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ABSTRACT 

 

Otherwise unstable antiaromatic compounds can be studied when they are integrated into a 

bigger π-conjugated system. Cyclooctatetraene (COT) compounds are easy to synthesize and 

study, but they reside in a non-planar saddle-shaped conformation. Planarized COT, however, 

is an 8π 8-membered antiaromatic structure. A hetero[8]circulene is one option to overcome 

the non-planar conformation barrier. The surrounding aromatic π-system in a hetero[8]circulene 

core assists in creating a smaller bond angle, thus resulting in a planar diazadioxa[8]circulene.  

This thesis addresses a synthetic pathway towards having a suitable compound for studying the 

concept of antiaromaticity in planarized cyclooctatetraenes (COTs). For further research, there 

are two means of evaluating aromaticity. According to the Nucleus-Independent Chemical Shift 

(NICS) values obtained by computational chemistry, magnetic current of the COT core can be 

investigated. Furthermore, the synthesized compound can be analysed using NMR 

spectroscopy. Antiaromaticity of the hetero[8]circulene can be proven by locating a proton near 

the COT core so that the chemical shift of the proton changes due to the proximity to the ring 

current.  

To apply this theory, cyclophane-chemistry has been used to create a system in which a 

circulene substrate bearing a bridge-type linker containing protons is located in its centre. The 

linker is covalently bonded through the pyrrole nitrogen atoms of the circulene system. Creating 

this system enables us to study further the antiaromaticity of the circulenophane compound 

synthesized in this project. 
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1 INTRODUCTION 

 

[n]circulenes are fully conjugated systems consisting of annulated benzene rings.1 This family 

of compounds has been analysed computationally from n = 3 to n = 20.2 Each compound 

appeared to have interesting structural properties and strain energy, based on the number of 

benzene rings in the [n]circulene in comparison to the [6]circulene. [6]circulene, also known as 

coronene, is the only structure in a planar conformation and exists in nature in the form of 

mineral graphite; this also verifies the stability of this derivative.3,4 

Up to this date, [8]circulenes are the largest synthesized [n]circulenes in the form of highly 

substituted structures.5 The crystal structures of these compounds demonstrate their saddle-

shaped conformation making it rather difficult to investigate their properties.6 However, 

[8]circulenes can be modified into planar conformations by substituting some of the atoms of 

the benzene rings with heteroatoms, such as oxygen, nitrogen, sulphur and selenium.1 The 

synthesis of hetero[8]circulenes by a condensation reaction of 1,4-naphthoquinones in the 

presence of concentrated hydrochloric acid was rather serendipitous.7 The result was an 

insoluble amorphous powder; yet it was not fully characterized until Erdtman studied the 

polymerization of 1,4-naphthoquinone, 1,4-benzoquinone and 2-methyl-1,4-benzoquinone.8  

Hetero[8]circulenes have raised interest during the past decades due to their unique properties. 

The enforced planarity of this class of compounds resulted in specific electronic and magnetic 

properties due to their heteroatom substituents and made them easier to study in contrast to the 

saddle-shaped [8]circulenes.9 The center of hetero[8]circulenes contains an 8-membered 8π 

cyclooctatetraene (COT) core and a 4n π-system in their center which is considered to be 

antiaromatic when planar.10 

Some hetero[8]circulenes have fluorescent properties making them potential candidates for the 

production of blue organic light-emitting diodes (OLEDs).11 OLEDs consist of layers of organic 

electroluminescent substances, which are glowing when activated by an electric current. The 

organic layer could be, for example, π-conjugated systems that are electrically conductive as a 

result delocalization of π electrons. Due to their electroluminescent properties, OLEDs are 

independent of a backlight, which is needed in liquid crystal displays (LCDs). They also have 

enhanced picture quality and lower electricity consumption, making them a better choice than 

conventional LCDs. Pittelkow and Christensen12 have found the potential application of 

tetraoxa[8]circulenes as the blue light emitter component of OLEDs. 
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In Pittelkow’s group, a simple and efficient way to synthesize a series of hetero[8]circulenes 

has been established.13,14 Their favourable properties,  such as high thermal and chemical 

stability, substitutable nitrogen atoms in the pyrrole moieties, as well as cheap and 

commercially available 9H-carbazole 44 as the starting material, made them good candidates 

for studying the COT core.  

To study these properties, the COTs can be included in a bigger system such as a functionalized 

COT. This allows placing a proton to the proximity of the COT core in order to investigate the 

NMR chemical shifts of the protons affected by the paratropic ring current of the antiaromatic 

ring.15 The proton could be a part of a bridge-type linker spanned across the circulene plane 

(Figure 1).  

 

 

Figure 1. A bridge-functionalized hetero[8]circulene derivative having the bridge proton 

pointed towards the COT core.   

 

This project aimed to synthesize a suitable bridge-type linker to span over the planar 

diazadioxa[8]circulene plane. This strategy was inspired by cyclophane chemistry, which is 

described in detail in Chapter 4. Diazadioxa[8]circulene has substitutable pyrrole moieties for 

the attachment of a ligand, covalently or non-covalently, to investigate its interactions with the 

COT core. 
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2  AROMATICITY AND ANTIAROMATICITY 

 

2.1 Introduction to aromaticity and antiaromaticity  

 

Aromaticity is an important concept in chemistry, and it has been a matter of interest to study 

for decades.16-17 Benzene, discovered by Michael Faraday in 1825, is a classic example of an 

aromatic compound.18-19 The structure of benzene, however, was not established before Kekulé 

proposed a structure and introduced aromaticity in 1865 and 1866. His idea about the presence 

of C6 units in planar cyclic compounds has evolved dramatically ever since. These fundamental 

studies were inspired by the fact that the benzenoid hydrocarbons show different physical and 

chemical reactivity compared with their acyclic analogues.  Other compounds showing similar 

properties20 were suggested as well; few of the suggestions by Kekulé,19 Prismane21 and 

Dewar22 are presented in Figure 2. 

 

 

 

 

 

Figure 2. Proposed structures of benzene by Kekulé19 (A), Dewar22 (B) and Prismane21 (C). 

 

There is not a single formula that can describe aromaticity because of its multidimensional 

characteristics. Similarly to other fundamental chemical properties, such as charge, 

electronegativity or bond order, aromaticity is not a measurable property. Therefore it has to be 

defined and measured by a relative scale.23,24 Aromatic compounds have been measured 

utilizing different indices, such as geometrical,25 energetic,26 electronic,27,28 and magnetic29,30 

properties. As a result of these measurements, it is established that aromatic compounds show 

different energetic stability and chemical reactivity, as well as structural, magnetic and 

electronic properties.25 Therefore, there are several ways to assess the aromatic or antiaromatic 

properties of molecules.31 Furthermore, these measurements will give us an insight into the 

structure and chemical bonding of the molecules as well as help us to predict the reactivity and 

stability of both organic and inorganic compounds.  

   A                       B                           C   
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Delocalization of the π-electrons leads to equal bond length (1.39 Å) in the conjugated system, 

whereas localized single and double bonds (1.54 Å and 1.34 Å, respectively) show a significant 

difference in their bond lengths.32,33 As a matter of fact, longer bond length (>1.39 Å) makes 

the molecule lean towards antiaromaticity due to the Jahn-Teller effect, which forces the 

molecule to bend geometrically to avoid antiaromaticity.34 Since the bond length also affects 

the hybridization, planarity is another determining parameter for aromaticity of a compound. 

The molecular orbitals of the π-system can overlap only when they are planar to provide 

electron delocalization.  

In 1931, Hückel35-36 introduced a formula by which the aromaticity of compounds can be 

predicted. He claimed that not all conjugated systems are aromatic, but only those having 4n + 

2 (where n = is 1, 2, 3 …) π-electrons in addition to being planar, cyclic, and conjugated. This 

rule applies only to monocyclic conjugated systems. He explained the stability of benzene 

compared to cyclobutadiene and cyclooctatetraene through delocalization of the π-electrons in 

the ring. Many attempts were performed to expand this law to polycyclic systems. So far Erich 

Clar’s37 π-sextet rule introduced in 1972 is the most successful. His idea was inspired by work 

by Armit and Robinson38 who used the term “aromatic sextet” for the first time in 1925. Clar’s 

rule explains qualitatively the aromatic character of benzenoid species in polycyclic aromatic 

hydrocarbons (PAHs). He claims that the number of disjoint aromatic π-sextets describes the 

chemical properties of the molecule.  

According to Clar’s39 theory, the ring that bears an aromatic sextet may be sharing an acenic 

portion with another ring. Therefore, several rings will have fractions of the π-electron sextets. 

As an example, in phenanthrene (Figure 3), there are two π-sextets, whereas in anthracene there 

is only one. The central ring of anthracene bears only two of the total 14 π-electrons while the 

outermost rings have six π-electrons. The outermost rings are more inert since they have a high 

aromatic share in the molecule. Both anthracene and phenanthrene, however, undergo olefinic 

addition reactions. With anthracene, the reaction is faster and happens on the 9 and 10 positions 

in the central ring.40 Phenanthrene is also thermochemically more stable than anthracene by 5 

kcal⋅mol-1, which is obviously due to the more aromatic character of phenanthrene. 

Furthermore, it is established that increasing the portion of non-sextet rings in acenes will lower 

the stability of the molecule.41 
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Figure 3. Top: The structure of anthracene proposed by Kekulé (a) and Clar (b) having a 

migrating π-sextet. Bottom: The structure of phenanthrene proposed by Kekulé (c) and Clar40 

(d) bearing two Clar’s π-sextet rings resulting in an increase in the aromatic character of the 

molecule. 

 

Up to this point, all other compounds not fulfilling these criteria were considered non-aromatic 

until Breslow42,43 introduced the term “antiaromaticity” in 1967 as “a situation in which a cyclic 

delocalization of electrons is destabilizing”. He also introduced examples of antiaromatic 

compounds, such as cyclobutadiene and cyclooctatetraene (COT). According to the 

crystallographic results, COTs tend to adopt a tub-shaped conformation belonging to D2d point 

group to avoid antiaromaticity (Figure 4).10 

 

 

 

Figure 4. Cyclooctatetraene undergoes Jahn-Teller effect to avoid antiaromaticity.10 

 

 

a b 

c d 
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2.2 Criteria and measurement of aromaticity and antiaromaticity 

 

During the past two decades, aromaticity has been extensively studied. In a recent review by 

Balaban,44 five major criteria of aromaticity are explained: chemical reactivity, spectroscopic 

criteria, energetic criteria and magnetic and geometric properties.  

