed with H2O and dried. Purification of the crude product was performed by 

dissolution in DCM, addition of active carbon followed by filtration. The product was 

precipitate by addition of hexane, filtered and dried. Grey solid (2.3 g, 90% yield). Rf 

= 0.36 (EtOAc:DCM, 1:2). 1H-NMR (CDCl3, 300 MHz) δ = 4.06 (s, 2H), 7.08 - 7.18 (m, 

1H), 7.48 - 7.58 (m, 3H), 7.68 – 7.75 (m, 2H), 7.88 - 7.95 (m, 2H), 8.09 - 8.2 (m, 1H). 

13C-NMR (CDCl3, 75 MHz) δ = 38.71, 125.14, 125.18, 125.42, 126.32, 127.53, 128.70, 

129.3, 129.52, 131.12. 

 

1,2,3-Trifluorobenzo[c]phenanthrene-5-acetic acid (41b) 

 

 

41b was synthesized analogously to 41a starting from 1.95 g (6.07 mmol) 40b. Grey 

solid (1.73 g, 84 % yield) Rf = 0.33 (EtOAc:DCM, 1:2). 1H-NMR (DMSO-D6, 300 MHz) δ 

= 3.38 (s, 2H), 6.78 - 6.89 (m, 2H), 7.1 - 7.19 (m, 2H), 7.2 - 7.48 (m, 4H). 13C-NMR 

(DMSO-D6, 75 MHz) δ = 39.02, 107.91 (d, J = 18.3), 126.32, 127.16, 128.36, 129.13, 

129.35, 129.94, 130.59, 131.15, 131.9, 133.11, 172.9. 

 

1,3-Difluorobenz[l]acephenanthrylen-4(5H)-one (42a) 
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2.3 g (7.2 mmol) of 41a were stirred with more than 10 times excess of SOCl2 (10 

mL) for 2 h at 65 °C. After cooling down SOCl2 was evaporated and a yellow-brown 

oil was obtained. The oil was dissolved in DCM (20 mL) and 1.43 g of AlCl3 (11 mmol) 

were added in small portions while stirring. A black solution obtained was stirred for 

3 h and than poured into ice resulting in an orange mass. After extraction with DCM 

the solution was dried over Na2SO4 and evaporated. The crude product was purified 

by chromatography using DCM as eluent. White solid (0.66 g, yield 30 %). Rf (DCM) = 

0.53. 1H-NMR (CDCl3, 300 MHz) δ = 3.88 (s, 2H), 7.21 - 7.29 (m, 1H), 7.57 - 7.68 (m, 

2H), 7.78 - 7.84 (m, 2H), 7.91 - 8.02 (m, 2H), 8.25 - 8.4 (m, 1H). 13C-NMR (CDCl3, 75 

MHz) δ = 42.08, 124.75, 125.64 (d, J = 2.88), 126.62, 127.74, 128.89, 129.14, 129.2. 

 

1,2,3-Trifluorobenz[l]acephenanthrylen-4(5H)-one (42b) 

 

 

 

42b was synthesized analogously to 42a starting from 1.38 g (3.85 mmol) of 41b. 

Cream solid (0.3 g, 23 % yield). Rf (DCM) = 0.47. 1H-NMR (CDCl3, 300 MHz) δ = 3.87 

(s, 1H), 7.58 - 7.67 (m, 2H), 7.72 - 7.82 (m, 2H), 7.91 - 8.2 (m, 2H), 8.22 - 8.39 (m, 

2H). 13C-NMR (CDCl3, 75 MHz) δ = 41.58, 124.08, 125.96, 126.63, 126.80, 127.86, 

128.48, 129.78.  
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C60H27F6  (43a) 

F

F

F

F

F

F

 

 

20 mg of indanone 42a, 1.5 mL of o-dichlorobenzene and 0.045 mL of TiCl4 (6 molar 

equivalents) were transferred in a glass ampoule and sealed. The ampule was 

heated at 180 oC for 20 h. After cooling down the glass ampoule was opened and 

the mixture was poured into 50 mL of acetone. The precipitate was filtered, washed 

with acetone, DCM and petroleum ether resulting in orange-brown solid (12 mg, 57 

% yield.). LDI-TOF MS: m/z = 858.2 [M]+ (Exact mass: 858.1782) (Figure 3.17). UV: 

λmax (1,2,4-trichlorobenzene)/[nm] 324, 373, 415. Mp > 300 oC. 

