
 

 

 

 

Investigation of heteroelement containing 

conjugated systems 

 

PhD thesis 

 

 

 

 

Author:  Réka Eszter Mokrai 

Supervisors: Muriel Hissler 

Zoltán Benkő 

 

 

 

Department of Inorganic and Analytical Chemistry, 

Budapest University of Technology and Economics 

 

Institut des Sciences Chimiques de Rennes, 

Université de Rennes 1 

 

2021 

 



 
 

 
 

Acknowledgement 

First of all, I would like to really thank my supervisors Muriel Hissler, Zoltán Benkő and Pierre-

Antoine Bouit for the opportunity to do this PhD work. With their help I had the chance to 

participate in a co-directed thesis between the two universities, which helped me to learn about 

research work, to get familiar with new scientific methods and knowledge and to learn about a 

new culture, too. 

 

I would like to thank for the useful advices and helps to László Nyulászi and Ilona Kovács. I 

would also like to thank Clement Orione, Elsa Caytan and Erzsébet Kiss for their help in the 

NMR measurements and Thierry Roisnel, Vincent Dorcet and Tamás Holcbauer for their 

advices and help in the X-ray structure determination. Thanks to Emanuelle Limanton and Jean-

Pierre Bazureau for their advice to perform the microwave reactions and to Marc Mauduit and 

Thomas Vives to complete the chiral HPLC measurements. I would like to say thanks to Cécile 

Valter-Potier, Ida Pajor Fisiné and Ferenc Viczián for all of the glassware reparations and for 

the special glassware. Many thanks to Cécile Peron and Judit Szűcs for all or their help in the 

administration and to organize the conference trips.  

 

Many thanks to my colleagues in Budapest and in Rennes. Special thanks to Matthew Duffy 

for his advices, ideas, help and discussions during the laboratory work. Many thanks to Jeanne 

Crassous, Ludovic Faverau and Thibault Reynaldo for their advices and to learn to use the 

analytical instruments. I would like to thank for their advices, discussion and the time that we 

spent inside and outside of the laboratory to Csaba Fekete, Rózsa Szűcs, Zsolt Kelemen, Dániel 

Buzsáki, Anabella Mocanu Hortense Lauwick, Thomas Delouche, Kais Dhbaibi, Etienne 

Gauthier, Victor Laureys and Sittichok Kasemthaveechok. 

 

I would like to thank the financial support to Campus France, Tempus Public Foundation, Pro 

Progressio Fundation, Varga József Alapítvány and Chinoin Zrt. 

 

Lasts but not least I would like to say many thanks to my friends, Eszter and Rajaa for their 

support. Great thanks to my family for their support and their love, care and helps to follow my 

dreams. 

  



 
 

Content 

I. List of abbreviations and marking .......................................................................................... 1 

II. Introduction ........................................................................................................................... 4 

III. Literature overview .............................................................................................................. 5 

III.1. Application of π-conjugated systems in (opto)electronic devices ................................. 5 

III.2. Properties of phospholes, siloles and phosphepines (aromaticity, electronic structure) 7 

III.3. Selected synthetic routes for siloles, phospholes and phosphepines ........................... 11 

III.3.1. Phosphole and silole synthesis .............................................................................. 11 

III.3.2. Phosphepine synthesis .......................................................................................... 16 

III.4. Polycyclic aromatic hydrocarbons: various geometries, frameworks ......................... 21 

IV. Experimental and computational details ............................................................................ 24 

IV.1. Synthetic procedures and experimental details ........................................................... 24 

IV.2. Computational details .................................................................................................. 28 

V. Synthesis of contorted PAHs from polycyclic phospholes with cycloaddition .................. 30 

V.1. Introduction and goals .................................................................................................. 30 

V.2. Results ........................................................................................................................... 33 

V.2.1. Synthesis ................................................................................................................ 33 

V.2.2. Experimental and theoretical structural study ........................................................ 37 

V.2.2.1. Packing effects and bond distances ................................................................. 37 

V.2.2.2. Conformational studies .................................................................................... 38 

V.2.2.3. Structural study of the phosphanorbornene 122 .............................................. 42 

V.2.2.4. Structure of the bisimide 123 .......................................................................... 45 

V.2.3. Aromaticity studies ................................................................................................ 45 

V.2.4. Optical properties ................................................................................................... 50 

V.3. Conclusion and outlook ................................................................................................ 60 

VI. Stereospecific synthesis of phosphepines .......................................................................... 62 

VI.1. Introduction and goals ................................................................................................. 62 

VI.2. Results ......................................................................................................................... 64 

VI.2.1. Synthesis ............................................................................................................... 64 

VI.2.2. Structure and chirality ........................................................................................... 66 

VI.2.3. Optical properties .................................................................................................. 75 

VI.2.4. Chiroptical properties ........................................................................................... 82 

VI.2.5. Aromaticity studies ............................................................................................... 85 



 
 

 
 

VI.2.6. Spectroelectrochemical studies ............................................................................. 88 

VI.2.7. Gold complexes .................................................................................................... 91 

VI.2.7.1. Synthesis ........................................................................................................ 92 

VI.2.7.2. Structure and chirality .................................................................................... 92 

VI.2.7.3. Optical properties ........................................................................................... 95 

VI.2.7.4. Chiroptical properties ..................................................................................... 98 

VI.3. Conclusion and outlook ............................................................................................. 100 

VII. Structural study of bromonaphthyl phosphine oxides .................................................... 102 

VII.1. Introduction and goals .............................................................................................. 102 

VII.2. Results ...................................................................................................................... 105 

VII.3. Conclusion ............................................................................................................... 110 

VIII. Synthesis, characterization and theoretical study of phosphanyl substituted siloles .... 111 

VIII.1. Introduction and goals ............................................................................................ 111 

VIII.2. Results ..................................................................................................................... 112 

VIII.2.1. Synthesis .......................................................................................................... 112 

VIII.2.2. Heteronuclear NMR studies ............................................................................. 113 

VIII.2.3. Structural studies .............................................................................................. 114 

VIII.2.4. Frontier molecular orbitals, and electrochemical studies ................................. 119 

VIII.2.5. Optical properties and TD-DFT calculations ................................................... 124 

VIII.3. Conclusion .............................................................................................................. 127 

IX. Summary .......................................................................................................................... 128 

X. Thesis points ...................................................................................................................... 129 

XI. Publications ...................................................................................................................... 130 

XI.1. Publications related to the thesis ............................................................................... 130 

XI.2. Further publications ................................................................................................... 131 

XI.3. Oral communications ................................................................................................ 131 

XI.4. Posters ....................................................................................................................... 133 

XII. List of selected compounds ............................................................................................ 134 

XIII. References ..................................................................................................................... 135 

 

 



1 
 
 

I. List of abbreviations and marking 

ADC(2)   algebraic-diagrammatic construction through second order 

AIM    atoms in molecules 

Ar    aryl group 

ASE    aromatic stabilization energy 

BCP    bond critical point 

BINAP   2,2′-bis(diphenylphosphino)-1,1′-binaphthyl 

BINAP(O)2   dioxidized BINAP 

bpy    2,2′-bipyridyl 

Bu    butyl group 

B3LYP Becke, 3-parameter, Lee–Yang–Parr exchange-correlation 

functional 

B3LYP-D3 Becke, 3-parameter, Lee–Yang–Parr exchange-correlation 

functional with empirical dispersion correction using Grimmes's 

D3 model 

COD    1,5-cyclooctadiene 

COSY    correlation spectroscopy 

Cp    cyclopentadienyl 

CPL    circularly polarized light 

cc-pVDZ   double-zeta basis set with polarization 

cc-pVDZ-PP   double-zeta basis set with polarization and pseudopotentials 

DABCO   1,4-diazabicyclo[2.2.2]octane 

dba    dibenzylideneacetone 

DCM    dichloromethane 

DMSO-d6   dimethyl sulfoxide-d6 

DDQ    2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

def2-SVP Split valence Karlsruhe basis set with polarization functions on 

heavy atoms (not hydrogen) 

DEPT    distortionless enhancement by polarization transfer 

DMac    dimethylacetamide 

DMAD   dimethylacetylenedicarboxylate 
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DSC    different scanning calorimetry 

ε molar attenuation coefficient or absorptivity of the attenuating 

species 

ECD    electronic circular dichroism 

Et2O    diethyl ether 

f    oscillator strength 

Fc/Fc+    ferrocene/ferrocenium 

Ф    quantum yield  

GIAO    gauge-independent atomic orbital 

HF    Hartree–Fock 

HMBC   heteronuclear multiple bond correlation 

HOMO   highest occupied molecular orbital 

HPLC    high pressure liquid chromatography 

HSQC    heteronuclear single quantum coherence 

iPr    isopropyl group 

IRC    intrinsic reaction coordinate 

λ    wavelength 

LDA    lithium diisopropylamide 

LUMO    lowest unoccupied molecular orbital 

Me    methyl group 

MeCN    acetonitrile 

Mes    mesityl (2, 4, 6-trimethylphenyl)) 

MP2    second-order Møller-Plesset perturbation theory 

MW    microwave 

M06-2X   Minnesota hybrid functional by Truhlar (2006) 

Naphth    naphthalide 

NBO    natural bond orbital 

NICS    nuclear independent chemical shift 

NMR    nuclear magnetic resonance 

NOESY   nuclear Overhauser effect spectroscopy 

OFET    organic field-effect transistor 

OLED    organic light-emitting diode 

OPV    organic photovoltaic cell 

OR    optical rotatory 
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PAH    polycyclic aromatic hydrocarbon 

P-analogue   phosphorus analogue 

P-containing   phosphorus-containing 

PCM    polarized continuum model 

Ph    phenyl group 

P-ligand   phosphorus ligand 

PnB    pnictogen bond 

r.t.    room temperature 

SFC    supercritical fluid extraction 

Si-containing   silicon containing 

tBu    tert-butyl group 

TD-DFT   time-dependent density functional theory 

TGA    thermal gravimetric analysis 

THF    tetrahydrofuran 

THT    tetrahydrothiophene 

TMS    tetramethylsilane 

UV-Vis   ultraviolet-visible 

WBI    Wiberg bond indices 

ωB97XD range-separated hybrid functional by Head-Gordon with 

empirical dispersion correction using Grimmes's D2 model 
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II. Introduction 

Polycyclic aromatic hydrocarbons and other carbon based compounds can offer a wide 

range of applications and these materials can be accessed by methods of organic chemistry. 

Nowadays, the importance of the compounds with special properties continues to increase, and 

organic compounds may have special properties[1–6]. These compounds usually contain rings 

with different sizes and chains with different length, however, such compounds can 

alternatively contain different heteroatoms (e. g. sulfur, oxygen, nitrogen). In the periodic table 

the diagonal rule is well known for the main group elements, for example carbon and 

phosphorus have similar chemical and physical properties. The similarity between these two 

elements is deeply studied by experimental and theoretical techniques. Several reactions can be 

found in which they behave similarly e. g. regarding the enantioselective reactions, because the 

chiral stability of both elements is well known[7]. Nevertheless, these two elements also have 

different properties (e. g. the phosphorus center can be oxidized and reduced easily). These 

examples suggest that the phosphorus can also be regarded as a useful building block in 

materials for applications. Besides utilizing the similarities and differences, the effect of the 

phosphorus atom is also studied in the carbon framework and several different examples show 

the modification of the properties, such as in phosphorus containing polycyclic aromatic 

hydrocarbons[8,9]. In these examples the delocalization and the advantage of the richness of the 

phosphorus chemistry were applied together. 

Despite the large number of studies on different phosphorus-containing molecules and 

on their properties several possibilities were not yet examined. Nowadays the demand on 

compounds with excellent properties for various applications continues to increase, offering an 

object for more detailed investigations on new classes of materials. 

To complete my thesis work I got a chance to accomplish it in a codirected form 

meaning that all of the research work was separated in two different groups having expertise in 

complementary fields of chemistry. One of these has skills in the synthesis and experimental 

characterization of phosphorus-containing conjugated systems, while the other one has 

experience in computational chemistry. With this background I had a chance to do research 

work in both fields, where I performed the synthesis as well as the experimental and 

computational characterization of the new investigated compounds. During my thesis work I 

aimed to study the properties of phosphorus-containing compounds with different frameworks. 

During the research work my goals were to synthesize new molecules with good optical 

properties, which may be used later in optoelectronic devices and to study their reactivity, 
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stability, optical and electronic properties as well as their aromaticity with both experimental 

and computational methods. Besides the synthesis and the analysis I also aimed to understand 

the background of their behavior. The first chapter will show a literature background of the 

research work and in the following four chapters the studied phosphorus-containing compounds 

are discussed in detail including their reactions, the optical and electronic properties. As all of 

the studied materials contain the phosphorus-containing conjugated system at a different part 

of the molecule, at the beginning of every chapter I outline the goals of the topic and at the end 

of every chapter there are concluding remarks and outlook, and in Chapter IX the thesis points 

give a short summary. 

 

III. Literature overview 

III.1. Application of π-conjugated systems in (opto)electronic devices 

Organic semiconductors such as conjugated oligomers or polymers are widely 

employed (opto)electronic devices[10], such as organic photovoltaic cells (OPVs)[11–13], organic 

light-emitting diodes (OLEDs)[14,15], or organic field-effect transistors (OFETs)[16–18]. These 

devices usually contain different layers having specific functions[19] (e.g. luminescence, charge 

transport, etc.)[20]. For example, emitters in OLEDs need to be highly emissive in solid-state, 

thermally stable under high current and form homogenous layers. Furthermore, these species 

need to exhibit appropriate redox properties, e. g. reversible oxidation and reduction to ensure 

the electron and hole transporting properties if they are not used in a host matrix. For OPVs, 

complementary properties are required, such as strong absorption in the visible-near infrared 

region and the HOMO–LUMO energy levels should be appropriate for the p-n junction[19]. In 

the OFETs, the most important property is relevant to the charge transport of the organic semi-

conductor[16]. Firstly, organic crystals have been investigated as organic semiconductors in 

OFETs[21]. For example, crystals of bis-1,3-dithiole-bis-1,3-dithiolium derivatives were studied 

with the four-electrode method under inert atmosphere. Later, pure polyacetylene films were 

also tested, but the conductance was not adequate[22]. The next progression in this field was a 

study on doped polyacetylene polymers[23,24], where different halogens (chlorine, bromine, 

iodine) or AsF5 were used as dopants. The discovery of conducting polymers offered a huge 

potential for using organic polymers in electronic devices and for this investigation a Nobel 
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Prize was even awarded in 2000[25,26]. To investigate the doping possibilities of polymers, 

several conducting polymers with different side chains (Figure 1) were prepared to obtain 

improved properties. In several cases, these substituents contain heteroatoms (such as oxygen, 

sulfur, halogens, nitrogen)[10,27,28]. Besides these materials, heterocycle-containing polymers 

were also investigated, e. g. a conjugated system was obtained by the electrochemical 

polymerization of pyrrole[29], and later on, narrow bandgap copolymers were also prepared from 

pyrrole and other aromatic systems, which were used in OLED and OPV[30]. To expand the 

scope of pyrrole-based polymers, other heterocycles were also used such as thiophene, which 

lead to improved properties for transistors[18,28]. 

 

 

Figure 1: Selected examples of conjugated polymers for optoelectronic applications 

 

Similarly to pyrrole and other nitrogen compounds, phosphorus-containing building 

blocks were also used in optoelectronic devices, for example, phosphines, phospholes, 

phosphetes, phosphepines or their metal complexes[19,31–38]. Several different substituents were 

employed for acyclic and cyclic P-containing molecules, and the modification of these 

substituents or the oxidation state of the phosphorus atom can be used to fine-tune the properties 

of these compounds. Besides phospholes (P-analogue of pyrrole), their silicon analogues, 

siloles (silacyclopentadienes) show appealing optical properties, which can be used in 

optoelectronic devices (e. g. OLED or OPV). Furthermore, the substituted silole ring and its 
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annulated compounds or the polymerized Si-containing molecules are also widely employed 

(Figure 2)[38–46]. 

 

 

Figure 2: Selected examples for P- and Si-containing compounds for optoelectronic 

applications 

 

In addition to polymers, polycyclic aromatic hydrocarbons (PAHs), which are 

bidimensional compounds composed of sp2 carbon atoms, are also commonly used in 

optoelectronic devices[47–49], and these species may also contain different heteroatoms to modify 

their properties[50–56]. 

 

III.2. Properties of phospholes, siloles and phosphepines (aromaticity, 

electronic structure) 

Phospholes, siloles and phosphepines (Figure 3) have appealing optical and redox 

properties depending on their electronic structure. Phosphole and silole are 5-membered 

unsaturated heterocycles, which contain a phosphorus and silicon heteroatom, respectively. 
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Figure 3: General structure of siloles, phospholes and phosphepines 

 

In the case of the phosphole ring, various studies showed that this heterocycle has lower 

aromaticity compared to pyrrole or thiophene[57]. The different aromaticity indices, such as 

aromatic stabilization energies (ASE) and nuclear independent chemical shift (NICS) values 

(for definition and details see Chapter IV.2) show that the phosphole ring has a non-aromatic 

character in contrast to pyrrole, thiophene or furan[58]. For example, the ASE is significantly 

lower for phosphole (3.20 kcal/mol) than for pyrrole (20.57 kcal/mol) or thiophene 

(18.57 kcal/mol) at the MP2(fc)/6-311+G**//MP2(fc)/6-311+G** level. Note that this energy 

increases with the aromatic character of the compound, and in the case of negative values, the 

species are considered anti-aromatic. In the case of the NICS values, similar tendencies can be 

observed: for phosphole, the NICS(0) value is –5.43 ppm, in contrast to the –14.86 ppm and  

–13.80 ppm value for pyrrole and thiophene, respectively at the GIAO/HF/6-311+G** level[59]. 

With other methods similar NICS values were obtained, and the low aromaticity suggests that 

the five-membered phosphole ring has a dienic character. In line with the non-aromatic 

properties, it was shown that the phosphole ring is non-planar, the phosphorus center is in a 

pyramidal environment and the lone pair of the phosphorus is not involved in the delocalization 

with the butadiene fragment of the ring[60,61]. The substituent effects of the phosphorus center 

on the aromaticity were also investigated, and it was shown that the different atoms or groups 

can modify the aromatic character of the ring[62–66]. In the phosphole ring, there is an interaction 

between the orbitals of the butadiene moiety and the orbitals at the phosphorus center. 