 

2.2.1 Chemical reactivity 

 

Following Labarre and Crasnier,45 aromatic compounds are predisposed to substitution 

reactions in contrast to their olefinic analogues, which undergo addition reactions. Although 

aromatic compounds typically undergo electrophilic aromatic substitution, there are many 

exceptions, such as phenanthrene and anthracene, which undergo bromine addition like olefins 

(Figure 5).46 Another example is a fullerene system, which undergoes addition reactions since 

it lacks any hydrogens.47 

 

 

 

Figure 5. Anthracene (a) and phenanthrene (b) undergo addition reaction similar to olefins.46 
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2.2.2 Spectroscopic criteria 

 

Spectroscopic criteria of aromaticity refer to the electronic absorption spectra of PAHs, which 

are classified based on their absorption bands. Lewis and Kasha48 have studied and classified 

the absorption bands of this class of compounds, which are responsible for the color of various 

benzenoids. As an example, an isomeric catafusenes with seven benzenoid rings have been 

studied (Table 1).  It was inferred that there is a direct correlation between the number of 

linearly condensed benzenoid rings (acenic portion), the number of Clar’s sextets (C) and the 

absorption wavelength (λmax in nm) corresponding to the colour.49 The value of the absorption 

wavelength decreases by increasing the acenic portion. It depicts the higher the number of π-

sextets, the more stable the benzenoid is due to the higher HOMO-LUMO gap.50 

 

Table 1. Isomeric catafusenes and their correlation between the number C of Clar’s sextets, 

absorption wavelength (nm) and color49 
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2.2.3 Energetic criteria 

 

Among the most fundamental of all criteria are enhanced resonance energies (Res) and the 

aromatic stabilization energies (ASEs). The resonance energy, which can be measured 

experimentally, causes thermodynamic stability. According to Pauling and Sherman’s51 

concept of resonance energy, delocalization of the π-electrons in a benzene ring makes it more 

stable than its non-aromatic counterpart. This phenomenon can be exhibited by the heat of 

hydrogenation of benzene towards cyclohexane.  If the double bonds were localized in a 

benzene ring, the expected heat of hydrogenation of benzene to cyclohexane would be equal to 

the hydrogenation of three equivalents of cyclohexene (Figure 6). This theory is proved both 

computationally52 and experimentally53.  

 

 

Figure 6. Resonance energy of benzene is lower than the hypothetical cyclohexatriene. Adapted 

from Ref.52 with permission from the American Chemical Society (ACS) publication. Copyright © 2009, American Chemical 

Society.  
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2.2.4 Magnetic criteria 

 

Assessing aromaticity through the magnetic properties of compounds is currently the most 

popular method. It includes various techniques, among which 1H-nuclear magnetic resonance 

(NMR) spectroscopy and the computational method of nuclear independent chemical shifts 

(NICS) have drawn more attention in this project.  

The well-verified ring current model54 (RCM) predicts that aromatic compounds show a 

diatropic ring current in the presence of an external magnetic field (Figure 6). In practice, the 

most direct method to visualize the effect of ring currents is NMR spectroscopy. The induced 

magnetic ring current affects the magnetic environment of the atoms. Therefore, it changes the 

chemical shift of the nuclei, observed by NMR spectroscopy. The change in the chemical shift 

can indicate the direction and magnitude of the induced magnetic field. For aromatic 

compounds, applying an external magnetic field perpendicular to the aromatic ring induces a 

ring current within the aromatic π-system. This ring current induces a secondary magnetic field, 

which affects the electrons in of the system. Thus, the protons of the ring are deprotected and 

therefore deshielded, which causes a downfield chemical shift.  (Figure 7).54

 

 

Figure 7. Ring current in aromatic and antiaromatic compounds. 
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For antiaromatic compounds, this effect is the opposite. The ring current is called paratropic, 

and it is diametric to the applied external field. Therefore, the nuclei at the inner face of the 

molecule show a downfield chemical shift. Meanwhile, the protons of the periphery of the ring 

experience further shielding, which reduces the effect of the external field and results in their 

upfield chemical shifts (Figure 8). 

 

 

 

Figure 8. A schematic presentation of an NMR spectrum and terminology. 

 

The unambiguous nature of aromaticity encouraged the researchers to develop a quantitative 

definition for aromaticity. In 1996, Shleyer and coworkers55 used the resonance of 3He atoms 

to the proximity of the inner and outer surface of fullerenes as a criterion to measure aromaticity 

of cyclic [n]annulene systems. Soon after, they invented a computational method (the 

aforementioned NICS) to have general criteria for measuring aromaticity and antiaromaticity. 

NICS is nowadays a popular and easy-to-use method due to its simplicity and efficiency. NICS 

can be calculated using the standard quantum chemical programs such as Gaussian 98 and 

Gaussian 03. Since most aromatic rings are too small to accommodate atoms inside, the 

hydrogen atoms located on the bridge positions are used as probes.56 This method uses a ghost 

atom with no protons and neutrons at any given location as a sensor for the magnetic 

environment of the molecule. In other words, is uses the absolute chemical shielding of a virtual 

nucleus to probe aromaticity. The NICS values are calculated at the ring centers, at points 

above, and as grids in and around the molecule. It is typically one ångström (Å) above the plane 

since it is reflecting the π-effect of the ring current in a better way, and there is less σ-bond 

effect compared to the ring plane.57,58 The grid distribution values enable us to have a better 

understanding of the magnetic properties of the molecules (Figure 9).59 In the grid plot, one can 

observe significantly negative NICS values corresponding to the diatropic ring current in 

aromatic compounds and positive NICS values corresponding to antiaromatic compounds.60 It 

was observed that the number of π electrons affects the NICS values significantly in a way that 

systems bearing ten π electrons possess a higher value than those with six π electrons.60  
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Figure 9. The NICS grid plot of benzene (left) and cyclobutadiene (right). The red and orange 

dots show negative and positive NICS values, which correspond to diatropic and paratropic 

ring currents, respectively. Adapted from Ref.59 with permission from The American Chemical Society (ACS) 

Publications. Copyright © 2001, American Chemical Society. 
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3 CIRCULENES 

 

3.1  Introduction to circulenes 

 

Circulenes are a class of compounds consisting of a ring structure (circu-) and an unsaturated 

hydrocarbon moiety, such as one or more carbon-carbon double bonds (-ene).61 Further, 

[n]circulenes, where n indicates the number of components forming the ring structure, are fully 

conjugated polycyclic compounds.62 For example, [6]circulene can be considered as six ortho-

fused benzene rings (Figure 9a) or to be derived from a [6]radialene63 (Figure 9b) The radialene 

scaffold must undergo multiple Diels-Alder reactions with ethylene and consecutive oxidative 

coupling resulting in [n]circulenes (Figure 10).  

 

 

 

Figure 10. a) [6]Circulene as ortho-fused benzene motif: a band of benzene rings surrounds 

central benzene ring. b) Hypothetical retrosynthetic path of [6]circulene derived from 

[6]radialene. Adapted from Ref.63 with permission from John Wiley and Sons and Copyright Clearance Center. 

 

The largest [n]circulene is computationally predicted to be [20]circulene.2 Experimentally, only 

[4]circulene,64,65 [5]circulene,61 [6]circulene,63 [7]circulene66 and [8]circulene67 have been 

synthesized so far. [3]Circulene, however, is not synthetically feasible, and [4]circulene and 

[8]circulene have only been synthesized when surrounded by substituents. Density functional 

theory (DFT) calculations show that the larger circulenes tend to get saddle-shaped 

conformations due to strain energy compared to [6]circulene with a planar conformation 

(Figure 11).  Historically, fullerenes and carbon nanotubes inspired the study of non-planar 

circulenes, as they are fully conjugated systems.68  
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Figure 11. Geometries of [n]circulenes: hypothetical [3]circulene 1, bowl-shaped [4]circulene 

or quadrannulene 2, bowl-shaped [5]circulene or corannulene 3, planar [6]circulene or 

coronene 4, saddle-shaped [7]circulene or pleiadannulene 5, saddle-shaped [8]circulene 6. 

 

3.1.1 Heterocirculenes 

 

In the class of polycyclic aromatic compounds, heterocyclic circulenes with a heteroatom, such 

as O, N, S or Se, in the etheno-bridge(s) are an area of interest due to their different geometries 

and chemical and physical properties.63 In this project, especially hetero[8]circulenes are of 

interest because they have eight π-electrons in their central ring. These compounds show 

antiaromatic properties when forced into planarity. Synthesizing a planar hetero[8]circulene 

can be challenging since they naturally tend to bend and form a tub-shaped conformation to 

avoid antiaromaticity. Otherwise, the structure does allow the COT core to be antiaromatic.69  

Different five-membered heterocycles, such as furan, pyrrole, thiophene, or other heterocycles 

bearing six π-electrons, can affect the planarity of the hetero[8]circulenes compared to a 

hydrocarbon[8]circulene. This matter will be discussed in more detail in the next section. Some 

of the hetero[8]circulenes may contain alternating moieties of annulated benzene rings and a 

heterocyclic ring. On the other hand, in some hetero[8]circulenes the COT core can be 

surrounded only by heterocycles (Figure 12).70 
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Figure 12. The core structure of synthesized hetero[8]circulenes without their substituents. 

The circulene suffix is omitted for clarity. 

 

In 2015, Wong et al.71 published a paper explaining the synthesis of tetrathio[8]circulene 7 and 

tetraseleno[8]circulene 13, showing antiaromatic properties based on NICS values. The studies 

on [8]circulene 6, however, showed aromatic properties regarding its tub-shaped conformation 

due to D2d symmetry.72,73 Tetramethano[8]circulene 11, synthesized by Helwinkell and Reiff in 

1970,74,75 is another example of planar, antiaromatic [8]circulenes.  