 

Figure 3.17. LDI mass spectrum of 43a (C60H24F6) (positive mode). 
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C60H21F9 (37b)  

 

 

43b was synthesized analogously to 43a starting from 20 mg of 42b. Orange solid 

(16 mg, 85 % yield.). LDI-TOF MS: m/z = 912.2 [M]+ (Exact mass: 912.14995) (Figure 

3.18). UV: λmax (1,2,4-trichlorobenzene)/[nm] 322, 374, 410. Mp > 300 oC. 

 

 

 

Figure 3.18. LDI mass spectrum of 43b (C60H21F9) (positive mode). 
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Benzo[ghi]fluoranthene (6) 

 

 

Compound 6 was synthesized from compound 5h according the general procedure 

3.2.6. The NMR analysis is in agreement with reported data.[4] 

 

2,5-Difluorobenzyltriphenylphosphonium salt 

 

 

 

Compaund 44 was synthesized according the general procedure 3.2.2. and was used 

for the next step without additional separation. 

 

(E/Z)-2-[1-Methyl-2-(2,5-difluorophenyl)ethenyl]-naphthalene (45) 

 

F

F

 

 

Compound 45 was synthesized according the general procedure 3.2.3. 20 g (43.7 

mmol) of (2,5-difluorobenzyl)triphenylphosphonium bromide, 4.9 g (43.7 mmol) of 
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t-BuOK, 7.43 g (43.7 mmol) of 2-acetonaphthone and 400 mL of absolute ethanol 

were used. The product was obtained as a mixture of cis/trans isomers. White solid, 

7.2 g (60 %). The mixture was used in the next step without additional purification. 

 

1,4-Difluoro-6-methylbenzo[c]phenanthrene (46) 

 

 

 

Compound 46 was obtained according the general procedure 3.2.4. 7.2 g (25.7 

mmol) of 45 and 400 mL of cyclohexane were used. Yellow Solid, 6.4 g (89 %). Rf 

(hexane:DCM 3:1) = 0.62. 1H-NMR (300 MHz, CD2Cl2) δ 8.24 – 8.11 (m, 1H), 8.03 – 

7.91 (m, 4H), 7.61 – 7.49 (m, 2H), 7.28 – 7.12 (m, 2H), 2.77 (s, 3H). 13C-NMR (75 

MHz, CD2Cl2) 155.40 (dd, J = 248.7, 2.8 Hz), 154.76 (dd, J = 245.4, 2.6 Hz), 134.77 

(dd, J = 2.0, 1.3 Hz), 132.40 (d, J = 42.3 Hz), 130.02 (d, J = 16.8 Hz), 129.97 (d, J = 3.0 

Hz). 128.92 (s), δ 127.35 (d, J = 1.3 Hz), 126.47 (d, J = 0.9 Hz), 125.20 (d, J = 2.9 Hz), 

124.66 (dd, J = 3.8, 2.2 Hz), 124.07 (dd, J = 17.0, 5.0 Hz ) 121.97 (s), 118.77 (d, J = 4.2 

Hz), 111.55 – 110.54 (m), 20.34 (s). LDI-TOF MS: m/z = 278.11 [M]+ (Exact mass: 

278.0907).  

 

3-Fluoro-1-methylbenzo[ghi]fluoranthene (47) 
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Compound 47 was synthesized from compound 46 according the general procedure 

3.2.6. 1H-NMR (300 MHz, CD2Cl2) δ 7.98 – 7.78 (m, 5H), 7.69 (q, J = 1.2 Hz, 1H), 7.58 

(dd, J = 8.1, 7.0 Hz, 1H), 7.12 (dd, J = 11.6, 7.6 Hz, 1H), 2.73 (d, J = 1.2 Hz, 3H). 13C-

NMR (75 MHz, CD2Cl2) δ 159.13 (d, J = 259.2 Hz), 137.24, 135.36, 134.60 (d, J = 8.3 

Hz), 133.66, 133.05, 132.10, 128.77, 128.01, 127.28, 126.00, 123.70 (d, J = 7.9 Hz), 

123.31 (d, J = 1.0 Hz), 123.00 (d, J = 3.7 Hz), 119.03, 117.65 (d, J = 18.6 Hz), 112.78 

(d, J = 22.7 Hz),  18.81. LDI-TOF MS: m/z = 258.09 [M]+ (Exact mass: 258.0845). HPLC 

profile and UV spectra see in Figure 3.19. 