Hyperconjugation between the π orbital of the butadiene moiety interacts with the σ* orbital of 

the P–ligand bond was observed, which results in the stabilization of the phospholes. In 

contrast, its planarization was observed by increasing the aromaticity of the ring, and the 

modification of the substituents on the ring can result in the planarization of the phosphorus 

center[64,67]. 

The frontier orbitals of the phosphole are similar to those of the thiophene. In both cases, 

the HOMO is a π type orbital and the heteroatom is not involved. The LUMO is also of  π* 

type, in the case of the thiophene the sulfur is involved, but in the phosphole, the phosphorus 

atom is less involved (Figure 4)[38]. 

Si P
PRR

R
R

R= halogen, alkyl, phenyl
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Figure 4: The HOMO-1, HOMO and LUMO orbitals of the phosphole (left) and thiophene 

(right) at the B3LYP/6-31G*//B3LYP/6-31+G* level (Figure reproduced by the author on the 

basis of reference 59) 

 

The modification of the phosphorus center also can influence the absorption properties. 

Compared to the trivalent phosphorus center, the oxidized or the sulfurized form has red-shifted 

UV-Vis absorption, the complexation of the phosphorus can cause a similar result[68–72].  

Similarly to aromaticity, the optical properties of phospholes and phosphole oxides can 

also be modified by the nature of substituents on the phosphole ring[9,31,56,73]. For example, by 

the extension of the π-conjugated system on the substituent at the α-carbon atoms, the 

absorption is red shifted, and similar changes can be observed with conjugated substituents at 

the annulated ring (Figure 5)[74–77]. Yamaguchi et al. showed that, in annulated phosphole oxide, 

the substituent modification at the 5-membered ring resulted in red-shifted absorption maxima 

(Figure 5)[78]. 
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Figure 5: Phosphole oxide ring with different substituents 

 

Such as phospholes, siloles also have a non-aromatic character. For the silole ring, the 

ASE is –4.61 kcal/mol, which is even lower than that for phosphole (3.20 kcal/mol) at the 

MP2(fc)/6-311+G**//MP2(fc)/6-311+G** level. This result suggests that the silole ring is even 

anti-aromatic. Furthermore, the NICS(0) value of the silole ring (1.6 ppm at the GIAO/HF/6-

311+G** level) also shows lower aromaticity compared to the phosphole ring 

(–5.43 ppm)[59] (the positive value indicates anti-aromaticity). Complementing the neutral silole 

rings, the silolide anion (Si-analogue of the cyclopentadienyl anion) has also been studied, 

because the latter compound has higher aromaticity since Hückel’s rule is satisfied[79,80]. 

(According to Hückel’s rule a ring can be considered aromatic if it is planar and it contains 

4n+2 π electrons[81].) 

As it was mentioned earlier, siloles can have suitable properties for (opto)electronic 

devices. The advantageous optical properties of these compounds result from the smaller 

HOMO–LUMO gap compared to the other 5-membered heterocycles, e. g. pyrrole, thiophene 

[82,83]. Compared to cyclopentadiene (or to other 5-membered heterocycles), the LUMO of the 

silole ring has low energy, due to the combination of the π* orbital of the butadiene part and 

the σ* orbital of the formal silylene moiety. It was suggested that this interaction causes the 

perpendicular arrangement between the ring plane and the substituent at the silicon center[38,82]. 

In the case of the HOMO, we cannot observe differences from the other heterocycles, it is a π 

type orbital, where the heteroatom is not involved (Figure 6). As mentioned earlier, similarly 

to phosphole, the optical properties of the silole ring can also be modified by the substituents at 

the silicon or carbon centers[84–86]. 
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Figure 6: The HOMO (left) and the LUMO (right) of the silole ring at the HF/6-31G* level 

(Figure reproduced by the author on the basis of reference 64) 

 

Besides the phosphole and the silole rings, the 7-membered phosphepines also have 

special properties, however, the number of publications on phosphepines is lower compared to 

the other two heterocycles. Similarly to the 5-membered rings, the neutral 7-membered ring is 

non-aromatic, the NICS(0) value of the methylbenzophosphepine (1.66 ppm) also shows this 

non-aromatic (slightly anti-aromatic) nature [87]. The 7-membered rings are well known for their 

non-planar structure, this structure can be called “boat-like”, the phosphorus center usually has 

a pyramidal shape. In this “boat-like” structure, the α and β carbon atoms of the ring are in a 

different plane compare to the phosphorus center. In addition to the non-planar structure of the 

phosphepines, this type of ring is flexible in solution, but the molecular interactions or 

complexation can stabilize one of the conformations[88–90]. 

The optical properties of some phosphepines were also described, the lowest energy 

absorption band is usually connected to the HOMO–LUMO transitions and these orbitals are 

of π-type, in which the phosphorus is typically not involved[36,91,92]. 

 

III.3. Selected synthetic routes for siloles, phospholes and phosphepines 

For the synthesis of siloles, phospholes and phosphepines different ways were described 

in the literature. As the synthetic routes are usually similar for phospholes and siloles, these are 

described together. Here only the most widely used examples are presented. 

 

III.3.1. Phosphole and silole synthesis 

The first report on the silole and phosphole core was published in 1959, where both 

compounds were synthesized from diphenylacetylene, lithium and the heteroatom-containing 
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chlorinated starting material (such as RPCl2, PCl3, R2SiCl2, etc.) (Scheme 1)[93–95]. Later on, the 

chlorine substituent of the phosphole could be substituted by various groups[96]. 

 

 

Scheme 1: Synthesis of hexaphenylsilole and pentaphenylphosphole 

 

Similarly to these descriptions annulated systems were also investigated, where the five-

membered rings are connected to other rings, e. g. five- or six-membered rings. In these 

preparations, the starting material is usually a halogenated bis-aryl (5, 8, 9, 13), which is 

lithiated in the first reaction step (halogen to lithium exchange). These highly reactive lithium 

species are then reacted with silicon or phosphorus-containing derivatives resulting in the 

conjugated product (7, 10, 11, 12, 14, 15, 16) (Scheme 2)[97–103]. 
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Scheme 2: Synthesis of annulated silole and phospholes 

 

Compared to the large number of the reported P-containing rings, the synthetic routes 

to siloles are limited, the preparation of the phosphole ring has been deeper investigated. For 

siloles, Tamao et al. described a different way to prepare the five-membered ring. In contrast 

to the previous methods, in the first step, the Si–C bond is formed to obtain a bis(alkynyl)silane, 

then the coupling of two C-atoms results in a five-membered dilithiated ring (19). Similarly to 

the previous preparation methods, again a lithiated intermediate is formed, which then leads to 

the desired compound[104]. In this case, however, the α-substituents can be modified in the last 

step (Scheme 3). 
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Scheme 3: Silole synthesis with Tamao’s method 

 

In other commonly used synthetic routes, metallocenes are employed as intermediates 

during the preparation. These methods allow for simple construction of polycyclic systems, in 

which the five-membered heterocycle is embedded. Different transition metals can be used to 

prepare the metallocene, some of them are used to prepare both the silole and the phosphole 

ring, but others are only used to synthesize only one of them. For example the preparation of 

phospholes can be achieved with iron and cobalt complexes [93,105]. In contrast, tellurocene was 

utilized as a starting material for the synthesis of siloles[106]. Most importantly, 

zirconocyclopentadienes and titanocyclopentadienes can be used for the synthesis of 

phospholes or siloles. Three decades ago, Fagan, Nugent and their co-workers prepared the first 

zirconocyclopentadiene (24) by the reaction of Cp2ZrCl2 with BuLi and 2 equivalents of the 

corresponding alkyne (Scheme 4)[107,108].  

 

 

Scheme 4: The Fagan/Nugent synthesis of silole 26 and phosphole 25 

 

To obtain the desired phosphole or silole, the zirconocyclopentadiene 24 is reacted with 

a phosphorus or silicon halide. Furthermore, with this type of synthesis, it is also possible to 

synthesize annulated systems or polycyclic aromatic hydrocarbons [56,65,66,107–111]. 

Unfortunately, this method gives only poor yield for siloles and only the SiBr4 is able to form 

the silole ring (Scheme 4). To reach better yields, West et al. modified the synthetic strategy, 
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firstly the zirconocene ring (24) was reacted with iodine, then the formed diiododialkene (27) 

was reacted with BuLi and a silicon halide (Scheme 5)[112]. Later on, this synthesis was further 

optimized and all of these modifications helped to develop several different substituted 

compounds[86,113,114]. 

 

 

Scheme 5: The modified Fagan/Nugent synthesis for siloles reported by West et al. 

 

Another widely used route to synthesize the silole and phosphole ring has been 

published by Sato, Urabe et al. Here, the titanium-based ring is used as a reaction intermediate. 

In this preparation method, a dialkyne is reacted with iPrMgCl and Ti(OiPr)4, which resulted in 

a five-membered titanium containing ring (35-40). In the following step, the phosphole is 

formed by substituting the titanium with a phosphorus center (Scheme 6)[115–119]. In the case of 

silole, Tamao, Yamaguchi and their co-workers modified the synthesis. First, the titanium-

containing heterocycle (50-52) is reacted with iodine and, in the following step, the silicon 

compounds are added to form the silacyclopentadiene (56-58). With this method, it is possible 

to easily synthesize a condensed system including a silole ring (Scheme 6)[120]. 

 

Cp2ZrCl2
Zr

CpCp

BuLi
2-butyne

THF

78oC

I2

THF

oC

23 24

I

I

27

1) BuLi

78oC

2) SiCl4
196oC25oC

Et2O

Si
ClCl

28

71%



 
 

16 
 

 

Scheme 6: Synthesis of phosphole and silole rings through titanium heterocycles 

 

Besides these examples, further synthetic methods (e. g. catalytic reaction is used for 

the formation of the five-membered ring[121]) have been reported in detail  in the literature. 

 

III.3.2. Phosphepine synthesis 

Compared to the five-membered siloles and phospholes, the first description about the 

synthesis of phosphepines was published later due to stability problems of these compounds. In 

the case of phosphepines, it was shown that without bulky substituents, the 7-membered ring is 

not stable, and an isomerization was observed (Scheme 7)[89]. This reaction was also studied by 

computational methods. During the valence isomerization, a phosphinidene and an aromatic 6-

membered ring were formed. 

 

 

Scheme 7: Valence isomerization of phosphepines and the release of phosphinidines (PR) 

 

The first phosphepine (60) was synthesized in 1983 by Märkl et al.. The 3-phenyl-3-

benzophosphepine (60) was prepared from the reaction of 1,2-diethynylbenzene (59) and 

phenylphosphane[122] (Scheme 8). Unfortunately, this compound shows low thermal stability. 
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In 1984, the same research group stabilized the phosphepine using bulkier substituents in the 

α-positions to the phosphorus center (Scheme 8)[123]. 

 

 

Scheme 8: Synthesis of 3-phenyl-3-benzophosphepine and 2,7-disubstituted-1-phenyl-1H-

phosphepines 

 

Another stable phosphepine was published by Granoth et al.. In this compound, the 7-

membered ring is a part of a condensed system[124]. The annellation enhances the stability of 

the phosphepine by blocking the isomerization route. Unfortunately, the preparation needs 

several steps. The starting material, a dibromo species (69), was lithiated with BuLi, then 

PhPCl2 was added to close the ring. After the oxidation of the phosphorus center, the partially 

saturated phosphepine (70) was isolated. To obtain the unsaturated ring, compound 70 was first 

reacted with N-bromosuccinimide (NBS). The formed bromo substituted species (71) was 

reacted with KOH and the C=C double bond in the backbone was formed via elimination 

(Scheme 9). 
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Scheme 9: Synthesis of condensed phosphepine 

 

Later, this condensed phosphepine (72) was prepared in a shorter way with a good yield. 

To obtain compound (72), a ring-closing metathesis was used with a second-generation 

Hoveyda-Grubbs catalyst (Scheme 10). This method has not only fewer reaction steps, but it is 

also suitable to prepare 7-membered rings with other heteroatoms[125]. To synthesize dibenzo 

annulated phosphepines, Z-dibromostilbene (75) was reacted with tBuLi, then ArPCl2 was 

added to form the phosphepine ring (76) (Scheme 10)[88]. 

 

 

Scheme 10: Synthesis of a benzo-condensed phosphepine by ring closing metathesis and from 

Z-dibromostilbene 
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In 2003, Widhalm et al. synthesized an annulated phosphepine (79) in which two 

naphthalene rings and a further benzene moiety were connected to the seven-membered 

ring[126]. This phosphepine can be prepared in a one-step reaction of oxidized BINAP 

(BINAP(O)2) (77) and lithium diisopropylamide (LDA) (Scheme 11). Other naphthyl-fused 

phosphepines (81, 83, 87, 88) were also published beside the previous species. For example, 

Romero-Nieto et al. as well as Hissler et al. reported such compounds accessed from dihalogen 

substituted naphthalene[36,91] (Scheme 11). In both cases, the possible derivatization of these 

systems was also shown. These species have appealing luminescent properties, which enable to 

apply them in electronic devices. 

 

 

Scheme 11: Synthesis of naphthyl fused-phosphepines 

 

Besides the benz annulated phosphepines, other condensed systems were also published. 

In these compounds, thiophene rings are fused with the phosphepine ring. Such systems can be 
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Baumgartner et al. published a family of thiophene annulated phosphepine rings and their 

properties were investigated[128]. The 7-membered ring formed directly from the substituted 

bithiophene (89), which was reacted in situ with PhP(SiMe3)2 in diethyl ether at –78oC 

(Scheme 12). The substitution reactions of 90 were reported and its complexation with gold(I) 

at the P-center was also studied. Besides the synthesis, the optical and electronic properties of 

these compounds were also investigated and the future application of these phosphepines seem 

to be feasible. 

 

 

Scheme 12: Synthesis of thiophene annulated partially saturated phosphepines 

 

Later on, other thiophene substituted phosphepines were also published by Hissler et al. 

and Kivala et al., in both cases the optical and the electronic properties were thoroughly 

investigated (Scheme 13)[92,129]. 

 

 

Scheme 13: Synthesis of other thiophene substituted unsaturated phosphepines 
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For these compounds, the possible extension of the π-conjugated system was also 

confirmed. In addition to the previously mentioned heterocycles, Loo et al. published a 

condensed system, where nitrogen atoms are also involved in the 7-membered ring[130] 

(Scheme 14). These compounds showed the possibilities for extending the number of the 

phosphepines. 

 

 

Scheme 14: Nitrogen containing 7-membered P-rings 

 

As we can see from these examples, there are several methods to prepare five- and 

seven-membered containing heterocycles, as well as the properties and the stability of these 

compounds can be tuned by the appropriate substituents or ring fusions. 

 

III.4. Polycyclic aromatic hydrocarbons: various geometries, frameworks 

The polycyclic aromatic hydrocarbons (PAHs) are annulated rings containing species 

and usually these fused rings are aromatic and they can even contain different heteroatoms 

(Figure 7). 
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Figure 7: Planar PAHs 

 

From the previous chapter on the synthesis of P- and Si-heterocycles, we can observe 

that the synthesis of smaller polycyclic systems is possible with heteroatoms, and the properties 

of the condensed and conjugated systems are of high importance for their insertion in electronic 

devices (vide supra). Recently, the non-planarity of the PAH frameworks has gained increasing 

interest, because it can offer special properties. 

When the size of the PAH is superior to 1 nm, they are called nanographenes (or 

graphene nanoribbons), by analogy with graphene-type structures. These planar compounds 

usually contain six-membered rings with carbon and hydrogen atoms[47–49,131,132]. If the size of 

the rings is different (e. g. 5- or 7-membered instead of the 6-membered) or heteroatoms are 

embedded into the polycyclic system, the shape of the PAH can deviate from planarity[133–135]. 

The non-planarity of the structure can give special properties to the PAHs[136–138], e. g. a flexible 

peryleneimide was published, where the flexibility of the compounds modifies the fluorescence 

properties[139] or in the case of a bowed perylene diimide, a redshift in the absorption was 

observed[140]. A special case of the contorted structures is helicene, twistacene or bannisters. 

These compounds may even have chirality because of the helical shape, which can result in 

appealing chiroptical properties for applications e. g. chiral OLEDs[141,142]. 

In 2019, Kraft et al. studied the curvature of PAHs with theoretical computations[143]. 

They systematically investigated the curvature of the PAHs and the intermolecular interactions 

between the molecules. The shape of these species were examined by the pyramidalization 

angle of sp2 hybridized carbon atoms and the local dipole moment of the PAHs and they found 

a critical size, where the planarity of the PAHs changed. 

In general, the non-planar polycyclic aromatic hydrocarbons can be classified into two 

larger groups: positively and negatively (or Gaussian-) curved structures. It was observed that 

compounds containing only six-membered rings are fully planar, so the curvature of the system 

is zero. As it was mentioned above, if differently sized rings are placed into the structure, the 

planarity can be changed. For several examples, it was observed that the presence of the five-
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membered ring caused a positive curvature, but the seven-membered induced a negative one 

(Figure 8)[144–149]. These bending types of the PAHs have other, easily recognizable names: 

positively curved systems can be called bowl-shaped and the other type is as saddle-shaped 

curvature. If we compare the number of the reported compounds which belong to these two 

types, the number of the positively curved structures exceeds that of the negatively curved ones, 

probably due to the synthetic difficulties for the construction of the latter ones[144,146]. 

 

 

Figure 8: Positive (bowl-shaped) and negative (saddle-shaped) curvature of PAHs 

 

Lately, the contorted polycyclic aromatic hydrocarbons have gained a growing attention 

[150,151] because of their appealing properties (e. g. magnetic properties can also be studied[152]). 