Other tetraoxa[8]circulene76 12 derivatives and their planar analogues, azatrioxa[8]circulene77 

9, diazadioxa[8]circulene13 10, and tetrathiatetraseleno[8]circulene78 8 have been synthesized. 

Computational and experimental analysis on these compounds suggest antiaromatic properties 

of the central core.79-80 

Wu et al.5 synthesized a [8]circulene 6 derivative through palladium-catalyzed annulation in a 

single step (Figure 12a). Meanwhile, Schaefer et al.81 synthesized it by a Diels ̶ Alder reaction 

and subsequently using palladium-catalyzed cross-coupling (Figure 13b). 
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Figure 13. Palladium-catalyzed synthetic pathways of [8]circulene derivatives. a) Single step 

cross-coupling reaction using palladium as a catalyst. b) Diels-Alder reaction using palladium 

as catalyst combines the two starting compounds and palladium assists in closing the 

intermediate compound. Adapted from Ref.5 with permission from John Wiley and Sons publication. Copyright © 

2013 WILEY‐VCH Verlag GmbH & Co. KGaA, Weinheim. 

 

 

3.1.2 Modelling circulenes  
 

Dopper and Wynberg82 proposed a method to analyze the geometries of the circulenes by a 

mathematical method using the inner radius (r1), outer radius (r2), and the length of the spokes 

connecting the central ring to the outer edge (a) of the circulene. These variables are 

schematically depicted for both planar and non-planar compounds (Figure 14). However, the 

method exhibits limited functions when studying saddle-shaped circulenes.  
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Figure 14. The structural differences between planarity (right) and non-planarity (left). One 

can assume the circles to have fixed diameters r1 and r2 where r1 < r2; a line with length a 

connects the two circles. Therefore, the optimal geometry can be determined by the factors 

depicted in the figure. Adapted from Ref.82 with permission from the publisher. Copyright © 1975, American 

Chemical Society. 

 

To solve this issue, Pittelkow et al.14 proposed an alternative model to determine the geometry 

of the circulene compounds. This model is somewhat inspired by Högberg’s83 work, and it is 

based on the summation of the wedge angles of the aromatic moieties of the compound (Figure 

15). The wedge angles of heterocyclic moieties affect the geometry of the hetero[8]circulenes.  

Different heteroatoms create different bond angles in the ring depicted by an arc in the angle 

(Figure 15). Therefore, they shape into different geometries, which affect the planarity level of 

the compound. It has been found that the sum of wedge angles Ʃ  in planar circulenes is around 

360°. From this value, one can estimate the geometry of the circulene, values less than 360° 

form bowl-shaped structures and values above 360° form a saddle-shaped structure. The angles 

are determined based on DFT calculations.84 

 



17 
 

 

Figure 15. A computational model depicting the estimated geometry of different circulenes 

based on their heterocyclic moieties. a) Common aromatic rings, including cyclopentadiene 

and their wedge angles. b) A variety of circulenes and their geometries. c) A spectrum of Ʃ  

with known circulenes showing their geometries. Adapted from Ref.14 with permission from Georg Thieme 

Verlag KG publication, from Copyright © 2016 Georg Thieme Verlag Stuttgart · New York. 

 

 

3.1.3 Benzotetraoxa[8]circulene 
 

The history of benzotetraoxa[8]circulene dates back to 1881 when Knapp and Schultz,7 as well 

as Liebermann,85 inadvertently synthesized an insoluble compound while reacting 1,4-

naphthoquinones under acidic conditions. Later in 1933, Erdtman’s76,86 studies on quinones led 

to isolated products, which turned out to be tetraoxa[8]circulenes. The condensation of 2-

methyl-1,4-benzoquinone could result in three possible structures (Figure 16). The product 14 

has two furanic and two phenolic oxygen atoms. The trimeric structure 15 was later observed 
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to be unfeasible because of the high strain of the structure. Finally, in 1968 the tetrameric 

structure 16 was proposed based on the mass spectrometry results.8  

 

 

 

Figure 16. Proposed structures from Erdtman’s work86 on naphthoquinones. The product 

observed from the condensation of 2-methyl-1,4-benzoquinone 14, proposed trimeric 

structure 15, which was later established unlikely to happen. The correct structure of 

benzotatraoxa[8]circulene  16 produced by a condensation reaction of 1,4-naphthoquinone. 

 

Synthesis of hetero[8]circulenes can take place in different ways. Erdtman and Högberg87,88 

reported a stepwise synthetic approach to tetraoxa[8]circulene. They suggested two different 

possibilities towards the formation of circulenes: sequential condensation of quinones and 

dimerization of two molecules (Figure 17).  

 

16 
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Figure 17. Different approaches to the synthesis of [8]circulenes. a) Triple condensation of 

1,4-naphthoquinone, resulting in an asymmetrical hetero[8]circulene depending on the type of 

quinone used in the reaction. b) Dimerization of dihydroxydibenzofuran leads to a 

symmetrical hetero[8]circulene. c) A sequential condensation approach suggested by 

Erdtman87, where the trimeric product 17 as an intermediate was isolable. 

 

Following these achievements, Högberg89 noticed an increase in the yields following the 

addition of 2,8-dihydroxy-dibenzofuran in the reaction while oligomerizing ρ-benzoquinone. 

This indicates that 2,8-dihydroxy-dibenzofuran is an important intermediate in the formation of 

circulenes. Erdtman’s and Högberg’s90,91 collaboration resulted in more achievements in 1977 

when they obtained crystal structures of dihydroxydibenzofuran confirming the formation of 

circulenes. 

In 2010, Pittelkow and Christensen12 produced a series of tetraoxa[8]circulenes via 

condensation of 1,4-naphthoquinone and 2,3-undecyl-1,4-benzoquinone (Figure 18). This class 

of compounds show applicability in organic light-emitting diodes (OLEDs) due to their ability 

to emit blue light. The reason for this phenomenon is a smaller HOMO-LUMO gap compared 

with other planarized COT systems due to localization of double bonds in the antiaromatic core, 
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which is the result of the large π-electron system in these compounds. Alteration in the HOMO-

LUMO gap will result in a series of consequences, such as a change in optical properties, which 

will lead to changes in electronic properties, and affects the absorption and emission spectra. 

These changing features are of interest in manufacturing organic semiconductors to produce 

OLEDs.55  

 

 

 

Figure 18. Different regioisomers isolated by Pittelkow’s group from the condensation 

reaction of 1,4-naphthoquinone and 2,3-undecyl-1,4-benzoquinone (R = C11H23). Adapted from 

Ref.90 with the permission of Chemistry - A European Journal publication. Copyright © 2010 WILEY‐VCH Verlag GmbH & 

Co. KGaA, Weinheim. 

 

In 2013, Pittelkow and his group13 used an oxidative coupling approach to synthesize 

diazadioxa[8]circulene, where two dihydroxydibenzofuran molecules are coupled together in 

two steps. The reason why dihydroxydibenzofuran was chosen refers to its importance as an 

intermediate in this reaction (Figure 19). The first step produces the COT core, and the 

following step forms the peripheral furan 24 rings with the help of a Lewis acid. What makes 

this approach preferable over the two other methods depicted in Figures 12 and 16 is the 
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elimination of side products, which raises the yield up to 75%. The final products 24 (R = 

benzyl, propyl) were crystalized and observed to be almost completely planar. 

 

 

 

Figure 19. Oxidative dimerization pathway of 2,7-di-tert-butyl-3,6-dihydroxycarbazole 23 

forming diazadioxa[8]circulene 24. Chloranil in step 1 is necessary for this reaction to form 

the intermediate molecule for the formation of C-C bonds. 

 

3.2  Other works regarding hetero[n]circulenes 

 

Osuka and co-workers69 introduced a different synthetic pathway for producing a 

tetrabenzatetraaza[8]circulene 28 in 2015 (Figure 20). This compound is the central moiety of 

a porphyrin sheet 29 (Figure 20), which was made to study antiaromaticity of the porphyrin 

sheets.79,92,93 Porphyrins are important macrocyclic systems presenting excellent coordination 

chemistry. The system contains various metal ions, which are used in ligating organic 

molecules. This characteristic rises from the 18π-conjugated electronic network in a square 

planar sheet, which causes a strong diatropic ring current beneficial in the field of host-guest 

chemistry. The central metal of porphyrin can be used for recognition of guest molecules.79 

 

Chloranil 
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Figure 20. Transformation of a meso-meso-linked 5,10-porphyrin cyclic tetramer 28 by 

oxidative fusion reaction to synthesize porphyrin sheet 29 bearing a COT core by fold-in 

approach. 

 

In the synthesis of tetrabenzotetraaza[8]circulene 27, 1,2-di(pyrrol-2-yl)benzene 25 was 

brominated to obtain a dibromide.94,95 A consequent coupling with 1,2-

di(pinacolatoboryl)benzene resulted in 2-phenylene-bridged cyclic tetrapyrrole with 11% 

yield.96,97 This tetrapyrollic compound is non-aromatic according to its UV-Vis results and 1H 

NMR analysis. The “fold-in” approach marked by arrows in Figure 21 on a tetrapyrollic 

precursor 26 was applied to synthesize the central tetrabenzatetraaza[8]circulene 27 COT core, 

which is exhibiting antiaromatic properties on its central COT core. X-ray diffraction analysis 

on compound 27 depicted a planar square structure. Hetero[8]circulenes containing 

heteroatoms have attracted much attention due to their enforced planarity, the 8π system and 

their potential application in OLEDs.69 Tetrabenzotetraaza[8]circulene 27 could also pave the 

way to study the role of different segments in porphyrin sheet 29.  
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Figure 21: Synthesis of tetrabenzatetraaza[8]circulene 27. Bpin: 4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl, dba: dibenzylideneacetone, NBS: N-bromosuccinimide. DDQ: 2,3-

dichloro-5,6-dicyano-1,4-benoquinone, Tf: trifluoromethanesulfonyl. 
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4 CYCLOPHANES AND RELATED SYSTEMS 

 

4.1  Cyclophanes 

 

Another class of compounds used in this work is cyclophanes, which consist of benzene rings 

connected with a chain. A cavity is typically formed within the chain. Cyclophanes have been 

an interesting topic to study for decades due to their versatile facades and applications.98 

Synthesis of cyclophanes dates back to Pellegrin’s99 work in 1899 as well as Parekh and 

Guha’s100 work in 1934. The cyclophane chemistry became more popular, however, by Brown 

and Farthing’s101 isolation of a [2.2]paracyclophane in 1949 and Cram’s102 subsequent 

synthesis of this compound in 1951 (Figure 22). 