 

 

 

Figure 3.19. HPLC profile of the compound 47 as obtained after reaction (200 oC, 2 h). 5PYE 

column, toluene:MeOH 1:4 as eluent. (inset) UV-Vis spectrum of 47 (toluene/MeOH). 
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3-Bromobenzo[ghi]fluoranthene (48) 

 

 

Compound 48 was synthesized from 5g according the general procedure 3.2.6. 1H-

NMR (300 MHz, CD2Cl2) δ 8.06 (d, J = 7.0 Hz, 1H), 8.01 – 7.87 (m, 6H), 7.80 (d, J = 7.4 

Hz, 1H), 7.68 – 7.61 (m, 1H). 13C-NMR (75 MHz, CD2Cl2) δ 137.09, 136.80, 131.58, 

131.43, 128.99, 128.14, 127.92, 127.60, 127.33, 127.00, 126.62, 125.68, 125.16, 

124.79, 124.74, 124.03, 121.63, 106.75. LDI-TOF MS: m/z = 304.04 [M]+ (Exact mass: 

303.9888). HPLC profile and UV spectra see in Figure 3.20. 

 

 

Figure 3.20. HPLC profile of the compound 48 as obtained after reaction (200 oC, 40 min). 

5PYE column, toluene:MeOH 1:4 as eluent. (inset) UV-Vis spectrum of 48 (toluene/MeOH). 
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1,4-Difluoro-6-bromomethylbenzo[c]phenanthrene (49) 

 

 

 

Compound 49 was synthesized from 6.4 g (23 mmol) of 46 according the general 

procedure 3.2.1. White solid, 8,0 g (97.4 %). Rf (hexane:DCM 3:1) = 0.5. 1H-NMR 

(300 MHz, CD2Cl2) δ 8.23 – 7.85 (m, 5H), 7.62 – 7.48 (m, 2H), 7.31 – 7.12 (m, 2H), 

4.99 (s, 2H). 13C-NMR (75 MHz, CD2Cl2) δ 155.23 (dd, J = 247.8, 10.4 Hz), 133.66 (s), 

132.84 (s), 130.07 (s), 129.98 (s), 129.85 (s), 127.46 (s), 126.96 (s), 125.64 (s), 125.47 

(s), 120.79 (d, J = 6.3 Hz), 113.17 (dd, J = 27.7, 9.0 Hz), 111.45 (dd, J = 23.2, 9.5 Hz), 

32.01 (s).  

 

1,4-difluoro-6-(2-phenylethenyl)-benzo[c]phenanthrene (50) 

 

 

 

Compound 50 was synthesized according the general procedure 3.2.3. 11.3 g (18.3 

mmol) of 1,4-difluoro-6-bromomethyl-benzo[c]phenanthrenyl 

triphenylphosphonium bromide, 2.05 g (18.3 mmol) of t-BuOK and 1.93 g (18.3 

mmol) of benzaldehyde were used. The product was obtained as a mixture of 

cis/trans isomers 4.1 g (58 %) and was used in the next step without additional 

purification. 
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13,16-Difluorobenzo[s]picene (51) 

 

 

 

Compound 51 was synthesized according the general procedure 3.2.4. 4 g (11 

mmol) of 50 and 400 mL of cyclohexane were used. White solid, 3.34 g (89 %). Rf 

(hexane:DCM 3:1) = 0.45. 1H-NMR (300 MHz, CD2Cl2) δ 8.50 (d, J = 8.9 Hz, 2H), 8.19 

– 8.10 (m, 2H), 8.07 (d, J = 8.9 Hz, 2H), 7.92 (dd, J = 5.6, 3.8 Hz, 2H), 7.52 (dd, J = 6.2, 

3.3 Hz, 4H), 7.33 (t, 2H). 13C-NMR (75 MHz, CD2Cl2) δ 155.47 (d, J = 249.5 Hz), 132.59 

(s), 130.29 (s), 129.91 (s), 129.81 (s), 129.71 (s), 129.56 (s), 127.33 (s), 126.39 (s), 

125.48 (s), 123.51 (s), 120.04 (s), 114.58 (dd, J = 21.3, 16.6 Hz). LDI-TOF MS: m/z = 

364.13 [M]+ (Exact mass: 364.1064). 