In 2020, a special PAH curvature was also published by Mastalerz et al., who combined 

different types of rings to build the condensed systems. With the systematic synthesis of five-, 

six- and eight-membered rings a saddle shape compound resembling a monkey was prepared 

(Figure 9)[153]. Compared to the saddle curvature mentioned earlier, this shape is more 

complicated and chiral properties were also induced in the system. For this compound, the 

planarization barrier is high enough to separate the different enantiomers. 
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Figure 9: The “Monkey” saddle shape PAH  

 

As we can see from the examples in this chapter, there are several synthetic routes to 

obtain polycyclic aromatic hydrocarbons with bespoke properties for application, and even 

heteroatoms (phosphorus or silicon) can be introduced complementing the mentioned 

examples. Several other heteroatoms can be used, depending on the desired goals (e. g. different 

reactivity or special optical and electronic properties). In addition to the size and type of the 

heteroatom, the shape of these compounds is also of importance, and chirality can also be 

introduced into the system to fine-tune the optical and redox properties. 

 

IV. Experimental and computational details 

In this chapter I give an overview on the general experimental and computational 

procedures, with this information I would like to help the reader to better understand the results 

discussed in the following chapters. As to my contribution to the work described in the 

dissertation: I performed all the experimental (synthesis, preparative HPLC, column 

chromatography, NMR measurements and their assignation, optical spectroscopy, preparation 

of single crystals, electrochemistry) and computational procedures except for the ones which 

are explicitly stated. 

 

IV.1. Synthetic procedures and experimental details 

In the synthesis of the compounds all reactions were performed under dry argon or 

nitrogen atmosphere using standard Schlenk techniques. Solvents were freshly purified 
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applying a MBRAUN SPS-800 drying column filled with Al2O3 or they were dried according 

to literature described procedures (THF and diethyl ether over sodium/benzophenone, hexane 

over LiAlH4 and dichloromethane over P2O5) and they were condensed or distilled freshly. 

Commercially available reagents were used as received from the suppliers. In the case of the 

more sensitive reactions solid materials dried in vacuum were used. The other compounds were 

synthesized according to literature procedures, these were chlorotriphenylsilane[154], 

chlorodiisopropylphosphine[155] 111, 112 and 120[9,56,156,157]. 

For cycloaddition reactions, beside the widely used methods, microwave irradiation was 

also applied. To perform these reactions an Anton Paar Monovave 300® microwave reactor 

(Anton Paar France) of the S2 Wave platform, ScanMAT UMS CNRS 2001, Rennes was used. 

The microwave irradiation was accomplished in borosilicate glass vials (10 ml), furnished with 

snap caps. At the end of the irradiation, the reaction mixture in the vial was cooled with 

compressed air in the microwave reactor. The instrument offers continuous focused microwave 

power output between 0 and 800 W. During the irradiation the reaction mixture was stirred with 

the stirring option of the reactor. The microwave system heated the mixture to the desired 

temperature in 2-5 minutes. After that the microwave power stayed constant to keep the settled 

temperature of the mixture. A calibrated infrared sensor monitored the temperature. For the 

reaction the heating time was also set. An internal software package was used to monitor the 

microwave power and the temperature. 

In the purification of the compounds, different methods were used, e. g. gravity column 

chromatography, recycling preparative HPLC, liquid-liquid extraction and crystallization. The 

gravity column was filled out with basic alumina (Aldrich, Type 5016A, 150 mesh, 58 Å) or 

silica gel (Merck Geduran 60, 0.063-0.200 mm). In a few cases recyclic preparative HPLC was 

used, here the compounds were dissolved in HPLC grade chloroform (stabilized with ethanol). 

Before the injection the solution was filtered through a 0.45 μm PTFE filter. Then the 

purification was completed on a LC-9160 II NEXT system from the Japan Analytical Industry 

Co., Ltd. (JAI) equipped with coupled UV-vis 4Ch NEXT through a set of two JAIGEL-2H 

columns at an elution rate of 10 mL/min (CHCl3). In the case of the chiral compounds the ratio 

between the enantiomers were also determined, for this analysis a Shimadzu Nexera UC 

SFC/UHPLC system (Shimadzu Corporation, Japan) consisting of two LC-30AD quaternary 

modifier pumps and LC-30ADSF CO2 pump was used. The Sil-30AC autosampler was 

composed of a sample loop of 5 µL and three needle-rinsing ports. The modifier pumps and 

needle rinsing were degassed with three degassing units (DGU-5AR and DGU-3AR). Two 
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CTO-20AC column ovens were used. Eight chiral columns (Daicel Corporation, Japan) were 

installed for both ovens. Three valves were directly installed into these ovens: one six-port valve 

(FCV-32AH) to switch from SFC to UHPLC mode (or from UHPLC to SFC) and two seven-

port valves (FCV-34AH) to select one of these chiral columns for analysis. An adapted SPD-

M20A diode array detector (DAD) with high-pressure cell and a Sedex LT-ELSD 85 detector 

(Sedere, France) were employed for detection. Internal pressure into the chromatographic 

system was regulated by a SFC-30A backpressure regulator (BPR). The entire system was 

driven by CBM-20A as system controller. The monitoring interface was the LabSolutions 

software. Analyses were automatically performed with the Nexera Method Scouting software 

to generate a large number of SFC/UHPLC methods by combining columns and modifiers. 

All of the new compounds were characterized by NMR spectroscopy, high resolution 

mass spectrometry, single crystal X-ray diffraction and elemental analysis. 1H, 13C, 31P and 29Si 

NMR spectra were recorded on a Bruker AM300, Bruker Avance 300, Bruker AV III 400 MHz, 

Bruker Avance III HD 500 MHz or a Bruker DRX-500 spectrometer. The Bruker Avance 300 

and the Bruker AV III 400 MHz NMR spectrometers were equipped with BBO and BBFO 

probe heads. All of the chemical shifts were reported in parts per million (ppm). For the 1H and 

13C NMR spectra the deuterated solvent was used as an internal secondary standard, for 31P 

NMR 85% aqueous H3PO4 was used as external standard and the downfield chemical shift is 

expressed as with a positive sign in ppm. In the case of the 29Si NMR tetramethylsilane (TMS) 

was used as internal standard. DEPT, HMBC, edited-HSQC, COSY and NOESY experiments 

were used to help to the assignations. In the case of the phosphepines special 31P decoupled 

experiments (1H{31P}, 13C{31P-1H}, {31P}-HSQC) were also performed on a Bruker Av III HD 

500 MHz fitted with a triple inverse probehead (1H-31P-X), part of the PRISM core facility 

(Biogenouest©, UMS Biosit, Université de Rennes 1- Campus de Villejean- 35043 RENNES 

Cedex, FRANCE). The high resolution mass spectra were recorded with Micromass GCT 

(70 eV; DIR-EI) and Agilent LC-MS 6510, Varian MAT 311 or ZabSpec TOF Micromass 

instrument at Scanmat-UMS 2001, University of Rennes 1 and Maxis 4G and Bruker Maxis 4G 

instrument at Scanmat (UMS 2001). The elemental analyses were obtained on Elementar vario 

MICRO cube with the apparatus of the CRMPO in University of Rennes 1 and Scanmat-UMS 

2001, University of Rennes 1. 

The single crystals were obtained by the candidate, however, the X-ray diffraction was 

performed by Thierry Roisnel, Vincent Dorcet and Tamás Holczbauer. In the case of the 

cycloaddition products and phosphepines the diffraction data were collected on a D8 Venture 

Bruker-AXS diffractometer (Mo-Kα radiation, λ= 0.71073 Å). The structure was solved by 
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dual-space algorithm using the SHELXT[158] or WINGX[159] program, and then refined with 

full-matrix least-squares methods based on F2(SHELXL), except the perylene-like compound 

in the cycloaddition chapter (119), where the structure was solved by using direct methods and 

the SIR97 program[160]. All non-hydrogen atoms were refined with anisotropic atomic 

displacement parameters. H atoms were finally included in their calculated positions and treated 

as riding on their parent atom with constrained thermal parameters. For determination of the 

siloles the intensity data were collected on a R-AXIS-RAPID diffractometer (monochromator; 

Mo-Kα radiation, λ= 0.71073 Å) at 103(2) K, for the data collections Crystal Clear[161] 

(developed by Rigaku Company) software was applied for data collection and refinement. For 

the gold complex the data were collected on a D8 VENTURE Bruker AXS diffractometer 

(monochromator: Mo-Kα radiation, λ= 0.71073 Å), at 150(2) K. Numerical absorption 

corrections or empirical correction[162,163], were applied to the data. The structures were solved 

by direct methods. Anisotropic full-matrix least-squares refinements were performed on F2 for 

all non-hydrogen atoms. Hydrogen atoms bonded to C atoms were placed in calculated 

positions and refined in a riding-model approximation. The computer programs used for the 

structure solution, refinement and analysis of the structures were Shelx[158,164], Sir2014[165], 

Wingx[159] and Platon[166]. All of the presented X-ray structures were plotted with the Mercury 

program[167]. 

The optical and electrochemical properties were also studied for all of the new 

compounds. The UV-Vis spectra were recorded at room temperature on a Perkin Elmer Lambda 

25 UV-vis spectrometer and a JASCO V-630 spectrophotometer. The emission and excitation 

spectra were measured with a FL 920 Edimburgh Instrument equipped with a Hamamatsu 

R5509-73 photomultiplier for the NIR domain (300-1700 nm) and corrected for the response 

of the photomultiplier. Quantum yields were determined relative to quinine sulfate (Φ= 0.54 in 

H2SO4 0.1 M). In the case of the chiral compounds (phosphepines) the CD spectra were 

recorded on a spectropolarimeter for circular dichroism J-815 (Jasco France) and the optical 

rotation measurements were carried out on a Perkin Elmer 341 instrument with sodium light at 

589 nm. The spectroelectrochemical studies were performed in DCM, under argon, with an 

Optically Transparent Thin-Layer Electrochemical (OTTLE) cell, path length= 0.2 mm, using 

a UV-Vis-NIR Jasco V770 spectrometer and an EG&G PAR model 362 potentiostat. A Pt mesh 

was used as a working electrode, a Pt wire as a counter electrode, and an Ag wire as a pseudo-

reference electrode. 
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The electrochemical properties were carried out under argon using an Eco Chemie 

Autolab PGSTAT 30 potentiostat for cyclic voltammetry with the three-electrode 

configuration: the working electrode was a platinum disk, the reference electrode was a 

saturated calomel electrode and the counter-electrode a platinum wire. All potentials were 

internally referenced to the ferrocene/ferrocenium couple. For the measurements, 

concentrations of 10-3 M of the electroactive species were used in freshly distilled and degassed 

dichloromethane and 0.2 M tetrabutylammonium hexafluorophosphate. 

For the details on the synthetic procedures, the data of the X-ray diffractions and the full 

optical spectra of the new compounds see Appendix. The frame around the compound number 

throughout the thesis denotes that the compound was first synthetized by the author. 

 

IV.2. Computational details 

Due to the size of the species typically DFT methods were used with a combination of 

at least double zeta basis sets. Usually, these methods are suitable for geometrical parameters 

and excitations (also for orbital energies). In the literature, B3LYP was found to give reasonable 

results, however, the level of theory was always tested by further methods. Furthermore, the 

agreement with the experimental results was also used in order to decide whether the method 

is suitable. For larger system, dispersion correction was also included. The computational 

studies were performed either with the Gaussian 09[168] or with the MRCC[169] suites of 

programs. All structures were optimized using different functionals and basis sets: in the 

Chapter V (cycloaddition reactions) the B3LYP and B3LYP-D3 functionals were combined 

with the 6-31+G* and 6-311+G* basis sets, and the ADC(2) method with the cc-pVDZ basis 

set was also applied. In the Chapter VI (synthesis and characterization of chiral phosphepines) 

for the optimization the B3LYP, B3LYP-D3, ωB97XD, M06-2X and cam-B3LYP functionals 

were employed with the 6-31+G*, 6-31G*, cc-pVDZ and def2-SVP basis sets, and the ADC(2) 

method with def2-SVP basis set was also used. In the computational study of naphthyl fused 

phosphepines (Chapter VII) the B3LYP, B3LYPD3 and ωB97XD functionals were combined 

with the 6-31+G* basis set. For the siloles (Chapter VIII) the B3LYP and ωB97XD functionals 

were applied with the 6-31+G*, 6-31G*, def2-SVP (for gold), cc-pVDZ, and cc-pVDZ(-PP) 

(for gold and iodine) basis sets. In all of the cases where the polarized continuum model (PCM) 

was used the solvent was dichloromethane. 
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The geometries were fully optimized, vibrational analysis was carried out to check 

whether the stationary point located is a minimum on the potential energy hypersurface (no 

imaginary frequencies were obtained) or a transition state (one imaginary frequency). In the 

case of the planar structures in Chapter V some of the stationary points are not minima, but they 

are higher order saddle points on the potential energy surface. In all cases the minima connected 

by the transition states were located using intrinsic reaction coordinate (IRC) calculations. In 

Chapters V, VI and VII, in the TD-DFT calculations the first 20 excitations were considered, 

to check the detailed TD-DFT results see Appendix. In Chapter VIII the atoms in molecules 

(AIM) analysis was carried out with the Multiwfn program[170], and the Wiberg Bond Indices 

(WBI) were calculated with the NBO program (version 3.1)[171]. 

In all of the chapters the geometries were plotted with the Molden program[172,173] and 

the molecular orbitals were visualized with the Avogadro[174] code. In Chapter VI, the 

visualization of the spin densities were carried out with the IQmol program[175], (in order to 

help the reader to make a difference between the spin density and the molecular orbitals). From 

the computational results, in Chapter VI, the CD spectra were plotted with the Gaussum 

program[176]. 

Since the aromaticity is an important property of most of the investigated systems in my 

thesis work here I give a short summary about the Nucleus Independent Chemical Shift (NICS), 

which is one of several descriptors known in the literature[177]. The NICS(0) value is obtained 

as the negative of the anisotropic chemical shift calculated for a neutron (Bq atom) placed in 

the center of the ring (average of the Cartesian coordinates of the heavy atoms of the ring). To 

separate the effect of the σ and π system it is beneficial to use the NICS(1) values, which are 

calculated at 1 Å distance from the plane of the ring. The more negative the NICS value the 

more aromatic the ring is, and the positive NICS values correspond to anti-aromaticity. 
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V. Synthesis of contorted PAHs from polycyclic phospholes with 

cycloaddition 

V.1. Introduction and goals 

The backbone of this chapter is based on the publication titled “Topologically diverse 

polycyclic aromatic hydrocarbons from pericyclic reactions with polyaromatic 

phospholes”[178].The studies on the structure of the phosphole ring (5-membered unsaturated 

phosphorus heterocycle) show that it is non–planar involving a pyramidal phosphorus 

atom[58,60,61]. The lone electron pair of the phosphorus center cannot form a strong interaction 

with the π-system of the ring since it has a high s character and the tri-coordinate phosphorus 

atom is in a trigonal pyramidal coordination. However, this interaction can be modified by 

tuning the substituent on the P-atom[60,61]. All of these electronic and structural aspects 

underline the non-aromatic character of the phopshole ring. Consequently, the phosphole ring 

or its oxidized or sulfurized congeners can behave as a diene in cycloaddition reactions. In the 

literature, several examples have been described in which cycloaddition reactions involve the 

phosphole ring. In 1976, Kashman et al. reported the cycloaddition reactions of 3,4-dimethyl-

1-thio-1-phenylphosphole (107) with dimethylacetylenedicarboxylate (DMAD), which led to a 

bicyclic compound, and then to a six-membered aromatic ring (108) in a retro-cycloaddition 

(Scheme 15)[179]. 

 

 

Scheme 15: Cycloaddition reaction of phosphole 107 with DMAD and the retro-cycloaddition 

delivering a substituted benzene 

 

Later on, it was also published by Regitz et al. that the phosphole sulfide ring (109) can 

react with other triple bond containing compound, such as the tBu-C≡P. In this case, at high 

temperature, a six-membered P-heterocycle was formed (phosphinine 110) during the 

cycloaddition–retro-cycloaddition sequence (Scheme 16)[180]. 

P

MeMe

PhS

P

Me

Me
COOMe

COOMe

Ph S
Me

Me

COOMe

COOMe

COOMe

COOMe

benzene
r.t.

24 h107 108



31 
 
 

 

 

Scheme 16: Cycloaddition reaction of phosphole sulfide with P≡CtBu leading to a 

phosphinine 

 

In 2012, novel phosphole-containing PAH systems were successfully synthetized[56]. In 

this condensed system, the phosphole ring retains its non-aromatic properties[156], so it can 

behave as a diene similarly to the previously studied phospholes. In the PhD thesis of Rózsa 

Szűcs, it was shown that two P-containing PAHs (111 and 112) can undergo cycloaddition 

reactions leading to various PAHs with different degree of fusion in the aromatic system after 

retro-cycloaddition (Scheme 17).  

 

 

Scheme 17: Cycloaddition reaction of 111 and 112 with DMAD 

 

Compounds 113 and 114 were successfully crystallized, and their crystallographic 

structures were obtained by single-crystal X-ray diffraction. The contorted structure of the 

polycyclic system was clearly confirmed. In addition to the synthesis, the mechanism of the 

reaction was also investigated by theoretical calculations. The results confirmed that there are 
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two steps in the reaction: a cycloaddition step and a rearomatization, but no intermediates could 

be isolated to corroborate the proposed mechanism. 

The optical and the electronic properties of the new PAHs 113-114 were also 

investigated experimentally and by theoretical calculations by Rózsa Szűcs. In addition to the 

measured and calculated UV-Vis absorption spectra (Figure 10), the photoluminescence 

quantum yield of the new compounds were also determined in DCM solutions (the values are 

rather moderate with <1% and 15% for 113 and 114, respectively). For the aromaticity pattern 

of these two PAHs, it was shown that via the formation of the new six-membered rings, both 

compounds became more aromatic than their starting materials. Nevertheless, that time several 

open questions remained, which I intended to answer in my PhD work. 

 

 

Figure 10: UV-Vis absorption and fluorescence spectra in DCM and the calculated absorption 

and emission (dotted lines) at the B3LYP/6-31+G* level of 113 (A) and 114 (B) 

(This figure is reproduced from the thesis of Rózsa Szűcs with her permission.) 