 

 

Figure 22. Early examples of cyclophanes. 

 

Cyclophanes can be categorized according to which peripheral atoms are connected. 

Considering that there are six peripheral atoms in a benzene ring, a chain can connect in (1, 2), 

(1, 3), or (1, 4) positions of the ring creating an intra-ring bridging structure (Figure 23).103 The 

chain concept can become more complex depending on the number and type of the systems 

used as a substrate creating an inter-ring bridging structure (see for example Figure 23d and e), 

as well as by introducing multiple bridging units connecting the peripheral atoms in the system. 

Anthracene and naphthalene (Figure 23) are simple examples of a more complex system 

compared to benzene. Anthracene contains ten peripheral atoms, but the quaternary carbons are 

excluded since their bridging will destroy the aromaticity.  

 



25 
 

 

 

Figure 23. Typical cyclophane bridging motifs in benzene and naphthalene (a, b and d), Ring 

fusion-equivalent bridging motifs (c and e). 

 

One of the unique applications of cyclophane systems is measuring the proximity of a proton 

to the ring and consequently measuring the NMR chemical shifts of the proton.15 Several works 

towards this application have been done by Boekelheide and co-workers104 who in 1973 

synthesized [2.2]metaparacyclophane 33 and [2.2]metaparacyclophane-l,9-dienes 34 (Figure 

24). Further work was performed by Pascal and co-workers105 who worked with 

[7]metacyclophane (Figure 24) in 1987 and Vögtle et al.106 in 1993, who synthesized 

adamantanoparacyclophane 35 (Figure 24). As it is observed in Figure 21, the proton H leaning 

above the benzene ring penetrates deep into the π-electron sphere of the ring resulting in up-

field shifting of the 1H NMR values. 
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Figure 24. Early research on cyclophanes to measure the NMR chemical shift of the proton 

penetrating the π-electron sphere of the benzene ring. Boekelheide’s [2.2]metaparacyclophane 

33 and [2.2]metaparacyclophane-l,9-dienes 34. Vögtle’s adamantanoparacyclophane 35. 

 

An interesting observation on Boekelheide’s [2.2]metaparacyclophane 33 and 

[2.2]metaparacyclophane-l,9-dienes 34 was that compound 33 needs to go through a transition 

state to pursue a conformational flipping of the meta-substituted benzene ring into the para-

bridge.105 This is due to the outweighing conformation effect of the sp3 carbon bridges of 33 

compared to sp2 carbon bridges of 34. Therefore, the effect of the bond angle is opposite to the 

bond length, and as a result, compound 33 needs a stronger force to afford conformational 

flipping. This has been confirmed by X-ray crystallography for both compounds. It was 

observed that the distance of the proton in 33 is 2.71 Å whereas in 34 the distance is only 2.16 

Å. Cyclophane 33, however, showed a higher up-field shift up to 5.24 ppm. It can be concluded 

that [2.2]metaparacyclophane derivatives are suitable compounds to study the interaction of a 

functional group to the aromatic π-electron cloud.  

Furthermore, when comparing adamantane and its highly strained substituted derivative 35, it 

was proven that the up-field shifted NMR signals are due to Hi deeply forced into the π cloud 

of the benzene ring. The 1H NMR signal is highly shifted to -4.08 ppm at -65°C, while H0 is 

less shielded at -1.01 ppm. Hi has a distance of 1.84 Å to the centre of the ring. The bulky group 

in the adamantane derivative has forced the proton to orient towards the centre of the ring. 106,107  
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Pascal and co-workers108,109 were interested in synthesizing triple substituted benzene ring. The 

first synthesized compound 36 showed a short distance between the hydrogen and the ring 

without having a chemical bond (Figure 25).110 Furthermore, they attempted to move the 

methine proton closer to the centre of the ring by removing the sulphones from compound 37, 

resulting in the ring contraction of 38. Calculations show that the proton should be 1.78 Å above 

the ring and resonance at -4.03 ppm was much higher, compared to compound 36, which had a 

chemical shift of -1.68 ppm. 

 

 

 

Figure 25. Pascal’s macrocycles and projection of aliphatic hydrogen towards the center of 

the benzene ring. Adapted from Ref.110 with permission from Copyright © 1987, American Chemical Society. 

 

4.2  Planar cyclooctatetraene systems 

 

So far, it has been observed that antiaromatic compounds tend to form a non-planar 

conformation to avoid antiaromaticity. Therefore, studying antiaromatic compounds has 

become a challenge for scientists. Developing synthetic methods for a stable and planar 

antiaromatic compound has paved a way to analyse the properties of antiaromatic compounds 

in general.  

Figure 26 presents a method by Osuka and co-workers79 who synthesized a tetra annulated 

porphyrin sheet 40 having an [8]circulene in its centre. The idea was to coordinate (1,4-bis((1-

methyl-1H-imidazol-2-yl)ethynyl)-benzene ligand 39 to zinc centres of the sheet 40 to enable 

the characterization of the paratropic ring current of the complex system 41. The imidazoles are 

indeed diagonally coordinated to two zinc atoms in a 2:1 ratio. The ligand is located above the 

COT core, and the NICS values showed a significant downfield shift at 3.78 ppm.  
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Figure 26. Osuka’s tetrameric porphyrin sheet 40. 2:1 complexation 41 of the ligand 39 and 

tetrameric porphyrin sheet (The structure is simplified for clarity). Adapted with permission from 

Ref.79 Copyright © 2006, American Chemical Society. 

 

The structures of a zinc(II) porphyrin tetrameric sheet 42, a porphyrin sheet without zinc(II) 29, 

and a porphine 43 with calculated NICS values are shown in Figure 27. The NICS results 

indicated that the zinc complex showed stronger paratropic effects than the two other 

compounds. This suggests that the COT core is strongly antiaromatic and the paratropic ring 

current is affecting the 18π aromatic systems surrounding the central core by weakening the 

aromatic values.  

 

 

41 40 

39 
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Figure 27. NICS(0) values (in ppm, shown in red) calculated on porphine 43 and its 

derivatives. The structures are simplified for clarity.79 

 

Nishinaga et al.111 synthesized compound 44 with a planar COT core which contained protons 

directly attached to the central core (Figure 28). Experimental and theoretical results confirmed 

the antiaromatic properties of the COT core. In addition to antiaromaticity, the synthesized 

molecule also showed narrow HOMO-LUMO gap, which can potentially be used in 

semiconductive materials.112 1H NMR chemical shift for Ha and Hb protons were calculated to 

be 4.22 ppm and 4.00 pm respectively, confirming the presence of a paratropic ring current in 

the core. Both protons showed slightly more up-field chemical shifts in the experimental data 

(4.71 and 4.41 ppm, respectively) depicting that Hb protons are less affected by the ring current 

of the annulated thiophene ring.   

 

 

 

Figure 28. Structure of compound 44 and the position of the olefinic protons directly attached 

to the core. Adapted with permission from Ref.104 Copyright © 2013, American Chemical Society. 

42 

44 
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4.3  Circulenophanes 

 

By combining cyclophane and circulene chemistry, a new class of compounds called 

circulenophanes were designed by spanning hydrocarbon bridges over the circulene plane. 

Planarized annulated COT molecule can have a linker type bridge covalently bonded to its 

reactive centers, the pyrrole moieties (Figure 29).122 As previously mentioned, this allows 

assessing the effect of the induced ring current of the core on the protons of the bridge to study 

antiaromaticity.  

 

 

Figure 29. Planarized COT with a potential linker coupled to the pyrrole moieties.122 

 

Several attempts were made regarding the formation of a circulenophane either by introducing 

a covalently bonded linker through the pyrrole moieties or by linking the linkers in advance to 

the dihydroxycarbazole 49 units and then perform the cyclization reaction.122,123 The first 

attempts for synthesizing a circulenophane were made by reacting diazadioxa[8]circulene 10  

with ortho-anilinyl groups in copper catalysed reaction conditions. This attempt resulted in 

obtaining cis- and trans-isomers. The same conditions were implemented on ortho-iodo-

nitrobenzene groups with compound 10. Both isomers were isolated, the trans-isomer 80 in 40 

% and cis-isomer 81 in 12% yields and reduced to anilines directly. The cis-isomer 81 had two 

reactive centers on the aniline moieties, both facing each other above the circulene plane (Figure 

30).  

79 
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Figure 30. Cis- and trans-isomers of aniline containing substrate.122 

 

Different reaction conditions and linker chains for the formation of a circulenophane were tried, 

however, they repeatedly failed (Figure 31). It was expected the cis-isomer 81 to form a 

circulenophane since the reactive centers are close to each other and it could favour 

intramolecular reaction. However, the attempts to introduce a linker in between the aniline 

moieties remained unsuccessful. In the approach I, different aliphatic chains were used in three 

different conditions, a, b and c. The reaction did not result in circulenophane 82. In approach 

II, different reagents were used to couple the aniline groups, but the results suggested that the 

high reactivity of the acyl chloride groups did not allow the formation of the expected molecule 

83. 

 

Figure 31. The cis-isomer underwent different reaction conditions.14 
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4.3.1 Forming a macrocycle 

 

Formation of a circulenophane can be related to a macrocycle since it resembles the 

characteristics of a macrocycle. Macrocycles are molecules containing one or more rings with 

at least eight atoms. The formation of macrocycles depends on fundamental factors, of which 

the ring size is the primary factor to consider as it affects the ring´s strain.113 There are three 

types of strains associated with the planar cyclic conformations, which are easier to depict with 

the help of small rings.114  

3- and 4- membered rings possess the highest ring strain associated with the first type of ring 

strain. Formation of these two rings is fast due to the proximity of the two ends. In heterocyclic 

systems, the formation of 5-membered rings are mostly fast, and the rings are affected by the 

second type of ring strain. 6-membered rings show almost no ring strain, and they are formed 

slower up to moderate rates. 7- and higher membered rings are formed slower due to the 

decrease in the proximity of the loose ends. These rings also depict the third type of rings strain, 

mostly because of the proximity of the hydrogen atoms in space. As macrocycles show less ring 

strain compared to smaller rings, they possess a higher number of degrees of freedom, and 

therefore they will adopt more conformations.  