 

1,4-Difluoro-6-methylbenzo[c]phenatrenyltriphenylphosphonium salt (52) 

 

 

 

Compound 52 was synthesized from 49 according the general procedure II and was 

used for the next step without additional separations. 
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Compound 53 

 

F F F F

 

 

Compound 53 was obtained according the general procedure 3.2.3. 2.4 g (4 mmol) 

of 52, 0.45 g (4 mmol) of t-BuOK, 0.53 g (4 mmol) of 1,2-benzenedicarboxaldehyde 

and 100 mL of absolute ethanol were used. The product was obtained as a mixture 

of cis/trans isomers and was used in the next step without additional purification. 

White solid, 0.46 g (20 %).  

 

Compound 54 

 

 

 

Compound 54 was synthesized according the general procedure 3.2.4. 0.41 g (0.63 

mmol) of 53 and 200 mL of cyclohexane were used. After irradiation for 30 h the 

color of iodine had disappeared. The yellow precipitate formed was filtrated, 

dissolved in 1:1 DCM:toluene mixture  (1 L) and filtered through silica. After 

evaporation the product was obtained as a yellowish solid. 0.21 g (52 %). 1H-NMR 

(300 MHz, C2D2Cl4, 110 oC) δ 9.11 (d, J = 9.2 Hz, 2H), 8.76 (d, J = 9.2 Hz, 2H), 8.58 (d, J 

= 9.0 Hz, 2H), 8.26 – 8.04 (m, 6H), 7.99 – 7.88 (m, 2H), 7.62 – 7.31 (m, 8H). The 

compound is too insoluble for 13C-NMR measurement. LDI-TOF MS: m/z = 650.16 

[M]+ (Exact mass: 650.1658). 
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Indaceno[3,2,1,8,7,6pqrstuv]picene (56) 

 

 

 

Compound 56 was synthesized from 51 according the general procedure 3.2.6. 1H-

NMR (300 MHz, CD2Cl2) δ 8.01 (d, J = 8.8 Hz, 1H), 7.70 (d, J = 8.8 Hz, 1H), 7.63 (d, J = 

7.0 Hz, 1H), 7.31 (dd, J = 8.2, 7.0 Hz, 1H). 13C-NMR (75 MHz, CD2Cl2) δ 139.48, 

139.42, 138.87, 138.52, 137.27, 130.56, 129.69, 129.39, 127.44, 127.29, 126.13, 

124.51, 124.06. LDI-TOF MS: m/z = 324.10 [M]+ (Exact mass: 324.0939). UV 

(Toluene/MeOH) λ (nm): 316(s), 366, 384, 426, 450, 492 (s). mp 178-179 oC. Crystal 

Data: orthorhombic; space group Pna21; a = 18.033, b = 21.834, c = 3.8291 Å; β = 

91.147(2), V = 1507.6 Å3, Z = 4; 2θmax = 41.84°; -18<h<18, -21<k<21, -3<l<3; 

λ=0.71073 Å; T=293(2) K; final R value 0.0649 (Rw = 0.1624). CCDC-860433. 

 

Compound 57 

 

 

 

Compound 57 was synthesized from 54 according the general procedure . 1H-NMR 

(300 MHz, C2D2Cl4, 110 oC) δ 8.29 – 8.16 (m, 2H), 8.14 (d, J = 8.5 Hz, 1H), 7.99 (d, J = 

7.6 Hz, 1H), 7.85 – 7.73 (m, 2H), 7.67 (d, J = 8.3 Hz, 1H), 7.42 (t, J = 7.8 Hz, 1H), 5.21 

(s, 1H). LDI-TOF MS: m/z = 570.20 [M]+ (Exact mass: 570.1404). UV (Toluene) λ (nm): 

331, 360, 379, 394. mp > 300 oC.  
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Zusammenfassung 

 