 

In my thesis work, I have significantly extended the preliminary work performed by 

Rózsa Szűcs. One of the challenges of PAH chemistry is to provide a rational synthetic route 

to compounds with defined structures (planar, contorted, helical, etc.). Regarding this topic, one 

of my goals was to gain a deeper understanding on the reaction mechanism, for example, to 

find experimental evidence by trapping and characterizing the elusive phosphanorbornene 

intermediate. Furthermore, I intended to test the cycloaddition reaction to form further PAHs 

with various topology (planar or twisted) in addition to the previously described contorted 

structures and explore the structural and optical properties of the new compounds. Besides the 

A, 

 

B, 
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synthesis of the new PAHs, the possible derivatization on the ester groups of the new compound 

was also investigated. Finally, the last goal was to study the stability of the conformation and 

the planarization of the contorted PAHs with computational methods. 

 

V.2. Results 

V.2.1. Synthesis 

As mentioned in the introduction, the synthesis of PAHs using cycloaddition on 

phosphole-based polyaromatics was previously investigated. To test the cycloaddition reaction 

leading to a planar framework, a new phosphole-containing PAH 118 was accessed in my work. 

For the synthesis, the commercially available 2,2’-dibromo-1,1’-binaphthyl (115) was reacted 

with n-buthyl lithium, BuLi at low temperature. Then, PhPCl2 was added to the reaction mixture 

to form the 33 P-derivative 116. The compound 116 was directly oxidized with a 30% 

aqueous solution of H2O2. Then, the last C–C bond was formed in two steps. In the first step, 

phosphole 117 was reacted in the Scholl conditions with AlCl3/NaCl (12 eq/6 eq) at 140oC 

without any additional solvent. In the second step, the crude product was dissolved in toluene 

and 2 equivalents of 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) were added and the 

mixture was stirred at 60oC. After purification by column chromatography, phosphole oxide 

118 was obtained as an orange solid in 88% yield (Scheme 18). This is the first example of a 

perylene-fused phosphole, and its X-ray structure was obtained successfully (vide infra). The 

product was also characterized by NMR spectroscopy, in the 31P NMR one singlet peak was 

observed at +37.1 ppm. 

 

Scheme 18: Synthesis of phosphole oxides 117 and 118 

 

Phosphole oxide 118 was employed as a diene in a cycloaddition reaction (Scheme 19) 

involving an activated alkyne (dimethylacetylenedicarboxylate, DMAD) as a dienophile. In the 
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reaction mixture, DMAD was used in a large excess (44 equivalents) both as a reagent and a 

solvent. The mixture of the starting material 118 and DMAD was heated to 190oC for 24 hours, 

and after purification by column chromatography, PAH 119 was obtained as a yellow solid in 

21% yield. The synthesis, structure and optical properties of this product were already reported 

in the literature, however, a different synthetic route was used (from the reaction of perylene 

and maleic acid dimethyl ester)[181]. 

 

 

Scheme 19: Synthesis of PAH 119 

 

As described in the introduction, fused phospholes 111-112 can also be used as reactants 

in cycloaddition reactions (see Scheme 17) with DMAD. Previously this reaction was 

performed using a thermal method, with 10 equivalents of DMAD and the reaction was stirred 

overnight at 150oC leading to a yield of 45%. To decrease the reaction time and to achieve a 

better yield, I aimed to optimize the reaction conditions using phosphole 111 as a prototype 

compound. First, I modified the temperature, the solvent and the reaction time, but in these 

different cases, the yield could not be improved (see Table 1). In addition to the thermal way, I 

also performed the reaction under microwave (MW) irradiation for 40 minutes at 190oC. 

Importantly, a yield of 59% was obtained, which is better than the previously reported yield 

(45%) and the reaction is also significantly faster. 
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Table 1: Optimization of the synthesis of PAH 114 

 

X Solvent Method 
Temperature 

[oC] 

Reagent 

equivalent 

Reaction 

time 

Isolated 

yield [%] 

– 

(lone pair) 
toluene thermal 120 10 17 h 37 

S chlorobenzene thermal 150 10 17 h 45 

S no solvent thermal 150 44 17 h 48 

S chlorobenzene MW 150 10 20 min 0 

S chlorobenzene MW 150 20 40 min 59 

 

To extend the scope of the reaction, I investigated the “half-fused” phosphole 120 as 

well, which was not studied before. The reaction on 120 was tested under MW conditions, 

which was beneficial for the cycloaddition of the other phosphole 111, but no conversion was 

observed. Then, I performed the reaction between phosphole 120 and DMAD at 150oC for 3 

days and the corresponding PAH 121 was obtained after purification by column 

chromatography as a yellow solid with 65% yield (Scheme 20). The X-ray structure of this 

compound could also be obtained (vide infra). 

 

 

Scheme 20: Synthesis of PAH 121 

 

Since the bicyclic intermediate arising from the cycloaddition of a phosphole and 
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(rearomatization), I intended to employ another dienophile: p-benzoquinone allowing to access 

to the elusive intermediate. The cycloaddition reaction was tested on phosphole 111 in the 

presence of p-benzoquinone, which cannot lead to an easy aromatization. In this case, the air-

stable phosphanorbornene 122 was formed. This is an indirect proof of the reaction mechanism 

(Scheme 21), as a reaction mechanism for the cycloaddition was suggested (vide supra), but it 

was not proved experimentally. To form this compound, the phosphole 111 and the p-

benzoquinone (1 equivalent) were stirred at 150oC for 30 h in chlorobenzene, then the solvent 

was evaporated and after purification by column chromatography, the phosphanorbornene 122 

was obtained as a yellow solid in 53% yield. The X-ray structure of this compound was obtained 

(vide infra). This compound is stable because the rearomatization is hampered, note that there 

are two sp3 carbon atoms instead of sp2 carbon atoms. The decomposition reaction was also 

tested at a higher temperature (180oC) to initiate extrusion of SPPh, but no rearomatized product 

was observed. Compound 122 was also characterized by NMR spectroscopy. In 31P NMR one 

singlet peak was observed at +109.3 ppm for 122. 

 

 

Scheme 21: Synthesis of phosphanorbornene 122 

 

Importantly, the DMAD was chosen as a reagent because of the presence of the ester 

groups, which can be used for post-functionalization. To illustrate this possibility, PAH 113 

was heated with 3-aminopentane, imidazole and chlorobenzene to 195oC for 18 h and after 

purification, the formed bis-imide analogue 123 was obtained as a yellow solid (62% yield) 

(Scheme 22). During this reaction, a new five-membered ring annulated to the six-membered 

rings was formed showing that the ester groups allow for further extension of the polycyclic 

system. 

 

P
Ph S

O

OO

O

OO

P
PhS

O

O

O

O

chlorobenzene

150oC

30 hours

O

O

111 122



37 
 
 

 

Scheme 22: Synthesis of the bis-imide analogue 123 

 

All of the new compounds (118, 119, 121, 122, 123) were characterized by NMR 

spectroscopy, mass spectrometry and single-crystal X-ray diffraction (vide infra). 

 

V.2.2. Experimental and theoretical structural study 

In this part, I will detail the structural properties of the new compounds. Besides the X-

ray structures, the possible packing effects and secondary interactions are also discussed in 

detail. The different conformations were also investigated by theoretical calculations and the 

stability of these structures or their interconversion was also analyzed. 

 

V.2.2.1. Packing effects and bond distances 

For compounds 118 and 119, the crystal structures were obtained from a DCM solution 

with slow diffusion of pentane vapor (the DCM solution of the sample was placed into a vial 

with pentane). In the X-ray structure, the condensed system is clearly visible, and, in 118, the 

phosphole ring is in the middle of the system, so it is involved in the fused part. In the X-ray 

structure of phosphole 118, the π-system is fully planar and the phosphorus atom has a 

pyramidalized geometry. In the crystal packing, the molecules are organized in columns 

(Figure 11). The distances between two π-systems is 3.8 Å, indicating  interactions. In the 

6-membered rings, the bond lengths are around 1.4 Å, which is between the range of the single 

and the double bond, suggesting aromaticity of these ring. In the 5-membered ring, one C–C 

bond (1.445(4) Å) and two C=C bonds (1.384(4) Å and 1.373(4) Å) are observed, and the P–C 

bonds are 1.813(3) Å and 1.816(3) Å. 

As expected, PAH 119 is also planar, so the newly formed six-membered ring does not 

disturb the planarity of the molecule. In the crystal packing, the molecules are organized as 
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isolated π dimers and no columns are observed, however, the molecules form an infinite ribbon 

(Figure 11). The distance between two π-systems is 3.454 Å, which is significantly short. In the 

case of the other compounds, these types of organizations are not observed.  

 

 

Figure 11: X-ray structure of phosphole 118 (left) and PAH 119 (right) 

 

V.2.2.2. Conformational studies 

In the case of the two previously synthesized compounds 113 and 114, it was mentioned 

that both structures are bent in the solid-state. In the case of PAH 113, a twisted π-backbone 

was observed, while the fused PAH 114 has a saddle shape structure, which can be classified 

as a negatively curved PAH. Similarly to the previously reported PAH 114, the new compound 

121 also displays a negative curvature. Unfortunately, the quality of the X-ray diffraction is not 

satisfactory, which means that the X-ray data do not allow the determination of reliable 

structural parameters, but proves the negative curvature of the molecule. 

To study the conformational stability of the compounds, theoretical calculations were 

performed at different levels of theory (at the B3LYP/6-31+G* and B3LYP-D3/6-31+G* 

level). To avoid the repetition in the description here, the results obtained at the B3LYP/6-

31+G* level are only discussed in detail (the dispersion corrected B3LYP-D3/6-31+G* level 
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delivered similar results). In the case of PAH 121, the optimized geometry and the X-ray 

structure have a good agreement (Figure 12). 

 

 

Figure 12: Overlap of the X-ray structure (black) and the calculated structure (red) of PAH 

121 (Hydrogen atoms were omitted for clarity.) 

 

As it was not investigated before, I tested the conformational stability of compounds 

113, 114 and 121 by computations. Different conformations were generated and optimized for 

these three compounds. For PAH 113, only the twisted conformation was found as a minimum, 

which is similar to the solid-state structure. For PAH 114, besides the negatively curved 

structure, a twisted isomer was also obtained (see Figure 13). The energy difference between 

the negatively curved and the twisted structure is only 0.5 kcal/mol (Table 2). 
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Figure 13: Two possible conformations of PAH 114 at the B3LYP/6-31+G* level 

 

Table 2: Energy difference between the twisted and negatively curved structures at different 

levels of theory 

Level of theory ΔE [kcal/mol] 

B3LYP/6-31+G* 0.5 

B3LYP-D3/6-31+G* 0.7 

 

I also computed the hypothetical planar structures of PAHs 113, 114 and 121 with 

constraints. These conformations are not minima (but higher-order saddle points) on the 

potential energy surface. The planarization energies are around 10 kcal/mol (Table 3), which 

shows that the structure of these compounds is remarkably flexible. Due to these planarization 

energies and the above mentioned marginal energy difference between the two conformations 

in solution for PAH 114, the presence of both the twisted and the negatively curved formed 

seems to be possible, and the interactions in solid-state (crystal packing) also influence the 

solid-state structures. Interestingly, the other two PAHs also have low planarization energies 

around 10 kcal/mol. Note that the NMR spectra gave us no evidences for different 

conformations. 
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Table 3: Planarization energy of PAHs 113, 114 and 121 at different levels of theory 

Level of theory Isomers ΔE [kcal/mol] 

B3LYP/6-31+G* 

113 9.6 

114 10.4 

121 11.6 

B3LYP-D3/6-31+G* 

113 9.7 

114 9.9 

121 10.3 

 

The effect of the ester groups on the PAH structure has been also studied. When the 

ester groups were replaced by hydrogen atoms, following the optimization, the structure of 

compounds 114 and 121 change from negatively curvatured forms to twisted forms (Figure 13). 

This illustrates that the ester groups have an important steric effect on the molecular structure. 

When these hydrogen atoms were replaced again with ester groups (COOMe), and this 

molecule was re-optimized again, the compound kept its twisted conformation showing that 

both conformations may co-exist in solution. 

In the case of PAH 114, the effect of bulkier COOiPr or COOtBu groups were also 

tested. The skeleton of compound 114 is more rigid compared to PAHs 113 and 121, due to the 

presence of the additional C–C bonds and therefore, the phenyl moieties on the periphery of the 

molecule are less distorted from planar. I was interested in the most rigid 114 that could also be 

distorted by bulkier substituents, and thus, I performed further calculations. With the bulkier 

groups, both isomers (negatively curved and twisted) can be obtained, and these bulky groups 

increase only slightly the curvature of the structures (Table 4). These results suggest that the 

COOMe groups are bulky enough to induce the distortion of the structures. 
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Table 4: Torsion angles [o] between the ring planes of PAH 114 with different substituents 

 

Ring 

planes 

R=COOMe R=COOiPr R=COOtBu 

negatively 

curved 
twisted 

negatively 

curved 
twisted 

negatively 

curved 
twisted 

A and C 22.57 18.97 22.36 18.73 23.65 18.95 

A and C’ 17.48 18.97 17.92 18.75 18.01 18.95 

A and E 27.67 24.53 27.75 24.32 32.41 25.85 

A and E’ 25.10 24.53 25.08 24.32 25.89 25.85 

 

V.2.2.3. Structural study of the phosphanorbornene 122 

The phosphanorbornene 122 was also crystallized successfully (Figure 14). It is clearly 

visible in the structure that 122 is highly bended, the benzoquinone part and the phosphorus 

center are out of the plane compared to the six-membered rings. The torsional angle between 

the six-membered ring and the benzoquinone part and the phosphorus center are 107o and 99o, 

respectively. Contrary to the phosphole precursor 121, the phenanthrene part of 122 is planar. 

The benzoquinone moiety is bended towards the phenanthrene part (the angle between them is 

around 107o), possibly the two parts can have weak secondary interactions with each other, 

stabilizing the structure. 

 

 

Figure 14: X-ray structure of phosphanorbornene 122 (side and front view) 
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Table 5: Bond lengths of phosphole 111 and phosphanorbornene 122 in Å 

 

Bond 111 122 

1-2 1.807(7) 1.867(2) 

2-3 1.359(10) 1.527(3) 

3-4 1.517(9) 1.384(3) 

4-5 1.356(9) 1.527(3) 

5-1 1.823(7) 1.871(2) 

 

As visible in the X-ray structure, the phosphanorbornene 122 still contains a five-

membered ring including a phosphorus atom, but compared to the precursor, this ring is not 

planar. The bond lengths have also changed remarkably (Table 5), the former double bonds 2-

3 and 4-5 became longer (the changes are around 0.2 Å) and the bond 3-4 shortened 

significantly by ~0.2 Å. The P–C bonds (1-2 with ~0.06 Å and 5-1 with 0.05 Å) also lengthened 

through the addition of the p-benzoquinone, however, this effect is significantly smaller 

compared to the other bonds. 

Depending on the relative arrangement of the exocyclic P-phenyl ring and the 

benzoquinone moiety, four different conformations are possible for this compound (Figure 15). 

In this reaction the phosphole ring is the diene and the benzoquinone is the dienophile and 

depending on their relative position to each other the arrangements can be endo or exo. As the 

phosphorus center has different substituents, the plane of the phosphole ring has no mirror 

symmetry. Furthermore, there is a difference if the benzoquinone attacks from the side of the 

phenyl ring or the sulfur atom, resulting in two different conformations. The nomenclature of 

the possible conformations reflect their structures: in the endo arrangement the benzoquinone 

part parallel to toward to the phenanthrene part (similarly to the X-ray structure in Figure 14) 

while the S and Ph notations show the relative position of the sulfur atom and the phenyl ring 

at the phosphorus atom, each case this notation means that the mentioned part is in the 

phenanthrene moiety. All these different conformers are expected to have different 31P NMR 

chemical shifts. However, in the crude reaction mixture, only one conformer was found.  
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Figure 15: Different optimized conformations and their relative energies of 

phosphanorbornene isomer of 122 at the B3LYP/6-31+G* level (A: Hydrogen atoms were 

omitted for clarity. B: Hydrogen atoms and the phenyl groups with MeO substituents were 

omitted for clarity) 

 

In endoS and endoPh, an interaction between the phenanthrene and the benzoquinone 

part is possible, whereas, in exoS and exoPh, the location of the benzoquinone does not allow 

this secondary interaction. In the case of exoPh, an interaction is possible between the phenyl 

group and the benzoquinone. To get a deeper insight into the relative energies of the four 

conformations, theoretical calculations were performed at the B3LYP/6-31+G* level. 

According to these results, the biggest difference between the four conformations is 

18.6 kcal/mol, and the relative energy difference between the endoS and the endoPh is the 

smallest (6.1 kcal/mol) compared to the other two possibilities. The endoS conformation has 

the lowest relative energy suggesting that this product is thermodynamically the most favored. 

Compared with the X-ray structure, we can see that these two structures are practically the 

same. The exoS and exoPh have much higher energy and the possibility of stabilizing 

intramolecular interactions is insignificant. As we see from this discussion, the synthesized 
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compound is similar to the computed structures having the lowest energy, and it may contain 

possible intramolecular interaction as we can expect from experiments. 

 

V.2.2.4. Structure of the bisimide 123 

Besides the previously described compounds, the bis-imide analogue 123 was also 

crystallized successfully, and a single crystal was studied by X-ray diffraction. In the 

asymmetric unit, two molecules are present, and the positions of the methoxy groups are 

different in the two molecules. The structure of 123 is twisted similarly to 113, so the 

modification at the ester functions did not change the topology of the polyaromatic structure. 

Compared to the phenanthrene part, the new five-membered ring is bended in the opposite 

direction, the angle between the plane of the phenanthrene part and the plane of the new five-

membered ring is 31.62o. (Figure 16). Unfortunately, the low quality of the crystal does not 

allow to discuss in-depth the metrical parameters in the molecule. 

 

 

Figure 16: X-ray structure of bis-imide analogue 123 

 

V.2.3. Aromaticity studies 

To get a deeper insight into the influence of the curvature on the extension of the 

polycyclic system, the aromaticity of the rings was studied in the case of the new compounds 

118, 119 and 121 employing Nuclear Independent Chemical Shift (NICS) calculations at the 
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B3LYP/6-311+G*//B3LYP/6-31+G* level. Earlier the aromaticity of PAHs 113 and 114 were 

described, but at slightly a different level of theory. The NICS(0) values were calculated in the 

middle of the rings in the plane and NICS(1) and NICS(-1) were computed 1Å above and below 

the ring plane. Here, I discuss in detail the NICS(0) values of the planar and the contorted 

structures. For the NICS(-1) and NICS(1) values, similar trends can be observed, but the 

proximity of the substituents (e. g. by the rotation of the phenyl groups) in phosphole 118, PAH 

113 and PAH 121 can affect the NICS values, making it difficult to address them reliably. Note 

that the more negative NICS value indicates a higher degree of aromaticity. 