In 3- and 4-membered rings, high angle strain, called Baeyer strain or angular strain, is observed 

due to the competition between a tetrahedral configuration and the rigidity of the structure.115 

This type of strain arises from the distortion of the bond angles from the ideal tetrahedral 

conformation of the C-C bonds. A good example is cyclopropane (C3H6), in which the C-C-C 

optimal bond angle would be 109.5° for an sp3 hybridized carbon atom according to the degree 

of hybridization, but instead, it is 60°. This leads to higher bending of the bonds between the 

carbon atoms and a change in the conformational structure (Figure 32a). There is a direct 

relation between the degree of distortion and the strain energy.116 
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Figure 32. Different strain types: a) angle strain in cyclopropane, b) torsional strain in 

cyclopentane, and c) transannular strain between non-bonded atoms in cyclodecane. 

 

5-membered rings, such as cyclopentane, experience strain by the vicinal hydrogen atoms 

known as torsional strain, or Pitzer strain (Figure 32b).117 This type of strain is seen in atoms 

being separated over three covalent bonds, such as in eclipsed conformation, which brings the 

atoms into proximity of each other. This conformational change suppresses the transannular 

interactions between atoms and makes the conformation in any planar cyclic alkane unstable 

and with higher energy.  

7- and more membered rings depict transannular interactions known as Prelog strain, which 

arises from the interaction between the non-bonded atoms in a cyclic system (Figure 32c).118  

This occurs when the atoms at non-adjacent locations can affect each other due to their 

proximity and repulsive interactions. Transannular strain plays a crucial role in the 

regioselectivity, thermodynamics and kinetics of synthesizing cyclic compounds. 

The conformational restriction for ring closure in large macrocycles is a challenge. It has been 

observed that by dilution of the reaction mixture to 10-3 M or less the reaction favours 

intramolecular cyclization. This phenomenon is known as the Ziegler and Ruggli dilution 

principle.119 The diluted solution prevents the molecule from going through an intermolecular 

coupling and favours intramolecular ring closure.120 It was observed that adding the reagents 

slowly, rather than consuming a high volume of solvent, using low temperatures, and having 

pre-organised compounds as the linker, could be used for the synthesis of the desired 

circulenophane.121  
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4.4  Bridge-type linkers 

 

Different types of pre-organized hydrocarbon linkers 88, including different lengths and 

building blocks, were synthesized in Pittelkow’s group.122 In the case of an aliphatic 

hydrocarbon chain, in between two meta-substituted halide moieties, the attempt to attach both 

ends to the circulene via the Ullmann coupling remained unsuccessful. The reason could be the 

variety of conformations around the aliphatic chain of the linker, making it hard to couple the 

halide moieties to the pyrrolic nitrogen atoms in the desired conformation.122 Thus, the 

synthesis plan was changed, and the halide moieties were placed at the ortho positions, which 

led to a successful coupling (Figure 33). Different aliphatic chain lengths were tried to identify 

the optimum length for the linker.122 A chain containing nine carbon atoms appeared to be the 

right length compared to chains containing eight or ten carbon atoms, which showed strain or 

required to have the right conformation before coupling, respectively.  

 

 

 

Figure 33. Synthesis of a variety of aliphatic chains for spanning over the circulene plane.122 

 

The synthesized hydrocarbon chain, however, did not show an upfield shift of the protons 

according to the NMR results. The reason could be that a) there was no paratropic ring current 

in the molecule, b) the high distance of the methylene protons from the centre of the circulene, 

c) the linker flipped in between different conformations and did not stay above the ring (Figure 

34), or d) the hydrogen atoms on the chain were pointing outward; thus they were not to the 

proximity of the centre of the COT core.122 The system with a 10 carbon atom chain 63 is shown 

in Figure 34. 

 

 

88 



35 
 

 

 

 

Figure 34. It is suggested that the linker is flipping into different conformations preventing 

the methylene protons from remaining above the COT core.123 

 

Functionalized linker 50 containing a phenylene group in the middle was synthesized (Figure 

35).123 However, the results suggested that the structure was not rigid enough. The crystal 

structure and NMR results suggested that the linker had the same problems depicted in Figure 

34; flipping into different conformations and rotating around the linker’s axis.  

The results also suggested that the linker tilts into aromatic and antiaromatic regions. Relatively 

small upfield shifts suggest that the bridge spent more time swapping in between the aromatic 

and antiaromatic region and did not stay in one state. This observation was noted upon cooling 

experiments. Further upfield shifts were observed in addition to the broadening peaks, which 

was a sign of having different conformations.   

Moreover, the protons were not pointing to the center or were too far from the core. This 

supported the idea that the phenylene group was not bulky enough to restrict the movement. 

Thus, a new approach towards a bulkier linker 51 was designed. The synthesis was not, 

however, completed during the time allocated for the project. 

 

63 
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Figure 35. Linker 50 containing a benzene ring in the middle to point the protons towards the 

circulene core. Linker 51 containing a bicyclo moiety in the chain for bulkier centre.123 
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EXPERIMENTAL PART: TOWARDS THE SYNTHESIS OF A 

CIRCULENOPHANE 
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5 MOTIVATION 

 

Antiaromatic compounds are of high interest due to their instability.14 However, compounds 

containing more than six-membered central ring form a saddle-shaped conformation. A 

planarized cyclooctatetraene (COT) was previously synthesized to study the antiaromatic 

properties of the COT core in Pittelkow’s group.13 

The purpose of this work was to synthesize a circulenophane 72 with a bridged 

diazadioxa[8]circulene 10. This compound would allow proving of the antiaromaticity of the 

8-membered central ring of the COT core using NMR. In this approach, the chemical shift of 

the protons on the central DABCO unit (shown by dotted lines in Figure 36) could be 

investigated due to their proximity to the center of the circulene ring. 

During the summer of 2017, the synthesis of previously reported diazadioxa[8]circulene 10 was 

repeated.13 Furthermore, the synthesis of a bridge-type linker containing bicyclo[2.2.2]octane 

moiety in its centre was initiated. The synthesis, however, was not successful due to the failure 

in purification and no conversion was observed in step four. 

During the summer and autumn of 2018 the synthesis of a new linker 60, which contained 

protons that can be covalently bonded to the diazadioxa[8]circulene 10 through the pyrrole 

nitrogens, was done. However, the attempts for coupling both arms of the linker to the circulene 

were unsuccessful probably due to steric hindrance. 

 

Figure 36. An ideal structure of the target circulenophane 72 containing the synthesized 

linker 60 coupled to diazadioxa[8]circulene 10 for studying the antiaromaticity properties of 

the central 8-membered ring through measuring the NMR chemical shift of the protons on 

DABCO. 
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6 SYNTHESIS APPROACH 

 

6.1 Synthesis of diazadioxa[8]circulene 10 

 

The synthesis of diazadioxa[8]circulene 10 was repeated according to the literature by using 

commercially available 9H-carbazole 44 (Figure 37).13 The synthesis in this project was 

initiated by using previously synthesized 9-benzyl-3,6-dimethoxy-9H-carbazole. For 

compound 48, Friedel₋Crafts tert-butylation was carried out to increase the solubility and 

prevent the aggregation of the final diazadioxa[8]circulene 10.124 This was an important 

adjustment since compound 10 contains a large π-system, which drives the compound into π-

stacking. Tert-butyl groups also block ortho-positions of the hydroxy groups, which prevented 

the polymerization of compound 49 and increased the probability of dimerization towards a 

cyclic compound 24 by reacting on 4- and 5-positions. Compound 49 was dimerized to give 24 

by oxidative dimerization using chloranil as an oxidative agent and BF3OEt2 as a Lewis acid. 

Compound 24 was deprotected by AlCl3 and diazadioxa[8]circulene 10 was obtained.111 
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Figure 37. Synthesis of a diazadioxa[8]circulene 10. 
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6.2 Synthesis of bicyclo[2.2.2]octane containing linker 51 

 

In favor of creating a circulenophane, the synthetic pathway towards linker 51 containing a 

bicyclo[2.2.2]octane moiety is depicted (Figure 38). The bicyclic moiety was used in the center 

of the linker to obtain a rigid chain for better proximity of the bicyclo protons to the COT core. 

The synthesis towards linker 51 was initiated with commercially available compound 52. The 

monoester 52 underwent an esterification reaction with sulfuric acid to obtain diester 53.125,126 

Concentrated sulfuric acid was used as a catalyst for the formation of the ester from the 

carboxylic acid. By use of lithium aluminium hydride on the carbonyl groups, one can achieve 

the formation of diol compound 54.125,126 Compound 55 was obtained by the Swern 

oxidation.126,127 However, the following reaction step towards compound 56 was 

unsuccessful.125 The purification of compound 56 as well as repeating the reaction of 

esterification of bicyclo[2.2.2]octane-1,4-dicarboxaldehyde 55 to 1,4-Bis[2-

(ethoxycarbonyl)ethen-1-yl]bicyclo[2.2.2]octane 56 proved to be rather difficult; the 

compound was lost during the dry column purification, and repeated reactions were 

unsuccessful. Therefore, ligand 51 could not be synthesized according to the presented plan 

(Figure 38). 
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Figure 38. Bicyclo[2.2.2]octane approach for the synthesis of the linker 51. 
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6.3 Synthesis of linker 60 

 

A different approach was considered for synthesizing a bridge-type linker using a DABCO 

moiety. The new approach was far less challenging, cheaper, with fewer synthetic steps and 

better yields. 1,4-Bis(3-(2-hydroxyphenoxy)propyl)-1,4-diazabicyclo[2.2.2]octane-1,4-diium 

60 was synthesized using DABCO and 2-(3-bromopropoxy)phenol 62 (Figure 39).128 The 

synthesis started by the reaction of commercially available 2-iodophenol 64 with an excess 

amount of dibromopropane in acetone. The reaction resulted in 1-(3-bromopropoxy)-2-

iodobenzene 62. Compound 62 reacted thereafter with DABCO in 2:1 ratio as to react both 

nitrogen atoms on DABCO.129 In the first attempt THF was used as a solvent, which resulted 

in early precipitation of the monosubstituted DABCO moiety shortly after the addition of the 

reagents. 