Im Rahmen dieser Arbeit wurde Grundlagenforschung zur rationalen Synthese von 

Fullerenen durchgeführt. Das Hauptaugenmerk liegt auf der Direktsynthese von 

isomerenreinen höheren Fullerenen und Buckybowls, wobei die entwickelten 

Methoden jedoch auch auf eine Vielzahl weiterer Kohlenstoffnanostrukturen 

ausgeweitet werden können. Die allgemeine Strategie der Direktsynthese basiert 

auf der Synthese von Vorläufermolekülen – polyzyklischen aromatischen 

Kohlenwasserstoffen (PAKs) mit der für das Zielfulleren benötigten 

Kohlenstoffkonnektivität.  

 

 

 

 

Abbildung 1. Strategie der Direktsynthese am Beispiel der Ih-C60 Fullerenbildung ausgehend 

von einem C60H30-Vorläufermolekül durch intramolekulare Aryl-Aryl-Domino-Kupplung. Die 

Cove- und  Fjord-Regionen, in welchen die direkte Aryl-Aryl-Kupplung stattfinden kann sind 

in Orange hervorgehoben. Jede konsekutive Kondensation führt zur Ausbildung neuer 

Cove-Regionen, so dass die Reaktion auf Domino-Art (Tandem-Kondensation) ablaufen 

kann, bis der gewünschte Käfig komplett ist.  
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Das Vorläufermolekül kann durch intramolekulare Aryl-Aryl-Domino-Kupplung zum 

entsprechenden Kohlenstoffkäfig aufgerollt werden. Dieses Konzept der 

Direktsynthese ist in Abbildung 1 am Beispiel von C60 schematisch dargestellt. 

Das charakteristische Merkmal des Ansatzes ist die Zyklisierung im letzten 

Syntheseschritt durch den Zipper-Mechanismus. Die Regiospezifität jedes 

Kondensationsschritts kann durch die speziell entworfene Präkursorstruktur 

festgelegt werden. Der Direktsyntheseansatz kann zur Synthese verschiedener 

Nanostrukturen, einschließlich Nanographenen, Nanoribbons, Buckybowls und 

Nanoröhren, mit bereits im Präkursormolekül programmierter Konnektivität, 

erweitert werden. Da die Fullerenbildung bei den konventionellen 

Hochtemperatursynthesemethoden thermodynamisch kontrolliert ist, gibt es keine 

Möglichkeit den Prozess auf die Bildung von weniger stabilen Fullerenenisomeren 

einzustellen. Daher erscheint der hier vorgestellte Ansatz der Direktsynthese als 

eine Möglichkeit, diese Fullerene in Bulkmengen zugänglich zu machen.  

Der größte Anteil dieser Arbeit befasst sich mit der Direktsynthese. Mehrstufige 

organische Synthesen der Präkursormoleküle und ihre Umwandlung zu den 

entsprechenden Kohlenstoffnanostrukturen werden beschrieben. Das 

Hauptaugenmerk liegt auf dem letzten Schlüsselschritt – der Tandem-Kondensation 

zur Nanostruktur und der Entwicklung effektiver Aryl-Aryl-Kupplungs-Techniken zu 

deren Durchführung. Auf der Problematik hinsichtlich Präkursorlöslichkeit und 

Fullerenreaktivität liegt ein besonderer Schwerpunkt.  

Obwohl die selektive und effektive Bildung höherer Fullerene durch 

oberflächenkatalysierte Zyklodehydrierung demonstriert wurde, bleibt die 

Direktsynthese von Fullerenen für makroskopische Mengen eine Herausforderung. 

Alternativ können die Vorläufermoleküle durch Flash Vakuum Pyrolyse (FVP) zum 

Fulleren umgesetzt werden. Die Effizienz der intramolekularen Aryl-Aryl-Kupplung 

ist in diesem Fall aufgrund fehlender effektiver Ringschluss-Promotoren oft sehr 

schlecht. Die Untersuchung einer Vielzahl verschiedener Ringschluss-Promotoren 

für FVP ergab, dass die Fluor-Funktionalisierung ein exzellenter Kandidat ist. Diese 
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Funktionalisierung zeigt eine unerwartet hohe Effizienz für intramolekularen 

Ringschluss durch HF-Eliminierung mit einer für Pyrolyseprozesse ungewöhnlich 

hohen Selektivität (mehr als 96%). Des Weiteren stellt Fluor aufgrund seiner 

geringen Größe, seines geringen Gewichts und seiner hohen Thermostabilität einen 

perfekten Aktivator für die rationelle Fullerensynthese durch die FVP dar. Weitere 

Untersuchungen ergaben, dass die HF-Eliminierung ein synchroner Prozess ist, 

welcher ohne Bildung von Zwischenprodukten direkt zum Zielmolekül führt und 

daher durch die Vermeidung von Nebenprodukten eine hohe Selektivität aufweist.  