 

 

Figure 17: Visualization of NICS values of perylene, compounds 113, 114, 118, 119 and 121 

at the B3LYP/6-311+G*//B3LYP/6-31+G* level. The circles indicate the Clar aromaticity 

pattern. 
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Table 6: NICS(-1), NICS(0) and NICS(1) values in ppm of perylene, phosphole 118 and PAH 

119 at the B3LYP/6-311+G*//B3LYP/6-31+G* level 

 perylene 118 119 

 NICS(n) NICS(n) NICS(n) 

n (-1) (0) (1) (-1) (0) (1) (-1) (0) (1) 

A - - - 3.9 7.4 3.7 -11.9 -11.1 -11.9 

B 2.8 7.9 2.7 3.1 8.4 3.1 -2.0 2.5 -2.0 

C -8.3 -5.8 -8.3 -7.6 -4.8 -7.6 -11.6 -9.4 -11.6 

C’ -8.3 -5.8 -8.3 -7.6 -4.6 -7.6 -11.6 -9.4 -11.6 

D -8.3 -5.8 -8.3 -7.8 -5.4 -7.8 -7.0 -3.9 -7.0 

D’ -8.3 -5.8 -8.3 -7.8 -5.3 -7.8 -7.0 -4.0 -7.0 

 

Table 7: NICS(-1), NICS(0) and NICS(1) values in ppm of PAHs 113, 114 and 121 at the 

B3LYP/6-311+G*//B3LYP/6-31+G* level 

 113 121 114 

 NICS(n) NICS(n) NICS(n) 

n (-1) (0) (1) (-1) (0) (1) (-1) (0) (1) 

A -8.9 -7.9 -9.1 -9.0 -9.6 -11.1 -9.9 -10.0 -12.2 

B -4.1 -0.6 -4.0 -3.9 -0.2 -4.0 -2.6 0.8 -3.6 

C -10.4 -7.7 -9.0 -10.4 -7.4 -8.8 -10.3 -8.4 -10.8 

C’ -9.0 -7.7 -10.3 -9.8 -8.4 -10.9 -10.1 -8.4 -11.0 

D - - - - - - -4.7 -0.6 -3.3 

D’ - - - -4.5 -0.4 -3.9 -4.6 -0.7 -3.7 

E -9.2 -9.2 -8.5 -8.9 -9.4 -8.7 -9.7 -9.3 -8.3 

E’ -8.9 -9.2 -8.6 -10.1 -9.4 -8.4 -9.8 -9.2 -8.4 

 

First, the NICS(0) values of the planar systems, phosphole 118 and PAH 119, will be 

discussed. The aromaticity of phosphole 118 shows a similar pattern to that of perylene, the 

peripheral rings C, C’, D and D’ have high aromatic character, while the central ring B is anti-

aromatic (NICS(0)= 7.9 ppm). In compound 118, ring A is also anti-aromatic (NICS(0)= 

7.4 ppm), which shows a diene-like character of the five-membered ring, explaining that this 

compound can react as a diene in pericyclic reactions. Compared to phosphole 118, the newly 
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formed A, C and C’ rings in PAH 119 are highly aromatic and the NICS(0) values became more 

negative (-11.1 ppm, -9.4 ppm, -9.4 ppm, respectively) being the most aromatic rings in the 

system (Table 6). In contrast, the aromaticity of the B, D and D’ rings decreased after the 

formation of the six-membered ring. In PAH 119, the rings with the highest aromaticity form a 

Clar pattern, which is marked with circles in Figure 17. For the aromaticity criterion suggested 

by Clar, a circle represents an aromatic ring with six π-electrons. If the π-electron is counted 

for one ring it cannot be counted for another one. Based on Clar’s suggestion, the aromaticity 

pattern is obtained that exhibits the largest number of separated Clar rings, which therefore 

becomes the most stable[182,183]. According to these criteria, 119 is altogether more aromatic, 

than 118, in the case of 119 the new six-membered ring is also aromatic. In contrast, in 118 the 

five-membered ring is non-aromatic, and both aromatic criteria (NICS and Clar) suggest the 

same result. 

Compounds 113, 114 and 121 present similar changes after the pericyclic reactions 

(Table 7) which are accompanied by an increase in aromaticity. The new six-membered ring A 

has high aromaticity (NICS(0) values are -7.9 ppm, -9.6 ppm and -10.0 ppm for PAHs 113, 114 

and 121, respectively). Besides ring A, the aromaticity of rings C, C’, D and D’ also increased 

compared to their precursors[156]. In contrast, the aromaticity of ring B decreased and in the case 

of compounds 114 and 121 similar changes are observed for rings D and D’. The aromaticity 

of these three compounds also agrees with the Clar aromaticity rule (Figure 17). The aromatic 

and non-aromatic properties of the rings are in a good agreement with the previously described 

bond lengths. 
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Table 8: NICS(-1), NICS(0) and NICS(1) values in ppm of 113planar, 114planar and 

121planar at the B3LYP/6-311+G*//B3LYP/6-31+G* level 

 

 113planar 121planar 114planar 

 NICS(n) NICS(n) NICS(n) 

n (-1) (0) (1) (-1) (0) (1) (-1) (0) (1) 

A -9.1 -8.8 -9.0 -10.5 -10.3 -10.7 -11.3 -10.8 -11.3 

B -4.4 -1.3 -4.4 -4.0 -0.6 -4.0 -3.2 0.6 -3.2 

C -10.0 -7.9 -10.1 -9.6 -7.5 -9.7 -11.1 -9.1 -11.1 

C’ -10.1 -8.0 -10.1 -11.1 -9.1 -11.1 -11.1 -9.1 -11.1 

D - - - - - - -3.8 -0.7 -3.7 

D’ - - - -4.0 -1.1 -4.0 -3.7 -0.7 -3.8 

E -9.0 -9.1 -8.2 -8.8 -9.1 -8.3 -9.1 -9.3 -9.1 

E’ -9.1 -9.1 -8.2 -9.3 -9.5 -9.2 -9.1 -9.3 -9.1 

 

The NICS(0), NICS(1) and NICS(-1) values were also computed for the “artificially” 

planarized structures of 113planar, 114planar and 121planar at the same level of theory 

(Table 8). In the planar structures, the NICS(0) values are close to the same as those of the non-

planar molecules. In the case of the NICS(1) and NICS(-1) values, differences are observed 

between the planar and the non-planar structures because of the distortion of the molecules 

(e. g. in compounds 114 and 121 for the E’ ring the difference is 1.4 and 1.7 ppm, while in 

114planar and 121 planar negligible). Between the two sides (NICS(-1) and NICS(1)), mostly 

there is no difference in the planar structures, in this case, the curvature cannot affect, just the 

position of the side groups have some influence. For 113planar and 114planar compounds, C2 

symmetry is possible, depending on the position of the methoxy and ester groups, and this 

symmetry allows the same aromatic properties in the two sides of the symmetry axis, while it 

cannot be observed for 121planar, because of the lack of symmetry. 
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V.2.4. Optical properties 

In addition to the structural investigations, the optical and redox properties of 

compounds 118, 119 and 121 were investigated in solution. UV-Vis absorption and 

fluorescence spectra were measured in DCM solution and cyclic voltammetry measurement 

were also performed in DCM with Bu4NPF6 as electrolyte. To get a deeper insight into the 

optical properties of these compounds, TD-DFT calculations were performed at the TD-

B3LYP/6-31+G*//B3LYP/6-31+G* level. 

In the UV-Vis absorption of fused phosphole 118, fine-structured absorption bands are 

observed (Figure 18), which results from the rigidity of the condensed aromatic system, as in 

the UV-Vis absorption spectrum of rigid molecules the vibrational transitions may also be 

visible. 

 

 

Figure 18: UV-Vis absorption of phosphole 118 in DCM and the calculated absorption lines 

at the TD-B3LYP/6-31+G*//B3LYP/6-31+G* level 

 

The band at around 486 nm, can be described as a pure HOMO–LUMO transition, both 

the HOMO and the LUMO have π symmetry (Figure 19), so this transition is of π–π* type. The 

HOMO–LUMO gap is 2.67 eV. In the cyclic voltammetry, a reversible reduction was found at 

–1.80 V vs. Fc/Fc+ and a reversible oxidation was found at +0.83 V vs. Fc/Fc+ 
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Figure 19: HOMO and LUMO of phosphole 118 and their energies at the B3LYP/6-31+G* 

level 

 

In the case of PAH 119, the structured UV-Vis absorption was described earlier, but it 

was not discussed in detail[181]. Compared to phosphole 118, the absorption of PAH 119 is blue-

shifted, which is a good agreement with the increase in aromaticity of the six-membered ring 

of compound 119 compared to the non-aromatic five-membered ring in phosphole 118. In this 

spectrum, a structured band appears at 386 nm and a low intensity band is observed at 424 nm 

(Figure 20). The low-energy (high wavelength) low intensity band at 424 nm is more 

significantly shifted in the TD-DFT calculations (at 398 nm). This computational result was 

also tested at the ADC(2)/cc-pVDZ//B3LYP/6-31+G* level, and similar results were obtained 

(375 nm and 346 nm). Compared to the experimental spectrum, the calculated absorption lines 

are somewhat shifted, the difference between the measured bands and the calculated lines is in 

the range of 6-26 nm, which is rather typical for organic molecules. 
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Figure 20: UV-Vis absorption spectrum of PAH 119 in DCM and the calculated absorption 

lines at the TD-B3LYP/6-31+G*//B3LYP/6-31+G* level 

 

Based on the TD-DFT results, the absorption band at 386 nm corresponds to a (mainly) 

HOMO→LUMO transition, while the band with the small intensity at 424 nm belongs to a 

(mainly) HOMO→LUMO+1 transition. This unusual sequence can be explained by the multi-

reference character of the excitation (several orbital interactions can be found with considerable 

weights and here only the leading transitions are given). All of these orbitals are located on the 

perylene part of the molecule (Figure 21) and they are π–π* transitions. For PAH 119, the 

HOMO–LUMO gap is 3.46 eV, which is larger compared to that of phosphole 118, which also 

support the blue-shift for the absorption bands. The cyclic voltammetry results are also in nice 

agreement with the above-discussed results, a reversible reduction was found at more negative 

value –2.25 V vs. Fc/Fc+ and a reversible oxidation is observed at +0.87 V vs. Fc/Fc+. 
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Figure 21: HOMO, LUMO and LUMO+1 of PAH 119 and their energies at the B3LYP/6-

31+G* level 

 

The UV-Vis absorption of PAH 121 was also investigated in solution (Figure 22). The 

recorded absorption spectrum does not show structured absorption bands. An intense absorption 

band is observed at 325 nm and a shoulder is present up to 420 nm. The absorption bands of 

this compound are again blue-shifted compared to those of its phosphole precursor [156], 

similarly to PAH 119. Compared to PAHs 113 and 114, the intense absorption maximum at 

325 nm is between those of the compounds, which was expected from the structure of these 

compounds (different degree of fusion). The difference between the computed absorption lines 

and the maxima of absorption is in the range of 4-9 nm. 
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Figure 22: UV-Vis absorption spectrum of PAH 121 in DCM shown with filled black line and 

the calculated absorption lines at the TD-B3LYP/6-31+G*//B3LYP/6-31+G* level in the 

upper part (The UV-Vis absorption of PAH 113 is marked with black dotted line and that of 

PAH 114 is marked with grey dotted line.) 

 

For PAH 121, the band at 374 nm is mainly the HOMO→LUMO transition (81%), but 

other transitions are also involved with much lower contribution (HOMO-1–LUMO: 9% and 

HOMO-1–LUMO+1: 5%). Since all these orbitals are of π-type (Figure 23), the observed 

transitions are π-π*-type transitions. In the case of the band at 325 nm, several different 

transitions are involved with close to the same contribution. The shape of the orbitals is similar 

to those described for PAHs 113 and 114. Next to the similar orbitals, the same trends can be 

observed for the energies of the orbitals and the HOMO–LUMO gaps (Table 9). In the cyclic 

voltammetry measurements, a quasi-reversible reduction at –2.28 V vs. Fc/Fc+ and a quasi-

reversible oxidation at +0.85 V vs. Fc/Fc+ are observed. These values are between those of 

observed for compounds 113 (Ered= –2.38 V vs. Fc/Fc+ and Eox= +1.15 V vs. Fc/Fc+) and 114 

(Ered= –2.04 V vs. Fc/Fc+ and Eox= +0.67 V vs. Fc/Fc+). 
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Figure 23: HOMO-1, HOMO, LUMO and LUMO-1 orbitals of PAH 121 and their energies at 

the B3LYP/6-31+G* level 

 

Table 9: Energies of the orbitals and the energy of the HOMO–LUMO gap of PAHs 113, 114 

and 121 

 HOMO [eV] LUMO [eV] ΔEHOMO-LUMO [eV] 

113 -5.98 -1.68 4.30 

121 -5.62 -1.85 3.77 

114 -5.41 -1.96 3.45 

 

The above discussed polycyclic aromatic hydrocarbons (118, 119 and 121) exhibit 

fluorescence emission in solution. In the case of compound 118, a structured fluorescence is 

observed at 509 nm (Figure 24), and the Stokes shift is 930 cm-1. 
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Figure 24: Fluorescence spectrum of phosphole 118 in DCM 

 

To investigate the fluorescence properties, TD-DFT calculations were performed via 

optimization of the first excited state and the difference between the measured (509 nm) and 

the computed (575 nm) emission maximum is 66 nm, which is rather common for organic 

emitters. The quantum yield was also estimated for phosphole 118 in DCM solution, a relatively 

high value of 69% is obtained. The moderate Stokes shift (930 cm-1 experimental) is in line 

with the negligible change in dipole moment during the process based on the Lippert–Mataga 

equation[184,185] (dipole moment: 5.129 Debye and 5.125 Debye for the ground and excited state, 

respectively). This suggests a small change in geometry and in the electronic structure between 

the ground state and the excited state, and the calculations also support this observation: the 

geometries corresponding to the S0 and S1 states are very similar (see Figure 25). 
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Figure 25: Overlapped geometry of the ground state (black) and the excited state (red) of 

phosphole 118 at the TD-B3LYP/6-31+G* level 

 

Compared to phosphole 118, the fluorescence maximum of PAH 119 is blue-shifted, 

this trend is also observed for the absorption bands. The non-structured luminescence, centered 

at 463 nm, is similar to the published value[181]. The calculated emission shows a good 

agreement with the experimental results, the difference between them is 28 nm (Figure 26). 
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Figure 26: Fluorescence spectrum of PAH 119 in DCM 

 

In the case of compound 121, the emission properties were also studied. The 

experimental spectrum presents a maximum centered at 496 nm (Figure 27). The fluorescence 

of compound 121 is blue-shifted compared to its precursor 120[156], the same trend was also 

observed for the absorption properties. 

 

 

Figure 27: Fluorescence spectrum of PAH 121 in DCM solution shown with filled black line 

(The fluorescence of PAH 113 is marked with black dotted line that of PAH 114 is marked 

with grey dotted line.) 
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As mentioned above for compounds 113 and 114, the quantum yield was estimated in 

DCM solution (Ф<1% for 113 and Ф= 15% for 114), for compound 121 the quantum yield was 

also estimated in DCM solution (Ф= 6%). It was observed that the quantum yield increases 

with the extension of the fused π-system and the rigidity, the results obtained for 121 fit into 

this trend. For compound 121, the fluorescence spectrum was simulated by theoretical 

calculations and the emission is found at 602 nm. The computed and the experimental results 

present a rather large difference (around 100 nm), the Stokes shift of this compound has a high 

value (experimental: 6577 cm-1, calculated: 9844 cm-1), which may be related to the difference 

in geometry between the ground state and the excited state (Figure 28). Likely, the computed 

emission wavelength deviates from the experimental value due to the reliability of the geometry 

optimization of the excited state. 

 

 

Figure 28: Overlapped geometry of the ground state at the B3LYP/6-31+G* level and the 

excited state of PAH 121 at the TD-B3LYP/6-31G* level 
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V.3. Conclusion and outlook 

 

Figure 29: Synthesized new compounds in this chapter 

 

In this chapter, I have shown that PAHs can be synthetized with different shape (either 

planar or twisted) by cycloaddition reaction from polyaromatic phospholes. Such structural 

differences have an impact on the optical and redox properties. 

In the synthesis of planar PAH 119, it was presented that a planar phosphaperylene (118) 

can be a suitable starting material in pericyclic reaction, where differently shaped PAH is 

formed compared to the previous results. In addition to the compound 119, a contorted 

polycyclic aromatic hydrocarbon was also synthesized (121), which has a negative curvature. 

Besides the synthesis of these two compounds, the reaction conditions to form phosphole 111 

have also been optimized. 

Furthermore, I have shown that pericyclic reaction can be performed between the 

precursor of 113 and p-benzoquinone to form the phosphanorbornene 122. The possible 

different conformations have also been investigated. The isolation of this compound helps to 

understand the postulated mechanism, since it represents an analogue of the transient assumed 

intermediate. With the synthesis of bis-imide analogue 123 the possible post-functionalization 

of the cycloaddition products was also investigated. 

PAH 121 and the previously synthesized compounds 113 and 114 have planarization 

barriers around 10 kcal/mol and the energy difference between the possible isomers is below 
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0.5 kcal/mol. These results suggest that different conformations are possible in solution and, in 

the solid-state the intermolecular interactions select one of the isomers. 

Moreover, theoretical investigations were performed to get a deeper insight into the 

aromaticity of the planar and contorted structures. With this study, I have shown that the shape 

of the compounds has a slight effect on the aromaticity of the rings. 

As these compounds have appealing optical properties, the UV-Vis absorption and the 

fluorescence spectra of the new compounds were also explored by experiments and by 

theoretical computations. This study helps to understand the behavior of these compounds and 

give possibilities for future applications. 