The conditions were changed, and during the second attempt, DMF was used instead of THF. 

In addition, the reaction was heated under reflux. Changing the reaction conditions appeared 

successful and resulted in both nitrogen atoms being involved and reacting with linker 60. 

 

 

 

Figure 39. Synthesis of a bridge-like linker 60 using DABCO moiety in the centre of the 

linker. 
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6.4  Synthesis of a circulenophane 

 

Several attempts were made to couple both arms of linker 60 to the nitrogen atoms of 

diazadioxa[8]circulene 10. The LC/MS data showed a full conversion after 24 hours of stirring, 

but no product was attained.130 It was suggested based on the NMR and mass spectrometry 

results that only one arm of the linker coupled to diazadioxa[8]circulene 68 (Figure 40). The 

reaction was therefore repeated at higher temperatures to force the second arm into coupling, 

but the reaction was not successful. A possible explanation could be steric hindrance due to the 

bulky moiety in the center of the linker, making it difficult to connect the second arm to the 

pyrrole nitrogen. An alternative suggestion could be that the bulky tert-butyl groups make the 

second coupling less favourable. 

 

 

 

Figure 40. Suggested structure of 68. The linker coupled to one nitrogen atom of circulene 

10. 

 

Another approach was attempted to achieve coupling. In this attempt, the linker 60 could couple 

to the dimethoxy carbazole moieties of 48 after deprotonation of the pyrrole moiety to obtain 

compound 70. Furthermore, the methoxy groups could be converted to hydroxyl groups after 

which the cyclization of the carbazole units could lead to the circulenophane 72 (Figure 41). 

However, the reaction failed, and the plan seemed to be ineffective as the units could 

68 
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polymerize instead of achieving cyclization. Figure 41 suggests another synthesis pathway to 

achieve the target circulenophane.  

 

 

Figure 41. Suggested synthesis pathway for achieving circulenophane 72 from 

dimethoxycarbazole 48 and linker 60.  
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7 REACTION MECHANISMS 

 

7.1 Diazadioxa[8]circulene 

It is possible to synthesize diazadioxa[8]circulene 10 by the oxidative dimerization of 3,6-

dihydroxycarbazole 49. Chloranil acts as an oxidative agent and boron trifluoride diethyl 

etherate as a Lewis acid. The reaction mechanism of the dimerization is presented in Figure 42.  

 

 

Figure 42. The reaction mechanism of the dimerization toward the synthesis of 

diazadioxa[8]circulene. 

4

9 
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7.2 Synthesis of the bicyclo containing linker 51 

Synthesis of linker 51 initiated by commercially available compound 52. Addition of 

concentrated sulphuric acid as a catalyst assisted in the esterification of the carboxylic acid 

moiety. Sulphuric acid also acted as a dehydrating agent to force the equilibrium to the right. 

When the diester 53 was obtained, it was reduced to alcohol by LiAlH4. This reaction required 

two hydrides to be added to the carbonyl carbon (Figure 43). 

 

 

Figure 43. The reaction mechanism of dimethyl bicyclo[2.2.2]octane-1,4-dicarboxylate 53. 

 

The nucleophilic H from the reagent attacked the electrophilic carbonyl carbon of 53, forcing 

the electrons to move towards the electronegative oxygen atom. This transfer created a 

tetrahedral complex, which made the alcohol portion of the ester to act as a leaving group, an 

alkoxide, and produced an aldehyde as an intermediate. Afterwards, the nucleophilic H from 

the reagent attacked the carbonyl group and made the electrons move to the electronegative 

oxygen creating a metal alkoxide complex. At last, protonation of the alkoxide oxygen created 

a primary alcohol 54 from the complex (Figure 44). 
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Figure 44. The reaction mechanism of bicyclo[2.2.2]octane-1,4-dimethanol 54.   

 

To avoid consuming toxic metals, the Swern oxidation was used to obtain the aldehyde from 

the 1° (primary) alcohol. The only drawback of this reaction was the production of the 

malodourous gas dimethyl sulfide (DMS). As shown in Figure 45 in the blue box, the reaction 

initiated by the activation of DMSO using oxalyl chloride towards the dimethyl 

chlorosulfonium ion. The ion deprotonated the alcohol 54 to produce an alkoxysulfonium ion.  

The reaction continued via intramolecular deprotonation to produce the target aldehyde 55 and 

malodorous DMS. The reaction took place in dry ice and acetone bath to inhibit the formation 

of thioacetals (Figure 45). 
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Figure 45. The reaction mechanism of bicyclo[2.2.2]octane-1,4-dicarboxaldehyde 55. 

 

Horner-Wadsworth-Emmons (HWE) reaction is similar to a Wittig reaction frequently used to 

produce olefins from aldehydes and ketones. The advantage of this approach is the control of 

the stereochemistry as the E-isomer is obtained over Z when modifying the conditions. By 

reacting phosphonate esters with a base, a stabilized phosphonium anion is produced which 

reacts with the desired aldehyde or ketone. The phosphonate by-products are easily removed 

by extraction with water.131 The reaction started by deprotonation of the phosphonate and 

produced a phosphonate carbanion (Figure 46). Then the nucleophilic addition of the carbanion 

onto the aldehyde 55 produced an intermediate, which converted to the target compound 56 by 

the final elimination using NaOEt as a base. 
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Figure 46. The reaction mechanism towards compound 56. Only one arm is shown for 

clarity. 
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7.3 Mechanistic view towards the synthesis of DABCO containing linker 60 

 

For the synthesis of linker 60, 2-iodophenol was used for a Williamson etherification step. This 

is a popular method for obtaining ethers from alkyl halides and alcohols by the formation of an 

alkoxide intermediate.132 K2CO3 was used as a base to deprotonate the alcohol 64 for the 

formation of the corresponding alkoxide. Then the alkyl halide was added. The halogen was 

partially negative compared to the carbon due to the difference in electronegativity. The carbon 

acted as an electrophile. The alkoxide attacked the alkyl halide as a nucleophile from the back 

to produce an ether via a nucleophilic substitution reaction (SN2). In this step cleavage and 

formation of a bond happens simultaneously. The halide ion acted as a leaving group producing 

KBr as side product while the ether 62 was formed (Figure 47). 

 

 

 

Figure 47. The Williamson etherification reaction towards the formation of compound 62. 

 

During the next step, compound 62 reacted with DABCO in DMF in a 2:1 ratio to substitute 

both nitrogen atoms and obtain linker 60 (Figure 48). The reaction follows a nucleophilic 

substitution mechanism, in which the DABCO unit acts as a nucleophile and compound 62 as 

an electrophile. In 62 the difference in the electronegativity of bromine and carbon creates a 

dipole, in which the electron density at the carbon–halogen bond is attracted towards the 

halogen making the carbon possess a partially positive charge and the bromine a partially 

negative. This made the carbon atom (an electron-deficient unit) susceptible to a    nucleophile 

attack. An important factor in this type of reactions was to select the right solvent; polar aprotic 

solvents create a medium in which the stabilization of the nucleophile is decreased, and thus 

the reaction can take place. 
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Figure 48. The synthesis mechanism of compound 60. 
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8 MATERIAL AND INSTRUMENTATION 

 

All chemicals and solvents were purchased from commercial suppliers and used without further 

purification. HPLC grade solvents were used for synthesizing the compounds whereas technical 

grade solvents were used for purification. When needed, solvents were dried over molecular 

sieves of 4 Å before use.  

TLC was performed using Merck TLC Silica gel 60 F254 0.2 mm thick. Pre-coated TLC plates 

were developed in a specific solvent system, and when stained, the spots were visible under UV 

irradiation using a Konrad Benda UV lamp at 254 and 366 nm.   

NMR experiments were performed using a Bruker Ultrashield Plus 500 MHz spectrometer. 1H-

NMR spectra were recorded at 500 MHz. Solvents were used as purchased, and the data was 

analysed using MestReNova 11.0.4. No 13C-NMR was measured. 

DCVC was performed using ROCC S. A. Silica gel 60 Å, 15-40 πm, SI 1722 using technical 

grade solvents. The celite was Hyflo Super Cel® diatomaceous earth.  

MALDI-TOF-HRMS measurements were performed on a SolariX ESI/MALDI FTMS 

spectrometer using dithranol as a matrix made by Annette Anderson.  

GC-MS analysis was performed on an Agilent 6890 series GC system, coupled to an Agilent 

5973 Network Mass Selective Detector.  

Standard HPLC analysis was performed using a Dionex Ultimate 3000 system coupled to an 

Ultimate 3000 diode array UV/Vis detector. The column used for the separation was a Dionex 

Acclaim RSLC 120 C18 2.2 µm 120 Å 2.1x50 mm, and it was maintained at 20 °C or 40 °C. 

The mobile phase solutions were prepared with 0.1% HCOOH in the solvents. The water used 

as eluent was purified by a Millipore system. Bruker MicrOTOF-GII-system with an ESI-

source with nebulizer, 1.2 bar, dry gas: 8.0 L/min, dry temperature: 200°C, capillary: -4500 V, 

endplate offset: -500 V, funnel 1 RF: 200.0 Vpp, ISCID energy: 0.0 eV, funnel 2 RF: 200.0 

Vpp, hexapole RF: 100.0 Vpp, quadrupole ion energy: 5.0 eV, low mass: 100.00 m/z, collision 

energy: 8.0 eV, collision RF: 100.0 Vpp, transfer time: 80.0 µs and pre-plus storage: 1.0 µs.  

All GC-MS, MALDI-TOF-HRMS and HPLC analyses were performed for confirming the 

presence of the product after observation with 1H NMR. Unfortunately, the results were lost 

due to miscarrying the data.    