 

 

 

 

Abbildung 2. Tandem-HF-Eliminierung im C60H21F9-Präkursor und spontaner Kollaps zum 

C60-Fulleren unter LDI-MS-Bedingungen. 
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Mehrere C60-Fullerenpräkursoren mit unterschiedlicher Anzahl von Fluoratomen in 

Schlüsselpositionen wurden synthetisiert und als C60-Präkursoren untersucht. Die 

synthetisierten Vorläufermoleküle zeigen bereits unter LDI-MS-Bedingungen eine 

effiziente, regiospezifische, intramolekulare Kondensation via HF-Eliminierung und 

die Bildung des entsprechenden Fullerenkäfigs (Abbildung 2). 

FVP des Präkursors zeigt ebenfalls eine hoch selektive C60-Fulleren-Bildung mit ca. 

1% Ausbeute. Ausgehend von der Bildung von 15 neuen Bindungen während des 

FVP Prozesses kann die Ausbeute für eine einzelne Zyklisierung auf 70% abgeschätzt 

werden. Weitere Optimierung führte zur Entdeckung einer alternativen hoch 

effektiven Festkörper-Strategie zur intramolekularen Aryl-Aryl-Kupplung via HF-

Eliminierung. Die Effizienz des Ansatzes wurde durch quantitative Umsetzung der 

Vorläufermoleküle zu den entsprechenden PAK- und Buckybowlstrukturen 

demonstriert (Abbildung 3). 

 

 

 

Abbildung 3. Aryl-Aryl-Kupplung durch Al2O3 vermittelte HF-Eliminierung. 

 

 

Fluor kann den gewünschten Ringschluss nur dann fördern, wenn Wasserstoff in 

einer räumlich benachbarten Position in der Präkursorstruktur vorhanden ist. Die 

vollständige Kontrolle des Prozesses und die Durchführung der Kondensation auf 
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Domino-Art erscheinen daher möglich. Die quantitative Umsetzung des C46-

Buckybowls, welche mehr als 75% der C60-Fullerenkonnektivität darstellt, 

demonstriert das große Potential der Technik für die Konstruktion von 

ausgedehnten nicht-planaren Kohlenstoffnanostrukturen, einschließlich höherer 

Fullerene, großer Buckybowls und Nanoröhren. Die hohe Toleranz zu Chlor- und 

Bromfunktionalisierungen macht den Ansatz zu einem sehr guten synthetischen 

Werkzeug zur Synthese von funktionalisierten Buckybowls, welche nützliche 

Bausteine für die Konstruktion von komplexen kohlenstoffbasierten Nanostrukturen 

darstellen. 

Zusammenfassend zeigen die erzielten Resultate einen Weg zur Herstellung von 

Fullerenen sowie anderen Kohlenstoffnanostrukturen, wie einwandiger 

Kohlenstoffnanoröhren und Nanoribbons, auf kontrollierte Art und Weise auf. Die 

Produktion dieser einzigartigen Materialien in Bulk-Mengen scheint nicht länger 

unerreichbar und es besteht die vielversprechende Aussicht, dass diese 

Verbindungen in naher Zukunft in makroskopischen Mengen zugänglich werden. 
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Abbreviations 

 

HPLC  High performance liquid chromatography 

FVP  Flash-Vakuum-Pyrolyse 

MS  Massenspektrometrie 

LDI  Laser-Desorption/Ionisation 

NMR  nuclear magnetic resonance 

UV-Vis-NIR Ultra violet – visible – near infrared 

MALDI  Matrix assisted laser desorption ionization (Matrix-unterstützte Laser-

Desorption/Ionisation) 
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