In this chapter, new PAHs were synthesized with cycloaddition reaction, and the 

possible functionalization is also shown. Compared to the previous investigations a new starting 

material was also tested to show the possible application of other starting materials. In addition, 

the conformational stability of the compounds was also investigated and the effect of the 

conformational changes was also studied for the electronic properties of these species. 

In the future, a part of these compounds is expected to be used in organic field-effect 

transistors, in which their electron transport properties and special conformations can be an 

advantage compared to the other organic materials. These compounds have flexible structures 

and they have non-planar shape, which can lead to increased solubility in organic solvents 

compared to the planar molecules. As the solid-state structures are well-defined, the properties 

in the solid-state are expected to be tuned by the curvature. 
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VI. Stereospecific synthesis of phosphepines 

VI.1. Introduction and goals 

The backbone of this chapter is based on the publication “Stereospecific synthesis of 

chiral P-containing polyaromatics based on 7-membered P-rings”[186]. As mentioned in the 

literature chapter the curvature of the PAH systems gains increasing importance, and compared 

to siloles and phospholes, the number of 7-membered ring containing systems is limited, 

hindering their application in devices[36,88,128–130]. In addition to the chiral properties introduced 

in the phosphepine ring through the contorted structure, the phosphorus center can also have 

central chirality, which may offer special properties. 

In the literature, different types of chirality are described, such as central, axial and 

helical chirality. If a compound is chiral, it cannot overlap with its mirror image (these forms 

are called enantiomers), and the type of chirality depends on the stereogenic center. In the case 

of the central chirality, the stereogenic center is an atom with four different substituents, usually 

a C-atom, but it can also be a P-atom (see below). In contrast, in the case of axial chirality there 

is an axis of chirality and the molecule does not contain any stereogenic center. The helical 

chirality also does not necessitate any stereogenic center: the helical chirality originates from 

the axial chirality, where the axis has a helical property (Figure 30). 

 

 

Figure 30: Different types of chirality: central[187] (left), axial[188] (middle) and helical[189,190] 

(right) 

 

Phosphorus-containing compounds can possess all types of chirality, and in the 

literature several examples can be found. Commonly, the phosphorus center can have four 

different “substituents”, so the central chirality can occur with all kinds of phosphanes 

(PRR’R’’R’’’, where even a lone pair can be present instead of a substituent). Besides these the 

most widely known axially chiral compound is the 2,2′-bis(diphenylphosphino)-1,1′-binaphthyl 
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(BINAP), where the rotation is hindered between the naphthalene parts, and is widely used as 

a ligand in chiral catalysis[191–194]. In addition, helical chirality can also be observed in 

phosphorus-containing compounds, in these compounds a phosphorus-containing ring is 

usually connected to a helicene part. In these so called phosphahelicenes regularly two types of 

chirality are observed (axial and helical chirality), because of the possible chirality of the two 

building blocks (Figure 30). As it was shown in the previous chapters, various compounds can 

be used in devices or they can offer special applications, especially if the chiral properties are 

significant[74,101,118,195–198]. 

As it was shown in the bibliographic introduction, the synthesis of the 7-membered ring 

79 described by Widhalm et al., employs a chiral starting material (in racemic form) and leads 

to a phosphepine, in which the phosphorus atom has four different substituents, thus it is a 

stereogenic center. The phosphepine ring is formed in a one-pot reaction from rac-BINAP(O)2 

and lithium diisopropylamide (LDA). Firstly, the phenyl group on the phosphorus center is 

lithiated resulting in the intermediate 78, then the 7-membered ring (79) is formed by an 

intramolecular SN attack accompanied by the formation of Ph2P(O)Li as a side-product 

(Scheme 23)[126]. They also studied the effect of the ratio between the LDA and BINAP(O)2 

and the impact of the temperature. The X-ray structure of compound 79 was also reported. This 

phosphepine is non-planar, a saddle-shaped structure is observed for the 7-membered ring. 

Furthermore, compound 79 possesses the BINAP-like part and a chirality axis was suggested 

trough the phosphorus atom and the middle of the BINAP-like part, but the possible chiral 

properties of this compound were not studied deeper. The authors also found that the phenyl 

ring on the phosphorus atom is in axial orientation of the phosphepine ring and the oxygen atom 

is in equatorial position. Moreover, π-stacking was observed between this phenyl group and the 

naphthalene fragment of the BINAP-like part, which stabilizes this conformation of 

phosphepine 79. 

 

 

Scheme 23: Synthesis of phosphepine 79 by Widhalm et al. 
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Later on, in her thesis work, Anabella Mocanu, studied the formation of the C–C bond 

between the carbon atoms in positions 8 and 8’ of the naphthyl moieties to obtain the racemic 

compound 125 (Scheme 24). Several different reaction conditions were tested, and finally, the 

Scholl reaction conditions involving AlCl3 and NaCl followed by aromatization with DDQ were 

found to perform the best for this modification. 

 

 

Scheme 24: Formation of the C–C bond between the naphthyl moieties 

 

Firstly, 10 eq. sodium chloride and 15 eq. AlCl3 were added to 79 and this mixture was 

heated to 130oC. This step resulted in compound 124, which is not stable for a longer time under 

air (Scheme 24). In the following step, phosphepine 124 is oxidized with 2.5 eq. of 2,3-dichloro-

5,6-dicyano-1,4-benzoquinone (DDQ) in toluene at 60oC affording compound 125 in 58% 

yield. This compound has not been the subject of further investigations by Anabella Mocanu. 

During my PhD research work, I have carried out an in-depth study of these chiral 

structures. I was particularly interested in the synthesis and the chiroptical properties of these 

chiral seven-membered ring. Regarding this topic, my goals were to study stereoselective routes 

to the enantiopure compounds 124 and 125 starting from enantiopure reactants. I also studied 

the conformational stability of the phosphepine products. Besides the synthetic works, I 

investigated the optical (UV-Vis absorption and luminescence) and the chiroptical (optical 

rotation, circular dichroism, circularly polarized light emission) properties and performed TD-

DFT studies to gain deeper understanding of the optical properties. This chapter presents the 

results that I obtained by achieving these goals. 

 

VI.2. Results 

VI.2.1. Synthesis 

As mentioned in the introduction, Widhalm et al. studied the reactions of racemic 

BINAP(O)2 (rac-77) with LDA under various conditions (Scheme 24, Scheme 25). If 2 
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equivalents of LDA, in THF at 0 °C are used, phosphepine rac-79 is obtained by intramolecular 

SN reaction. However, in this example, only the racemic BINAP was used. In the following part 

of the chapter I will show how the chirality of the starting material influences the chirality of 

the products. To accomplish the previously mentioned goals, the synthesis of phosphepine rac-

79 was reproduced using the synthetic protocol published by Widhalm et al.[126]. Besides the 

racemic BINAP(O)2 (rac-77), the enantiopure R-BINAP(O)2 (R-77) and S,S-BINAP(O)2  

(S-77) were also used as starting materials and similar reaction conditions were used yielding 

(RP,M)-79 and (SP,P)-79 (Scheme 25). 

 

 

Scheme 25: Synthesis of 79 and 125 

 

To begin the synthesis of the phosphepines, the commercially available BINAP (rac-

BINAP, R-BINAP and S-BINAP) dissolved in DCM was oxidized with 30% aqueous H2O2 to 

BINAP(O)2 (rac-77, R-77, S-77, respectively), then the formed BINAP(O)2 was reacted with 

LDA at 0oC in freshly distilled THF. The dark brown reaction mixture was stirred for 16 hours 

at this temperature and after purification by column chromatography rac-79, (RP,M)-79 and 

(SP,P)-79 were obtained as white powders (Scheme 25). To form the C–C bond between the 

naphthalene parts, Scholl conditions were used. Compared to the procedure described in the 

introduction, I further modified the reactions conditions: the temperature was increased to 

140oC and the equivalents of the reagents were decreased to 6 eq. for NaCl, 12 eq. for AlCl3 

and 2 eq. for the 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ). By using these ratios, I 

found that the best conditions were the following: rac-79, (RP,M)-79 or (SP,P)-79 was heated 

with a mixture of AlCl3/NaCl (12 eq./6 eq.) at 140oC for 2.5 hours, resulting in a black melted 

solid. This mixture was extracted with a DCM-water and the crude was dissolved in toluene. 

Then, DDQ (2 eq) was added and the resulting mixture was stirred at 60 oC for 2.5 hours. After 

the purification by column chromatography, rac-125, (RP,M)-125 and (SP,P)-125 can be 
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obtained as air-stable brown solids. Compounds rac-79, (RP,M)-79, (SP,P)-79 and rac-125, 

(RP,M)-125, (SP,P)-125 were obtained with moderate to good yields of 70%, 54%, 63% and 

63%, 61%, 50%, respectively. All of these compounds were characterized by NMR 

spectroscopy, mass spectrometry and single-crystal X-ray diffraction. In the 31P NMR spectra 

of compounds rac-79, (RP,M)-79, (SP,P)-79 and rac-125, (RP,M)-125, (SP,P)-125, one singlet 

peak was observed, at +20.5 ppm and +18.6 ppm, respectively. 

 

VI.2.2. Structure and chirality 

In each molecular structure, two types of chirality can be found (central and axial). The 

phosphorus center possesses four different substituents, so this is a stereogenic center, the other 

type of chirality originates from the binaphthyl-like structure. The BINAP starting material is 

well known for its axial chirality and both compounds 79 and 125 keep this property. As 

mentioned before, the synthetic procedures were performed with both racemic and enantiopure 

BINAP(O)2. All of the compounds were successfully crystallized. The enantiopurity of the 

different compounds was examined by chiral supercritical fluid chromatography in 

collaboration with Thomas Vives and Marc Mauduit from ENSCR Rennes (Figure 31). If the 

rac-BINAP is used as starting material, the reaction leads to the racemic compounds 79 and 

125. During the synthesis, the formation of diastereomers was not observed and in the 

chromatogram of the racemic mixtures, two enantiomers were found in the same amount 

(enantiomer ratio is 1:1). 
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Figure 31: Chiral supercritical fluid chromatograms of 125 (eluent CO2-EtOH gradient 

mixture) (rac-125 up, (RP,M)-125 middle, (SP,P)-125 down) (Figure offered by Thomas 

Vives.) 

 

When the synthesis was started from enantiopure BINAP, one single enantiomer was 

observed in the chromatogram and also in the crystal structures. In the case of compound rac-

79, there is a difference in the crystallization of the two enantiomers, only one of the 

enantiomers was found in the structure published by Widhalm et al.. In this structure, no 

secondary interactions were observed between the molecules. In the case of compound rac-125, 

the two enantiomers crystallize together, and π-π interactions are observed between the 

contorted perylene part of the molecules leading to the formation of columns (Figure 32). In 

the enantiopure crystal of (RP,M)-125 and (SP,P)-125, no specific organization can be observed. 

In solid state, there are different organizations of the molecules in the racemic and the 

enantiopure crystals (Figure 32), but no differences are observed in the physical and optical 

properties of the compounds. 
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Figure 32: Crystal structure and organization in the rac-125 crystal 

 

For both compounds 79 and 125, the C–C bonds in the six-membered rings are in the 

range of 1.36-1.44 Å, which are characteristic for the aromatic rings. In the seven-membered 

ring the P–C bonds are between 1.79 and 1.81 Å, these lengths are typical for the phosphorus-

carbon single bonds. However, in the structure of compound 79, the P–C bond which connects 

to the 7-membered ring (1-2 and 1-7) and to the binaphthyl part (3-4) is longer than the other 

C–C bonds (2-3, 4-5, 6-7) in the ring, which is different from the other phosphepines described 

in the literature (Table 10). The torsional angles at the binaphthyl part (the angle between the 

naphthalene moieties) of 79 and at the perylene part of 125 are also different (around 63o and 

21o, respectively), as expected by the formation of the new annulation: compound 125 becomes 

less contorted than 79. The structure of 79 shows a helicene-like structure, the helicity angle is 

68.2o between the two periphery rings of the binaphthyl part. In contrast, compound 125 is a 

contorted PAH, which shows negative curvature with angles between the phenyl ring in 2-3 

position and 6-7 position is 111.2o, while between the phenyl ring in 5-6 position and the 

phosphepine ring plane is 149.3o. 
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Table 10: Bond lengths in Å in the 7-membered rings of rac-79 and rac-125 

 

 

Bond 79 125 

1-2 1.806(3) 1.799(7) 

2-3 1.384(4) 1.392(9) 

3-4 1.506(4) 1.469(8) 

4-5 1.386(4) 1.393(9) 

5-6 1.485(4) 1.482(9) 

6-7 1.404(4) 1.392(9) 

1-7 1.802(3) 1.789(7) 

 

We may conclude that the synthesis of 79 and 125 is stereospecific as no sign of 

racemization has been observed, meaning that the racemization temperature should be higher 

than 140oC, which is the temperature of the synthesis of this compound. Moreover, in these 

systems, an axial to central chirality transfer takes place from the BINAP moiety to the P-atom. 

To get a deeper insight into the conformational stability of these compounds, variable 

temperature 1H and 31P NMR measurements were carried out. In these NMR measurements 

(DMSO-d6 solvent), no changes have been detected by increasing of the temperature up to 

110oC. The racemization barriers were further investigated by theoretical calculations at 

different levels of theory (B3LYP/6-31+G*, B3LYP-D3/cc-pVDZ and ωB97XD/cc-pVDZ). 

Different types of racemization were studied on compounds 79 and 125: the inversion on the 

back of the molecule (binaphthyl like part of 79 and contorted perylene part of 125) and the 

inversion of the trivalent phosphorus (arising from the reduction of 79 and 125) was also 

computed. The inversion at the binaphthyl and the perylene part was also investigated on the 

compound containing trivalent phosphorus center. 

The energy between the diastereomers and the transition states show somewhat different 

values at the different levels of theory. The B3LYP method cannot describe dispersion 

interactions property, in contrast to the B3LYP-D3 and the ωB97XD methods, which include 

empirical dispersion correction. In both compounds 79 and 125, the presence of weak 
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intramolecular interactions (π stacking) are possible between the phenyl group and the seven-

membered ring or naphthyl moieties, so the B3LYP-D3 and the ωB97XD methods are more 

trustful to properly describe the inversion barriers. At these two levels of theory, the results are 

similar; only 1-2 kcal/mol energy difference was observed (Table 11). In the next part, I discuss 

the results, which were obtained at the ωB97XD/cc-pVDZ level. 

 

Table 11: Racemization barriers of the binaphthyl part of 79 and the perylene part of 125 and 

the energy difference of the two diastereomers at the different level of theory 

Theory level 
ΔEǂ (ΔGǂ) of 

79 [kcal/mol] 

ΔErel (ΔGrel) 

difference of the two 

diastereomers of 79 

[kcal/mol] 

ΔEǂ (ΔGǂ) of 

125 [kcal/mol] 

ΔErel (ΔGrel) 

difference of the two 

diastereomers of 125 

[kcal/mol] 

B3LYP/ 

6-31+G* 
46.7 (46.8) 33.2 (32.7) 29.5 (30.8) 4.9 (5.8) 

B3LYP-D3/ 

cc-pVDZ 
46.2 (46.6) 34.6 (33.8) 32.5 (33.3) 7.5 (8.0) 

ωB97XD/ 

cc-pVDZ 
47.3 (47.5) 37.1 (35.8) 34.6 (35.8) 8.2 (9.3) 

 

First, I discuss the racemization barrier of the BINAP-part of compound 79 and the 

racemization of the perylene-like part of compound 125. The inversion barrier and the 

racemization temperature of the commercially available binaphthyl and BINAP were 

previously studied[199,200] and high values of 206.6 kJ/mol (49.4 kcal/mol) in vacuum and 

213.2 kJ/mol (51.0 kcal/mol) in acetonitrile were computed for BINAP, which shows the 

conformational stability of these types of molecules. In the case of compound 79, a barrier of 

46.2 kcal/mol was computed for the inversion of the periphery (binaphthyl-like) part 

(Figure 33), which reflects the conformational stability of these diastereomers. The energy 

difference between the diastereomers ((SP,P)-79, (SP,M)-79) is very high (34.6 kcal/mol), and 

the diastereomer ((SP,P)-79), which has lower energy, was also obtained synthetically in the 

reaction. 
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Figure 33: Racemization barriers on the binaphthyl part of 79 at the B3LYP-D3/cc-pVDZ 

level (Hydrogen atoms were omitted for clarity.) 

 

For compound 125, the racemization barrier (32.5 kcal/mol at the B3LYP-D3/cc-pVDZ 

level) is lower compared to that of 79, which is in accord with the observation that the more 

rigid perylene part is less contorted than the binaphthyl part in compound 79. Here the 

difference in the energy between the diastereomers is much smaller, only 7.5 kcal/mol and the 

more stable form is again the one, which was observed experimentally ((RP,M)-125, Figure 34). 

For the racemization and the stability of the two diastereomers of 125, the same changes can be 

described as in the case of compound 79. 
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Figure 34: Racemization barrier on the perylene part of 125 at the B3LYP-D3/cc-pVDZ level 

(Hydrogen atoms were omitted for clarity) 

 

To the inversion of the axial chirality, all of the energy were calculated for the non-

oxidized forms of compound 79 and 125, in the following 126 and 127 (Figure 35), respectively 

with the same method and basis sets. All of the barriers and energies are similar indicating that 

the oxidized and the non-oxidized phosphepines behave in the same manner concerning the 

inversion of the axial chirality (Table 12). 

 

 

Figure 35: Structure of compound 126 and 127 

 

P P

126 127
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Table 12: Racemization barriers of the 3,3-P compounds at the binaphthyl part of 126 and 

perylene part of 127 at the different level of theory. 

Theory level ΔEǂ (ΔGǂ) of 126 [kcal/mol] ΔEǂ (ΔGǂ) of 127 [kcal/mol] 

B3LYP-D3/cc-pVDZ 44.5 (46.4) 32.3 (32.6) 

ωB97XD/cc-pVDZ 44.5 (44.5) 34.4 (35.0) 

 

The racemization barrier at the trivalent phosphorus center has also been computed 

(Table 13). In case of 3,3-P-based compound 126, this energy is again high, 27.5 kcal/mol at 

the B3LYP-D3/cc-pVDZ level (Figure 36), so high temperature is needed for the inversion. 