Boiling points were measured with a Büchi melting point apparatus. 
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9 SYNTHESIS 

 

9.1 Synthesis of dimethyl bicyclo[2.2.2]octane-1,4-dicarboxylate 53 

 

 

First, 4-(methoxycarbonyl)bicyclo[2.2.2]octane-1-carboxylic acid 52 (5.00 g, 23.56 mmol) was 

dissolved in methanol (70 ml, 23.56 mmol) in a 250 ml round bottom flask. Then one drop of 

H2SO4 (95 % w/w) was added to the mixture, and it was refluxed overnight at 80˚ C.  

On the next day, analysis of NMR, GC-MS and TLC stained by KMnO4 solution showed full 

conversion. The solution was quenched with water (3 x 100 ml), giving a white mixture and 

precipitates. DCM was added. The organic layer was separated, and the water phase was 

washed with DCM. The organic phase was dried over Na2SO4. The solvent was removed by 

rotary evaporator to give dimethyl bicyclo[2.2.2]octane-1,4-dicarboxylate 53 as a white solid.  

Molecular formula: C12H18O4. Yield: 5.2 g, 97 %. MP: 98-99 °C. TLC: Rf = 0.7 

(heptane/ethyl acetate, 1:2). 1H NMR (500 MHz, CDCl3) δ 1.81 (s, 12 H), 3.65 (s, 6H) ppm. 

13C NMR was not measured. 
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Figure 49. 1H NMR spectra of compound 53. 
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9.2 Synthesis of bicyclo[2.2.2]octane-1,4-dimethanol 54 

 

 

A 250-ml three-necked flask was equipped with a reflux condenser, magnetic stirrer and 

nitrogen inlet. The flask was charged with 20 ml of diethyl ether and LiAlH4 (2.47 g, 64.97 

mmol). Dimethyl bicyclo[2.2.2]octane-1,4-dicarboxylate 53 [APF-01-B] (4.90 g, 21.66 mmol) 

was dissolved in 30 ml dry ether. The solution was added dropwise to the flask while stirring 

for 1,5 hours. Subsequently, the flask was heated and refluxed for five hours.  

The reaction was quenched by dropwise addition of water (8.5 ml), 2.5 ml of NaOH (15 %, 2 

M) and 25 ml of water. The mixture was filtered, and the salts were washed with ether. The 

organic layer was dried with Na2SO4, and the solvent was removed with a rotary evaporator. 

The product was obtained as a bright yellow solid. 

Molecular formula: C10H18O2. Yield: 2.65g, 72 %. MP: 105°C. TLC: Rf = 0.30 (heptane:ethyl 

acetate, 1:2). 1H NMR (500 MHz, CDCl3) δ 1. 30 (broad s, 2H), δ = 1.43 (s, 12H), 3.27 (s, 4H) 

ppm. 13C NMR was not measured. 
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Figure 50. 1H NMR spectra of compound 54. 
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9.3 Synthesis of bicyclo[2.2.2]octane-1,4-dicarboxaldehyde 55 

 

 

 

A 250 ml round bottom flask was flame dried and flushed with nitrogen. The flask was put in 

acetone dry ice bath. Oxalyl chloride (1.43 ml, 16.69 mmol) and DCM (40 ml) solution was 

added to the flask. DMSO (2.75 ml, 38.65 mmol) mixed with DCM (15 ml) was added dropwise 

while stirring and the mixture was let to stir for five minutes. Bicyclo[2.2.2]octane-1,4-

dimethanol 54 [APF-02-B] (1.40 g, 8.22 mmol), DCM (5 ml) and DMSO (1.25 ml) were added 

dropwise, and stirring was continued for fifteen minutes. 

The reaction mixture was warmed to -10 °C, triethylamine was added, and the mixture was 

stirred for one hour. Water (80 ml) was added, and DCM layer separated. The water layer was 

extracted with DCM. Organic layers were combined and washed with HCl 1%, Na2CO3 5%, 

brine and dried over Na2SO4. The solvent was removed under vacuum. Sticky dark orange 

product was obtained. DNPH was used for TLC stain.  

Molecular formula: C10H14O2. Yield: 1.11 g, 82%. MP: 103-104 °C. TLC: Rf = 0.7 

(Heptane:EtOAc, 1:2). 1H NMR (500 MHz, CDCl3) δ 1.72 (s, 12H), 9.44 (s, 2H) ppm. 13C 

NMR was not measured. 
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Figure 51. 1H NMR spectra of compound 55. 

 

 

 

 

 

 

 

 

 

 

 

 

 



60 
 

 

9.4 Synthesis of 1,4-bis[2-(ethoxycarbonyl)ethen-1-yl]bicyclo[2.2.2]octane 56 

 

 

 

Bicyclo[2.2.2]octane-1,4-dicarboxaldehyde  55 (470 mg, 2.83 mmol) and ethyl 2-

(diethoxyphosphoryl)acetate (2.24 ml, 11.31 mmol) were added to a 250 ml round-bottomed 

flask at 60 °C. Sodium ethoxide (15 ml, 1N) was added by syringe, and the mixture was stirred 

overnight. 

Next day the solvent was removed by rotary evaporator, petrol ether was added, and the mixture 

was refluxed for 2 hours. The solution was filtered, and the product was evaporated onto celite. 

The product was subjected to DCVC. White sticky product was obtained. DCM:Hep, 2:3.  

Molecular formula: C18H26O4. Yield: 183 mg, 23 %. TLC: Rf = 0.5 (heptane/ethyl acetate, 

4:1). 1H NMR (500 MHz, CDCl3) δ 1.28 (t, 6H), 1.59 (s, 12H), 4.16 (q, 4H), 5.66 (d, 2H), 6.85 

(d, 2H). 13C NMR was not measured. 
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Figure 52. 1H NMR spectra of compound 56. 
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9.5 Synthesis of N-benzyl-2,7-di-tert-butyl-3,6-dimethoxy-9H-carbazole 48 

 

 

 

3,6-dimethoxy-9-propyl-9H-carbazole 47 (2.00 g, 6.30 mmol) was dissolved in trifluoroacetic 

acid (TFA) (9.15 ml 119.49 mmol). Then tert-butanol (t-BuOH), (7.74 ml, 81 mmol) was 

added. The mixture was cooled down in an ice bucket, and sulfuric acid (158 µl, 2.84 mmol) 

was added slowly. The mixture was left to stir overnight.  

The next day white sediments were observed. Some water was added, and immediately more 

white sediments precipitated. The mixture was filtered and dried under vacuum line. A white 

solid was obtained. 

Molecular formula: C29H35NO2. Yield: 2.49 g, 92%. MP: 168-170°C. TLC: Rf = 0.64 

(heptane/ethyl acetate, 4:1). 1H NMR (500 MHz, CDCl3) δ 1.53 (s, 18H), 3.93 (s, 6H), 5.45 (s, 

2H), 7.21-7.26 (m, 3H), 7.28 (t, 2H), 7.23 (s, 2H), 7.56 (s, 2H) ppm. 13C NMR was not 

measured. 
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Figure 53. 1H NMR spectra of compound 48. 
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9.6 Synthesis of 9-benzyl-2,7-di-tert-butyl-9H-carbazole-3,6-diol 49 

 

 

 

9-benzyl-2,7-di-tert-butyl-3,6-dimethoxy-9H-carbazole 48 (2.00 g, 4.66 mmol) and tert-

butylammonium iodide (3.5 g, 9.53 mmol) were mixed in a 500 ml round bottom flask and 

closed with a sealing rubber. Boron trichloride (40 ml, 452.71 mmol) was added slowly to the 

mixture under N2, and the mixture was left to stir for 75 minutes. The solution turned dark red. 

After full conversion, the solution was slowly quenched with HCl (1M, 200 ml), then washed 

with DCM (4x60ml) and dried over Na2SO4. The mixture was purified using a dry column with 

acetonitrile:toluene v/v %, 12 % gradient in 2 % increments. A white powder was obtained. 

 

Molecular formula: C27H31NO2. Yield: 1.34 g (72%). MP:  ≈ 240 ° (With decomposition). 

TLC: Rf = 0.3 (Heptane:EtOAc, 2:1). 1H NMR (500 MHz, DMSO-d6) δ 1.40 (s, 18H), 5.47, 

(s, 2H), 7.18-7.21 (m, 5H), 7.24 (d, 2H), 7.28 (d, 2H), 8.87 (s, 2H) ppm. 13C NMR was not 

measured. 
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Figure 54. 1H NMR spectra of compound 49. 
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9.7 Synthesis of 9,11-bis(N-benzyl)-2,3,6,7-tetra-tert-butyl 

diazadioxa[8]circulene 24 

 

 

9-benzyl-2,7-di-tert-butyl-9H-carbazole-3,6-diol 49 (1.40 g, 3.49 mmol) and 2,3,5,6-tetrachlo-

1,4- benzoquinone (chloranil; 944 mg, 3.84 mmol) were dissolved in 200 ml DCM in a 250 ml 

round bottom flask and stirred for 3 hours at room temperature. Subsequently, boron trifluoride 

diethyl etherate (0.47 ml, 3.84 mmol) was added to the mixture, and the mixture was left to stir 

overnight. 

Full conversion of the starting material was observed the next day by TLC. The mixture was 

then quenched with KOH (2 M, 50 ml) and let to stir for 10 minutes. The mixture was extracted 

with DCM (4x70 ml) and dried over Na2SO4. The solvent was removed by rotary evaporator. 

The crude compound was purified using a dry column. (heptane:toluene v/v%, 12% gradient in 

5% increments). The product was a yellow solid. 

Molecular formula: C54H54N2O2. Yield: 650 mg (48%). MP:  ≈ 240 ° (With decomposition). 

TLC: Rf = 0.3 (Heptane/EtOAc 2:1). 1H NMR (500 MHz, DMSO-d6) δ 1.72 (s, 36H), 6.02 (s, 

4H), 7.32 (m, 5H), 7.75 (s, 2H) ppm. 13C NMR was not measured. 

 

 



67 
 

 

 

Figure 55. 1H NMR spectra of compound 24. 
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9.8 Synthesis of 9,11H-2,3,6,7-tetra-tert-butyl-diazadioxa[8]circulene 10 

 

 

 

9,11-bis(N-benzyl)-2,3,6,7-tetra-tert-butyl-diazadioxa[8]circulene 24 (APF-03-C) (245 mg, 

321,08 µmol) and aluminium chloride (866.6 mg, 6.5 mmol) were dissolved in n-heptane (25 

ml) in a round-bottomed flask under N2. The reaction mixture was stirred overnight at room 

temperature and later quenched with 2 M HCl (8 ml) which resulted in a two-phase system. The 

product was extracted by adding DCM (5 x 30 ml). The organic phase was dried over Na2SO4 

and filtered. The solvent was then removed under reduced pressure, and the crude product was 

purified by trituration in 96 % EtOH (30 ml). 140 mg yellow powder in 75 % yield was 

obtained.  

Molecular formula: C29H35NO2. Yield: 140 mg, 75%. MP: 168-170°C. TLC: Rf = 0.8 

(heptane/toluene, 1:2). 1H NMR (500 MHz, DMSO-d6) δ 1.76 (s, 36H), 7.64 (s, 4H), 11.61 (s, 

2H) ppm. 13C NMR was not measured. 
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Figure 56. 1H NMR spectra of compound 10. 
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9.9 Synthesis of 8-bromoquinoline 61 

 

 

In a 500 ml round bottom flask, methane sulfonic acid (32 ml) was warmed while stirring up to 

125 °C. 2-Bromoaniline (10 g, 60 mmol) was added followed by iron sulfate heptahydrate (0.5 

g, 1.80 mmol). Glycerol (13 ml, 180 mmol) was added dropwise, and the brown solution was 

stirred overnight. 

The next day the solution was let to reach room temperature, and water (40 ml) was added. The 

black-brown solution was transferred to a beaker, which was placed in an ice bath. An aqueous 

NaOH solution (50% m/v) was added while stirring until the solution was basified up to pH 14. 

The heterogeneous mixture was extracted with Et2O, and the emulsion was let to rest for 10 

minutes. The organic extracts were washed with brine (200 ml), dried over Na2SO4 and filtered 

through celite. The expected product, 8-bromoquinoline, was obtained as a viscous brown oil. 

Molecular formula: C9H6BrN. Yield: 8.82 g (73%). MP:  ≈ 240 ° (With decomposition). 

TLC: Rf = 0.30 (heptane:dichloromethane, 1:1). 1H NMR (500 MHz, CDCl3) δ 7.41 (t, 1H) 

7.47 (dd, 1H),7.80 (dd, 1H),8.06 (dd, 1H), 8.18 (dd, 1H), 9.06 (dd, 1H) ppm. 13C NMR was 

not measured. 

 

Figure 57. 1H NMR spectra of compound 61. 

 

65 66 



71 
 

9.10 Synthesis of 1-(3-bromopropoxy)-2-iodobenzene 62 

 

 

 

2-iodophenol (3.5 g, 15.91 mmol), potassium carbonate (11 g, 79.5 mmol) and an excess 

amount of dibromopropane (23 ml, 227 mmol) were added in a 250 ml round bottom flask. 

Subsequently, acetone (150 ml) was added as a solvent. The mixture was stirred for 48 hours 

under reflux. 

The acetone was removed by rotary evaporator. Water and ether were added, and the organic 

layer was separated, dried over MgSO4 and filtered. The flask contained a white solid. Flash 

column with heptane was used for purification. The product was obtained as a yellow liquid. 

Molecular formula: C9H10BrIO. Yield: 4.95 ml, 91 %. TLC: Heptane, Rf = 0.3. 1H NMR (500 

MHz, DMSO-d6) δ 2.37 (tt, 2H), 3.72 (t, 2H), 4.16 (t, 2H), 6.72 (td, 1H), 6.84 (dd, 1H), 7.27-

7.33 (m, 1H), 7.77 (dd, 1H). 13C NMR was not measured. 
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Figure 58. 1H NMR spectra of compound 62. 
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9.11 Synthesis of DABCO with 1-(3-bromopropoxy)-2-iodobenzene 60 

 

 

 

A mixture of 1,4-Diazabicyclo[2.2.2]octane (DABCO) (560 mg, 5mmol) and 1-(3-

bromopropoxy)-2-iodobenzene 62 (3.41 g, 10 mmol) in DMF (10ml) was stirred in a 50 ml 

round bottom flask for 1 hour at room temperature, then let to stir overnight at 140 °C.  

The next day absolute ethanol (20 ml) was added to precipitate the quaternary ammonium salt. 

The mixture was let stand at room temperature for 5 hours, and the solid 60 was filtered and 

washed with cold ethanol, after which it was dried.  

 

Molecular formula: C24H32Br2I2N2O2. Yield: 2.3 g, 34 %. MP:  ≈ 205 °C. TLC: DCM:MeOH, 

1:4, Rf = 0.4. 1H NMR (500 MHz, DMSO-d6) δ 2.27 (tt, 4H), 3.73 (t, 4H), 3.95 (t, 12H), 4.16 

(td, 4H), 6.80 (dd, 2H), 6.78-6.82 (m, 2H), 7.05-7.07 (dd, 2H), 7.37-7.41 (dd, 2H), 7.79-7.81 

(dd, 2H). 13C NMR was not measured. 
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Figure 59. 1H NMR spectra of compound 60. 
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9.12 Synthesis of a circulenophane: Approach I 72 

 

 

 

Linker 60 (10 mg, 18.81 mmol) and diazadioxa[8]circulene 10 (50 mg, 62.96 µmol) were 

placed in a 25 ml flask. K2CO3 (9.2 mg, 66.57 µmol), CuI (4.40 mg, 23.10 µmol) and L-proline 

(2.02 mg, 17.55 µmol) were added. 4 ml DMSO as solvent was added to the flask. The solution 

was stirred for 24 hours at 140 °C. 

10 ml of water was added for the workup. The solution turned bright with precipitation. Copper 

slats could be seen in brown color. A mixture of EtOAc:Cyclohexane, 1:2 (3x30 ml) was added 

to the solution. The organic phase was separated, and the copper salt was filtered. Organic layer 

was quenched with brine and dried over MgSO4. The solvent was removed by rotary evaporator.  

Molecular formula: C64H72N4O4
2+. TLC: DCM:Hep, 1:1, Rf = 0.6.  

 

 

 

 

 

 

 



76 
 

9.13 Synthesis of a circulenophane: Approach II 72 

 

 

 

 

Compound 69 (50 mg, 147.28 µmol) was dissolved in 50 ml DMSO. Pyridine (11.88 µl, 

147.47µmol) was added. Then linker 60 (58.48 mg, 73.64 µmol) was added. The mixture was 

stirred at room temperature for 4 hours.  

The mixture was poured on 100 ml ice water and extracted with cyclohexane:EtOAc (2x50 ml, 

1:2). Organic extracts were washed with brine 50 ml and water 50 ml, a pink foggy mixture 

appeared. The organic phase dried over MgSO4. The solvent was removed by rotary evaporator. 

Molecular formula: C68H88Br2N4O6. TLC: DCM:Hep, 1:1, Rf = 0.6. 

 

 

 

 

 

 



77 
 

10   CONCLUSIONS AND OUTLOOK 
 

Cyclooctatetraene (COT) compounds are versatile building blocks and easy to synthesize. They 

form a saddle-shaped conformation, however, which makes them hard to study. A 

hetero[8]circulene is one option containing aromatic π-system with different bond angles to 

overcome the non-planar conformation. Different heterocycles affect the geometry of the 

circulenes creating a smaller bond angle, therefore resulting in a planar diazadioxa[8]circulene. 

To defeat this obstacle substituents containing heteroatoms have been added around the core. 

This approach allowed investigating antiaromatic properties of the COT core. 

To study the property of the planarized circulene, cyclophane-chemistry has been applied to 

create a system in which the circulene substrate holds a bridge-type linker containing protons 

in its centre. The linker is covalently bonded through the pyrrole nitrogens of the circulene 

system. Creating this system enables further study of the antiaromaticity of the circulenophane 

compound. 

This project focused on synthesizing the linker 51 containing a bicyclo moiety for the bulkier 

center. However, the synthesis remained unsuccessful due to the challenging synthetic path and 

purification. Step 4 toward synthesizing a bulkier linker failed, and very low yield was obtained. 

The reaction is known as Horner-Wadsworth-Emmons, using aldehydes or ketones as starting 

material and converting them to olefinic products by utilising a phosphonate catalyst. Repeating 

the reaction was unsuccessful. The reason could be the poor reaction conditions since the 

reagents were highly unstable.  

Nevertheless, a new approach to synthesizing a linker was designed. A linker containing a 

DABCO moiety in the middle was suggested to be a more promising bulky unit to maximize 

the protons proximity to the center of the COT core.  

The new linker 60 was synthesized in two steps with satisfactory yields. However, the attempt 

for coupling the linker to the circulene substrate remained incomplete. The NMR and mass 

spectrometry measurements showed coupling of one arm of the linker to the pyrrole moiety of 

diazadioxa[8]circulene 24. This could be due to steric hindrance and the bulkiness of the linker. 

To overcome this barrier, it was suggested to repeat the reaction in higher temperature to create 

a force for the second arm to couple. As a second solution, a catalyst could be used to facilitate 

the Ullman-type coupling. However, within the period allocated for the project, the solutions 

mentioned above could not be performed. 
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For the future investigation, a circulenophane having the diazadioxa[8]circulene 24 unit can be 

obtained using different synthetic approached. Two of the possible pathways are described here; 

however, no attempts could be pursued due to the limited time designated to this project. 

The synthesis toward the circulenophane 72 can possibly be achieved by different synthesis 

pathway. A helicene unit 73 can be used instead of diazadioxa[8]circulene 24 to couple to the 

linker 60 and subsequently go through the formation of the second furan ring within two steps 

(Figure 60).  

 

 

 

Figure 60. Proposed synthetic pathway for future work regarding the formation of a 

circulenophane 72 using a helicene 73. 

 

Another suggestion could be having the helicene unit with substituted aliphatic arms 76 in 

advance. Furthermore, the formation of linker could take place by introducing the DABCO 

moiety in the following step a creating compound 77. The formation of the furan ring can be 

conducted in step b to achieve the cirulenophane 78 (Figure 61). 
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Figure 61. Proposed synthetic pathway for future work regarding the formation of a 

circulenophane 78 using a functionalized helicene 76 and DABCO. 
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