 

Table 13: Racemization barriers of the the 3,3-P center of 126 and of 127 and the energy 

difference of the two diastereomers at the different level of theory 

Theory level 
ΔEǂ (ΔGǂ) of 

126 [kcal/mol] 

ΔErel (ΔGrel) 

difference of the 

two diastereomers 

of 126 [kcal/mol] 

ΔEǂ (ΔGǂ) of 

127 [kcal/mol] 

ΔErel (ΔGrel) 

difference of the 

two diastereomers 

of 127 [kcal/mol] 

B3LYP/ 

6-31+G* 
32.0 (31.5) 0.6 (0.0) 31.0 (29.9) 1.2 (1.5) 

B3LYP-D3/ 

cc-pVDZ 
27.5 (26.2) 6.1 (6.4) 34.2 (33.2) 6.0 (6.3) 

ωB97XD/ 

cc-pVDZ 
29.1 (27.7) 7.5 (7.4) 36.8 (36.2) 7.1 (7.2) 

 

In the energy of the diastereomers ((SP,P)-126 and (SP,M)-126), there is a difference of 

6.1 kcal/mol, and the diastereomer ((SP,P)-126), is the more stable conformer of the molecule, 

so the deoxidization of the phosphorus center did not modify the relative stability of the 

diastereomers. For 3,3-P-based compound 127, higher racemization barrier (34.2 kcal/mol) 

was calculated (Figure 36) and the difference in energy between the two diastereomers is 

6.0 kcal/mol, being in a good agreement with the experimental results: the oxidized form of 

more stable diastereomer ((RP,M)-125) was obtained from the reaction. These results show that 

one of the diastereomers ((RP,M)-127) is favored even if the racemization barrier is reached for 

the less stable compound ((RP,P)-127) this value will be smaller, so it is expected to racemize 

back to the other molecule. 
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Figure 36: Racemization barriers at the 3,3-P-center of 126 (up) and 127 (down) at the 

B3LYP-D3/cc-pVDZ level (Hydrogen atoms were omitted for clarity.) 

 

As we see from the calculated inversion barriers, in case of compounds 79 and 125 the 

most stable diastereomer were obtained in the reactions, and the inversion barriers are high 

enough to avoid the racemization at room temperature and even at higher temperature too. In 

the case of the non-oxidized compounds (126 and 127) the inversion barriers are also high 
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enough to keep the stability of the structure during a possible functionalization at room 

temperature, e. g. complexation (see below). 

 

VI.2.3. Optical properties 

The optical and electronic properties of these compounds were studied. The UV-Vis 

absorption spectra, the fluorescence spectra, and the CD spectra were measured in the 

concentration of 5∙10-5 M (for compound 79) and 4∙10-5 M (for compound 125) in DCM. Cyclic 

voltammetry measurements were also performed in DCM solution where Bu4NPF6 was used as 

electrolyte. To elucidate the transitions represented in the experimental spectra of these 

compounds, TD-DFT calculations were performed at different levels of theory (at the 

B3LYP/6-31G*//B3LYP/6-31+G* level and at the ωB97XD/cc-pVDZ level). The best results 

were obtained at the B3LYP/6-31G*//B3LYP/6-31+G* level, which was successfully used 

earlier to describe the optical properties of polycyclic aromatic hydrocarbons[9,56,156]. These 

results are also in a good agreement with the experimental data. The typical difference between 

the calculated and experimental spectra is between 2 and 30 nm. The results obtained at the 

ωB97XD/cc-pVDZ level are blue shifted compared to the experimental ones and the difference 

between the calculated and the experimentally obtained UV-Vis absorption maxima is around 

50 nm. Therefore, in the following I discuss here the results obtained at the TD-B3LYP/6-

31G*//B3LYP/6-31+G* level. 
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Figure 37: UV-Vis absorption of 79 in DCM and the calculated absorption lines at the TD-

B3LYP/6-31G* level. Note that two intense absorptions calculated with TD-DFT are not 

shown (see text). 

 

The UV-Vis absorption spectrum of 79 presents a strong absorption band at 260 nm and 

several bands of medium and low intensity (at 282 nm, 294 nm, 308 nm, 320 nm and 334 nm) 

(Figure 37). The calculations show two strong absorption bands at 263 nm and at 256 nm, with 

0.137 and 0.111 oscillator strength, respectively. Next to these transitions four closely placed 

absorption lines are found with lower oscillator strengths between 331 and 272 nm, the former 

transition is responsible for the band centered at 330 nm in the experimental spectrum. At 

331 nm (f= 0.086) the absorption line results from the HOMO–LUMO transition, these orbitals 

are located on the π system of compound 79 (Figure 38). The calculated HOMO-LUMO gap is 

4.29 eV. Next to the B3LYP/6-31G*//B3LYP/6-31+G* and the ωB97XD/cc-pVDZ level, other 

levels were also tested to predict the optical properties of compound 79, these levels are M06-

2X/def2-SVP// B3LYP/6-31+G*, cam-B3LYP/def2-SVP// B3LYP/6-31+G*, ADC(2)/def2-

SVP// B3LYP/6-31+G*. These calculations gave similar results to the above discussed ones. In 

the case of ADC(2)/def2-SVP// B3LYP/6-31+G* calculations similar results were observed, 

four closely spaced excitations were predicted, and these transitions were slightly blue shifted 

compared to the experimental spectrum. Here the HOMO–LUMO transition leads to the S3 

state at 274 nm, the S1 state is connected to mixed transitions, where several electron 

configurations of the π system are involved. In all of these theoretical calculations the 
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absorption bands can be related to several, near lying π-π* transitions, where the backbone of 

the molecule is involved without the contribution of the phosphorus center. 

 

 

Figure 38: HOMO and LUMO of compound 79 at the B3LYP/6-31G*//B3LYP/6-31+G* 

level 

 

In the voltammogram no reduction and no oxidation waves were observed in 

dichloromethane (experimental window between -2.0 V and 1.5 V). This result shows the high 

redox stability of the compound towards oxidation and reduction in this experimental window. 

In both HOMO and LUMO of compound 79, the phosphorus is not involved, however, the π 

system of the BINAP part has a major contribution in these orbitals (Figure 38). 
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Figure 39: UV-Vis absorption of compound 125 in DCM and the calculated absorption lines 

at the TD- B3LYP/6-31G* level 

 

The UV-Vis absorption spectrum of compound 125 presents a structured absorption 

band centered at 441 nm (Figure 39), which is significantly red-shifted compared to the 

absorption bands of 79. In the case of compound 125, similarly to perylene (max= 434 nm), the 

bands are structured due to the rigidity of the geometry (vibrational transitions are also visible). 

The maximum of the absorption centered at 441 nm corresponds practically to the 

HOMO→LUMO transition of the molecule (98.5%), other transitions are negligible. Both 

orbitals are of π type localized on the contorted perylene part of the molecule and again the 

phosphorus is not involved in these orbitals (Figure 40) thus, the S1←S0 transition is π-π* type, 

similarly to perylene[201]. Next to the most intense transition, two other relatively intense 

absorptions are found at 315 nm (f= 0.052) and 311 nm (f= 0.119), around these two transitions 

several absorptions are observed with low oscillator strengths. 
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Figure 40: HOMO (left) and LUMO (right) of 125 (top) and perylene (down) at the B3LYP/6-

31G*//B3LYP/6-31+G* level. 

 

In the cyclic voltammogram of 125 one reversible reduction wave (E1/2
red= –1.98 V vs. 

Fc/Fc+) and one reversible oxidation wave (E1/2
ox= +0.84 V vs. Fc/Fc+) were observed, and 

during both processes one electron was transferred. In particular, the introduction of the P=O 

moiety makes the reduction easier than for perylene (E1/2
ox= +0.59 V vs. Fc/Fc+ and Ered=  

–2.28 V vs. Fc/Fc+). For compound 125, the HOMO-LUMO gap (at the B3LYP/6-

31G*//B3LYP/6-31+G* level) is 3.06 eV, which is significantly smaller than for compound 79 

and it is similar to that of perylene (2.98 eV). This is in full agreement with the experimental 

optical data. 
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Figure 41: Fluorescence spectrum of 79 (orange) and 125 (blue) in DCM and the calculated 

emission lines at the TD-B3LYP/6-31G* level 

 

Compounds 79 and 125 present luminescence both in solution (Figure 41) and in the 

solid state (Figure 42). As expected, the emission maximum of 79 is blue-shifted compared to 

that of 125. In the emission spectrum of 125 (c= 4∙10-6 M) measured in DCM, a structured band 

is observed, which is the perfect image of the absorption spectrum. I have simulated the 

fluorescence by TD-DFT calculations and the difference between the experimental and the 

calculated bands is ~30 nm, which is common for organic compounds. Between the ground 

state and the excited state the change in geometry is larger for 79 than for 125 due to the rigidity 

of the latter (Stokes shift is 3003 cm-1 for 79 and 878 cm-1 for 125). The quantum yields were 

recorded in solution with the reference quinine sulfate in 0.1 M H2SO4. While 79 is a moderate 

emitter (ϕ= 18%), 125 behaves as an excellent fluorophore (ϕ= 79%) thanks to its rigidified 

skeleton molecular. 
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Figure 42: Normalized fluorescence spectrum of 79 (up) and 125 (down) in solid-state 

(orange) and in 2-methyltetrahydrofuran at low temperature (77K) (blue) 

 

In the solid state, the emission maximum is red-shifted compared to the emission 

maximum recorded in solution due to the aggregation of the molecules in solid-state. In the 

case of 125, non-structured luminescence is observed (Figure 42) and the quantum yields in 

solid-state are estimated to 10% for rac-125, (RP,M)-125 and (SP,P)-125, respectively. In 

frozen solution the emission of compound 125 is more structured, and the wavelength of the 

maximum is unchanged. The emission bands of 79 are also structured and new bands also 

appear between 480 and 600 nm (Figure 42, up), originating from triplet state emission 

(phosphorescence). This emission is typical for helicenes, where the helical structure allows the 

mixing of the singlet and triplet π-π* states and it also helps the intersystem crossing[202]. In 

both cases, the intensity of the fluorescence is increased, which is typical for frozen samples. 

In the frozen samples the rigidity of the molecules increases, because the solid state does not 

allow substantial movements for the molecules. These appealing optical properties may allow 
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using these compounds as emitters in optoelectronic devices. Therefore, different scanning 

calorimetry (DSC) and thermal gravimetric analysis (TGA) measurements were established, 

which show that compound 125 is stable up to 360oC and no degradation was observed during 

the melting and the cooling, unfortunately, compound 79 degrades during the DSC 

measurements at 365oC. 

 

VI.2.4. Chiroptical properties 

As discussed earlier, compounds 79 and 125 have both central and axial chirality and 

both compounds were obtained in racemic and enantiopure forms. The chiroptical properties of 

the compounds are expected to reflect their chirality. The optical rotatory (OR) was determined 

in DCM solution (Table 14). Compound 79 has lower OR value compared to the BINAP(O)2 

(77) and compound 125 has higher value compared to the other two compounds. 

 

Table 14: OR values of the compounds in DCM at 589 nm 

 [α]T
D 

R-77 225o (T= 25.0 oC, c= 7.03∙10-3 M) 

S-77 -199o (T= 20.0 oC, c= 4.12∙10-3 M) 

(RP,M)-79 -100o (T= 20.0 oC, c= 5.30∙10-3 M) 

(SP,P)-79 113o (T= 20.0 oC, c= 6.52∙10-3 M) 

(RP,M)-125 -375o (T= 20.0 oC, c= 4.88∙10-3 M) 

(SP,P)-125 396o (T= 20.0 oC, c= 4.22∙10-3 M) 

 

The electronic circular dichroism (ECD) spectra of the two enantiomers were 

investigated experimentally and by simulations. The ECD spectra show the absorption of 

circularly polarized light of two enantiomers. The absorption bands of the two enantiomers are 

expected to be symmetric through the horizontal axis. In the case of compounds 79 and 125, 

the spectra of the two enantiomers nicely show this symmetry in the experimental results 

(Figure 43), which also indicates the enantiopurity of the compounds. Compound 79 shows a 

Cotton effect, which means that the electronic circular dichroism of the compounds decrease 

until zero and goes in the opposite direction. In the experimental ECD measurements, Cotton 

effects are observed in the case of (RP,M)-79 and (SP,P)-79 at 262 nm, 267 nm and 312 nm, for 

compound (RP,M)-125 and (SP,P)-125, the Cotton effect is observed at 296 nm. 
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Figure 43: ECD spectra of the enantiomers of 79 (up, (RP,M)-79 blue and (SP,P)-79 orange) 

and 125 (down, (RP,M)-125 green and (SP,P)-125 red) and the calculated ECD spectra (dotted 

lines) at the TD- B3LYP/6-31G* level 

 

For all compounds ((RP,M)-79, (SP,P)-79, (RP,M)-125, (SP,P)-125), the Δε value is 

moderate and is lower than those of helicenes[203], probably due to the low value of the torsion 

angle in the binaphthyl and perylene parts. In the case of the binaphthyl compounds, the Δε 

value has been found to highly depend on the torsion angle[142,204,205]. In the ECD spectra of 
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compounds 79 and 125, the bands corresponding to the HOMO→LUMO transition (at 330 nm 

and 445 nm, respectively) have low intensity. As it was mentioned earlier, the HOMO and the 

LUMO are of π and π* type, respectively at the binaphthyl and the contorted perylene part. In 

the case of 125, the structured vibrational transitions are also visible in the ECD spectra. The 

associated dissymmetry factor (gabs= ∆ε/ε) of the two enantiomers of 79 are gabs= 1.5∙10-3 and 

gabs= –1.9∙10-3 at 330 nm, and those of enantiomers of 125 are gabs= –4.9∙10-4 and  

gabs= 5.2∙10-4. The bands having a high response in the ECD spectra correspond to mixed 

transitions, as it was mentioned in discussion of the UV absorption, in this region there are 

several bands of medium and low intensity. According to the theoretical calculations, the 

orbitals involved in these transitions are located in the π system of compound 79 and 125. 

The circular dichroism spectra were also simulated at the two different levels (B3LYP/6-

31G*//B3LYP/6-31+G* and ωB97XD/cc-pVDZ level), which were described before. At the 

B3LYP/6-31G*//B3LYP/6-31+G* level, the calculated Δε values are similar to the 

experimental results (Figure 43). 

Besides the chiral absorption properties, the chiral fluorescence properties have also 

been investigated. In this case, the two enantiomers have chiral emission with mirror symmetry 

to the horizontal axis. Since compounds 79 and 125 have fluorescence properties, the circularly 

polarized light (CPL) emissions were measured for the different enantiomers of 79 and 125. In 

solution, enantiomers (RP,M)-79 and (SP,P)-79 show moderate emission, similarly to the CD 

spectra (Figure 44). In case of compound 125, CPL response was not observed due to the low 

chiral activity around 440 nm. As it was discussed for the ECD spectrum, this band has low 

chiral activity and in the fluorescence this band has a high response, but in the CPL emission 

this is not observed because of the low chiral property of this band. 
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Figure 44: CPL spectra of (RP,M)-79 (blue) and (SP,P)-79 (orange) in DCM solution 

 

VI.2.5. Aromaticity studies 

To get a deeper insight into the bonding situation and the possible delocalization in these 

systems, nucleus independent chemical shift (NICS) calculations were performed at the 

B3LYP/6-311+G*//B3LYP/6-31+G* level, which has been commonly employed previously. 

NICS(0) denotes the value at the center of the ring in the plane, while NICS(1) and NICS(-1) 

indicates the value at 1Å above and below the plane, respectively. Here I only discuss the 

NICS(0) values in detail, the NICS(1) and NICS(-1) values follow similar changes, however, 

there are some differences between the values because of the non-planarity of the molecules, 

and some further interaction above/below the planes. 
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Figure 45: Visualization of NICS(0) values of 79, 125, I, II, III and IV (B3LYP 6-

311+G*//B3LYP 6-31+G*) 

 

For comparison, besides compounds 79 and 125 reference molecules are also studied 

such as 1,1’-binaphtyl (I), perylene (III), and all-carbon analogues of compounds 79 and 125 

(Figure 45). With the hydrocarbon version of 79 and 125, the effect of the phosphorus can be 

studied for the aromaticity of the rings. 

In the 1,1’-binaphtyl (I), all six-membered rings have high aromaticity, and between the 

rings there is just a slight difference. When the seven-membered ring is connected to this 

binaphthyl system (II), the aromaticity of the A and the B rings decreases, and both the D and 

E rings keep their aromaticity (Table 15). The seven-membered ring in II is slightly anti-

aromatic, which is well known for this type of ring, (note that the aromatic version of the 7-

membered ring would be e. g. the tropylium cation, which contains 6π electrons and thus 

satisfies Hückel’s rule). By embedding a phosphorus atom into the seven-membered ring of II, 

the effect of the P center on the aromaticity can be studied. The seven-membered ring of 79 has 

a similar NICS(0) value (NICS(0)= 3.3 ppm), to that of II (NICS(0)= 2.9 ppm), so the 4,5-

phosphorus atom in the F ring induces mostly negligible in aromaticity. On the other rings (A, 

B, D, and E), the influence of the phosphorus is even weaker, and in the aromaticity of the 

separated six-membered ring (G) a similar change was observed as in the seven-membered ring. 
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Table 15: NICS(-1), NICS(0) and NICS(1) values in ppm of 79, 125, I, II, III and IV at the 

B3LYP 6-311+G*//B3LYP 6-31+G* level 

 79 125 I 

 NICS(n) NICS(n) NICS(n) 

n -1 0 1 -1 0 1 -1 0 1 

A -11.51 -6.80 -10.36 -9.23 -7.16 -9.74 -10.35 -8.52 -10.66 

B -11.21 -7.88 -8.86 -9.02 -6.33 -8.58 -9.16 -7.02 -9.10 

C - - - 0.77 5.50 0.75 - - - 

D -10.04 -8.31 -10.90 -9.63 -6.99 -9.30 -10.63 -8.23 -10.08 

E -9.15 -7.61 -10.18 -8.77 -6.07 -8.75 -10.18 -7.98 -10.01 

F -1.11 3.34 -1.36 -2.11 1.20 -2.40 - - - 

G -9.64 -7.68 -10.00 -9.50 -7.92 -10.27 - - - 

 

 II III IV 

 NICS(n) NICS(n) NICS(n) 

n -1 0 1 -1 0 1 -1 0 1 

A -10.53 -7.96 -9.44 -8.44 -5.83 -8.32 -9.06 -6.97 -9.52 

B -9.14 -6.62 -8.27 -8.33 -5.78 -8.27 -7.78 -5.49 -7.90 

C - - - 2.75 7.86 2.74 1.01 5.86 1.01 

D -9.96 -8.25 -10.90 -8.30 -5.87 -8.34 -9.66 -7.03 -9.25 

E -9.10 -7.79 -10.40 -8.31 -5.82 -8.43 -8.81 -6.45 -8.62 

F -4.08 2.87 -3.04 - - - -4.33 0.69 -3.53 

G -10.20 -8.05 -10.07 - - - -9.53 -8.07 -10.15 

 

The formation of a new C–C bond results in a new six-membered fused ring and thus, 

the core structure of I is similar to the perylene (III). Compared to I in species III the 

aromaticity of the rings A, B, D and E decreases, the NICS(0) values become less negative, 

while ring C being in the middle of the annulated system is highly anti-aromatic (NICS(0)= 

7.9 ppm). By the extension of the system with a seven- and six-membered ring (IV), the 

aromaticity of rings A, B, D and E increases, as the NICS(0) values become more negative, and 

the ring C gets less anti-aromatic (NICS(0)= 5.9 ppm). Compared to II and IV, the 7-membered 

ring (F) becomes less anti-aromatic, so with the extension of the condensed system, the 
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aromaticity of the rings is somewhat increased. Again, by the substitution of the CH2 moiety of 

IV with a P(O)Ph moiety the effect of the phosphorus center can be studied. In compound 125, 

the ring F is non-aromatic (NICS(0)= 1.2 ppm). The aromaticity of the rings A, D and G slightly 

changes compare to those of IV, but in case of the ring B, the NICS(0) value decreases, so this 

ring is more aromatic than in IV, and the E ring is less aromatic. 

If the aromatic properties of compounds 79 and 125 are compared with each other, it is 

visible that with the formation of the C–C bond the aromaticity of the seven-membered ring (F) 

decreases as well as of rings B and D ring also decreases, while that of A and G increases 

slightly. 

 

VI.2.6. Spectroelectrochemical studies 

Compound 125 presents reversible oxidation and reduction processes in the cyclic 

voltammetry measurements, which indicates that compound 125 can form stable radicals by 

adding or removing one electron. These processes were studied by spectroelectrochemistry, 

where the formation of radicals can be monitored by UV-Vis spectroscopy. For this 

experiments, compound 125 was dissolved in dichloromethane with [Bu4N][PF6] as electrolyte. 

 

 

Figure 46: UV-Vis absorption spectra measured during the electrochemical oxidation of 125 

in DCM 

 

During the oxidization process at +1150 mV, two new absorption bands were observed 

in the UV-Vis spectrum (Figure 46) at 583 nm and 740 nm, whereas the absorption band at 411 
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nm decreased in intensity. This observation shows that 125 was only partially oxidized during 

the measurements, because the characteristic absorption of compound 125 is still visible. When 

the voltage was set back to 0 mV, the initial UV-Vis spectrum was reobtained like before the 

oxidization (0 mV), meaning that this process is reversible. 

 

 

Figure 47: UV-Vis absorption spectra measured during the electrochemical reduction of 125 

in DCM 

 

Similar trend is observed upon reduction (Figure 47). At –1500 mV, new bands 

appeared in the spectrum around 580 nm and 740 nm (long tailing feature) suggesting the 

formations of a new species. The intensity of the band at 441 nm decreased and a shoulder 

appeared at lower wavelengths. These results may suggest that the radical anion also has 

absorption in these regions. When the radical anion was oxidized (0 mV second time) the bands 

at a higher wavelength in the UV-Vis spectrum disappeared, but the intensity of the absorption 

band around 440 nm remained unchained, which outlines that the process is not fully reversible 

electrochemically and the formed radical anion is not stable under these measurements 

conditions. 

To get a deeper understanding of the optical properties of the radicals, TD-DFT 

calculations were performed at different levels of theory. The best results were obtained at TD-

B3LYP/6-31+G*(PCM)//B3LYP/6-31+G* level. In the TD-DFT calculations, polarizable 

continuum solvent model (PCM) was used with dichloromethane as a solvent. The usual 

difference between the experimental absorption maxima and the calculated vertical excitations 
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are between 20 and 60 nm. Without the solvent effect, the maxima of absorption are more 

shifted and the difference is larger between the calculated and the experimental results, a similar 

trend was also obtained at the TD-B3LYP/6-311+G*//B3LYP/6-31+G* level. 

In the case of the oxidization, as it was mentioned above, new bands appeared at 583 

nm and 740 nm. These new bands should correspond to the oxidized form of 125, which formed 

in the electrochemical process. According to the theoretical calculations, the structure of the 

molecule does not change highly after the oxidization (e. g. the bond lengths are close to the 

same). The maximum at 583 nm (λcalc= 548 nm) is mainly a π–π* type transition, and the band 

with the smaller intensity at 740 nm (λcalc= 681 nm) is a mixture of several transitions, involving 

different parts of the molecule. The spin density of the radical is located at the perylene part 

and the phosphorus center is not involved. The visualization of the spin density is similar to the 

HOMO of 125 (Figure 48), which shows that the radical is delocalized on the entire π system 

of the perylene part. 

 

 

Figure 48: Spin density of the oxidized radical (left) at the TD-B3LYP/6-

31+G*(PCM)//B3LYP/6-31+G* level and the HOMO of 125 (right) at the TD-B3LYP/6-

31G*//B3LYP/6-31+G* level 

 

During the reduction process, when the radical anion is formed, in the UV-Vis 

absorption new bands appeared at 580 nm and 740 nm. No significant differences between the 

structure of the radical anion, the radical cation and 125 can be found. The band at 580 nm 

(λcalc= 551 nm) mostly involves a π–π* type transition of the condensed part of the molecule. 

The other band at 740 nm (λcalc= 761 nm) involve π type orbitals, and these orbitals are located 

at the condensed part of the molecule. The visualization of the spin density indicates that the 
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perylene part of the molecule is involved exclusively, similarly to the LUMO of 125 (Figure 

49), which suggests that the electron was added to the LUMO orbital. 

 

 

Figure 49: Spin density of the reduced molecule at the TD-B3LYP/6-

31+G*(PCM)//B3LYP/6-31+G* level and the LUMO of 125 at the TD-B3LYP/6-

31G*//B3LYP/6-31+G* level 

 

VI.2.7. Gold complexes 

The possible functionalization of compound 79 was also tested, which can open new 

applications of the newly synthesized phosphepines (e. g. as a ligand in metal complexes), for 

example in the field of organometallic catalysis. In the introduction it was mentioned that the 

BINAP is well known as a ligand in complexes for enantioselective catalysis[191–194]. In addition 

to the BINAP, helicenes and phosphahelicenes can also be used as ligand in enantioselective 

transformations[206,207]. In addition, the trivalent phosphorus center is well-known for 

complexation reactions[208] with different metals (e. g. Pt, Pd, Ir) and these complexes can be 

used in different types of reactions[9,101,197]. As we saw in the previous parts, compound 79 is 

chiral and the racemization barrier is remarkably high, so it can be expected to form chiral 

complexes. The previously mentioned metal centers usually lead to effective catalysts, but they 

are especially expensive, so I decided to use gold as a metal center in the newly formed 

complex. In the literature several examples can be found for catalytic reaction, where gold 

complexes are used as a catalyst[209–211]. In the following part the goals were to synthesize gold 

complexes from compound 79, and through the formation of the new complex (by the 

modification of the phosphepine) we can get experimental results for its chiral stability. 
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Previously in the discussion on the racemization, it was shown that the reduction of the 

phosphorus center does not change significantly the racemization barriers. 

 

VI.2.7.1. Synthesis 

To synthesize a metal complex with compound 79 as a ligand the 4;5-phosphorus 

center was reduced with HSiCl3 in toluene, by heating the mixture to reflux temperature. Then, 

the toluene was evaporated from the reaction mixture and the residue was dissolved in DCM 

and the mixture was filtered through basic alumina. The solution was concentrated and 1 

equivalent of Me2SAuCl was added to the reaction mixture at room temperature. After filtration 

on Celite and MgSO4, and following a crystallization from DCM-pentane mixture, compound 

128 was obtained as white crystals with a moderate yield of 41%. The new complex 128 was 

characterized with NMR, high-resolution mass spectroscopy and single-crystal X-ray 

crystallography. In the 31P NMR spectrum of compound 128, one single peak was observed at 

+35.5 ppm. 

 

 

Scheme 26: Synthesis of compound 128 

 

VI.2.7.2. Structure and chirality 

Compound 128 is synthesized in racemic (rac-128) and enantiopure form ((RP,M)-128, 

(SP,P)-128) depending on the starting material of the reaction. After the complexation, again 

two different enantiomers are found (no diastereomers), which means that during the synthesis 

we did not reach the racemization temperature. Similarly to compound 79 and 125, there are 

two types of chirality in compound 128, the central chirality at the phosphorus center and the 

axial chirality of the binaphthyl part. In the synthesis from the enantiopure starting materials 

(R-77, S-77) enantiopure products are obtained. To test the enantiopurity of compound 128, 
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chiral supercritical fluid chromatography was used in collaboration with Thomas Vives and 

Marc Mauduit from University of Rennes 1 (Figure 50). According to the chromatogram, the 

racemic compound rac-128 contains the two enantiomers with the same ratio and the 

enantiopure (RP,M)-128 and (SP,P)-128 contains only one enantiomer, respectively. 

 

 

Figure 50: Chiral supercritical fluid chromatograms of compounds 128 (eluent CO2-MeOH 

gradient mixture) (rac-128 up, (RP,M)-128 middle, (SP,P)-128 down) (Figure offered by 

Thomas Vives.) 

 

X-ray structures were obtained for compounds rac-128 and (RP,M)-128. In the structure 

of rac-128, both enantiomers are present, which means that the two enantiomers crystallize 

together and we cannot observe the selective crystallization as it was observed for rac-79. As 
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it was showed in the introduction, the 7-membered ring has a saddle-like structure and the 

molecule keeps the non-planar BINAP part, which gives a possibility of chirality. In the case 

of this compound, no short contact interactions (e. g. gold-gold interactions) are observed. In 

(RP,M)-128, no secondary weak interactions are observed, but in contrast to the racemic 

compound (rac-128), a gold-gold interaction is observed between the pairs of the molecules 

with a gold-gold distance of 3.1390(6) Å (Figure 51). 

 

 

Figure 51: Crystal structure and organization of rac-128 (left) and (RP,M)-128 (right) 

 

In the X-ray structures, the arrangement of the substituents around the gold center is 

close to linear, which is similar to the previously published phosphorus gold complexes[197,210]. 

The bond lengths in the seven-membered ring do not change remarkably compared to 79 

(Table 16), so this complexation reaction on the phosphorus atom does not modify significantly 

the structure of the seven-membered ring. The torsion angle at the binaphthyl part is around 

65o, which is also similar to that of 79. 
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Table 16: Bond lengths in Å in the 7-membered rings of rac-79 and rac-128 

 

 

Bond 79 128 

 X=AuCl X=O 

1-2 1.806(3) 1.817(3) 

2-3 1.384(4) 1.391(4) 

3-4 1.506(4) 1.499(4) 

4-5 1.386(4) 1.388(4) 

5-6 1.485(4) 1.492(4) 

6-7 1.404(4) 1.417(4) 

1-7 1.802(3) 1.808(3) 

 

VI.2.7.3. Optical properties 

The electronic optical properties of these complexes were studied with UV-Vis 

absorption and fluorescence spectroscopy in dichloromethane (c= 1∙10-4 M). The CD spectra of 

enantiopure compounds were also measured in dichloromethane. To get a deeper insight into 

these properties, TD-DFT calculations were performed at different levels of theory, the best 

results were obtained at the TD-B3LYP/def2-SVP//B3LYP/def2-SVP level, where the results 

are in a nice agreement with the experimental results. Similarly to compound 79 and 125, the 

calculations were also obtained at the TD-ωB97XD/cc-pVDZ//ωB97XD/cc-pVDZ level. In this 

case, similar differences were observed, like for the previous two compounds, the difference 

between the calculated and the experimental results is around 50 nm. 
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Figure 52: UV-vis absorption spectrum of compound 128 in DCM and the absorption lines at 

the TD-B3LYP/def2-SVP//B3LYP/def2-SVP level 

 

In the absorption spectrum (Figure 52) of compound 128, all of the bands are mixtures 

of several transitions with similar weights. Compared to compound 79, the absorption spectrum 

of compound 128 is similar, the absorption bands are close to the same position, but the molar 

attenuation coefficient of 128 is lower, so with the complexation, the absorption of the 

compound decreased. In the cyclic voltammetry measurements, similarly to 79, no oxidation 

and no reduction are observed, which also suggest a similarly substantial HOMO–LUMO gap 

(4.17 eV). In the LUMO, the binaphthyl moiety is involved next to the seven-membered ring. 

In the HOMO and HOMO-2, the gold center and the chlorine atoms are involved, and the 

HOMO-1 orbital has a combination of the binaphthyl part (Figure 53). 
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Figure 53: HOMO-2, HOMO-1, HOMO and LUMO of 128 at the 

TD-B3LYP/def2-SVP//B3LYP/def2-SVP level 

 

Similarly to compound 79 and 125, these compounds also exhibit fluorescence 

properties in solution (Figure 54) and solid-state. The maximum of the fluorescence of 

compound 79 is centered at 376 nm, a similar wavelength recorded for compound 128, but the 

intensity of the emission is really weak (Figure 54). The quantum yield of compound 128 was 

estimated in dichloromethane to be lower than 0.01%. The Stokes shift of the complex is 3113 

cm-1, and also shows that in case of this compound, in the geometry in the ground state and the 

excited state there are no significant changes. The difference between the calculated and the 

measured fluorescence maximum is 19 nm, which suggests good agreement between the two 

results. This band mostly connects to the HOMO→LUMO (88%) transition, but other 

transitions are also involved, these are HOMO→LUMO+1 (3%) and HOMO-3→LUMO (7 %). 

Therefore, this transition is a ligand-to-ligand charge transfer. 
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Figure 54: Fluorescence spectrum of compound 128 in DCM and the excitation lines at the 

TD-B3LYP/def2-SVP//B3LYP/def2-SVP level 

 

VI.2.7.4. Chiroptical properties 

As it was discussed above this complex also has chirality, similarly to compounds 79 

and 125. The OR values of (RP,M)-128 and (SP,P)-128 were determined and compared to the 

BINAP(O)2 and compounds 79 and 125 (Table 17). Similar values can be found in the literature 

for menthol derivatives having a central chirality[212]. 

 

Table 17: OR values of the compounds in DCM at 589 nm 

 [α]T
D 

R-77 225o (T= 25.0 oC, c= 7.03∙10-3 M) 

S-77 -199o (T= 20.0 oC, c= 4.12∙10-3 M) 

(RP,M)-79 -100o (T= 20.0 oC, c= 5.30∙10-3 M) 

(SP,P)-79 113o (T= 20.0 oC, c= 6.52∙10-3 M) 

(RP,M)-125 -375o (T= 20.0 oC, c= 4.88∙10-3 M) 

(SP,P)-125 396o (T= 20.0 oC, c= 4.22∙10-3 M) 

(RP,M)-128 -36o (T= 20.0 oC, c= 3.73∙10-3 M) 

(SP,P)-128 35o (T= 20.0 oC, c= 3.59∙10-3 M) 
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Next to the OR values, the ECD spectra of the pure enantiomers were also measured 

experimentally and simulated by theoretical calculations. In the case of (RP,M)-128 and (SP,P)-

128 compounds, we can observe the mirror symmetry of the two spectra to the horizontal axis 

(Figure 55). Correspondingly to the UV-Vis absorption, the ECD spectra have similar band as 

the (RP,M)-79 and (SP,P)-79 compounds. The Δε values are also comparable, but the Cotton 

effect has some difference in the ECD of the gold complexes. In the case of (RP,M)-79 and 

(SP,P)-79 Cotton effects are observed at 262 nm and at 267 nm, but in the case of the gold 

complexes we cannot see them in this region. Previously it was shown that the UV-Vis 

absorption and the fluorescence emission is weaker, but the chiral properties are similar 

between the P=O species ((RP,M)-79, (SP,P)-79) and the gold complex ((RP,M)-128, (SP,P)-

128). With the complexation of the compound the configuration on the phosphorus center did 

not changed, which means the chirality was retained in the complex. 

 

 

Figure 55: ECD spectra of compounds 128 ((RP,M)-128 is blue and (SP,P)-128 is orange) in 

DCM and the ECD spectra (dotted lines) at the TD-B3LYP/def2-SVP//B3LYP/def2-SVP 

level 

 

Despite, the intensity of optical properties of the compound decreased with the 

complexation, the compounds keep the chiral properties with a metal center, in this way this 

complex can be used as a catalyst in enantioselective catalysis. 
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VI.3. Conclusion and outlook 

In this chapter, the synthesis and characterization of phosphepines containing binaphthyl 

(79 and 128) or perylene (125) part were described. 

The synthesis of these molecules starts from the reaction of commercially available 

BINAP and LDA, and to the formation of the C–C bond in compound 125 by using Scholl 

conditions, which allow to introduce the perylene part from easily accessible chemicals. In the 

synthesis of these phosphepines, earlier described synthesis protocols were modified, and used 

to produce enantiopure compounds. The application of the synthesis on enantiopure starting 

materials proved that the synthesis is stereospecific. For the binaphthyl part containing 

compound, the complexation of the phosphorus center also showed in the case of the racemic 

and the enantiopure compounds.  

Following the description of the synthesis, the optical and chiral properties of the 

phosphepines were also discussed, which was not examined in detail earlier. For the 

compounds, the optical, redox and chiral properties as well as their aromaticity were studied. It 

was shown that all of these phosphorus-containing heterocycles have two different types of 

chirality (axial and central chirality) and the racemization of the compounds was studied 

experimentally and with theoretical calculations. It was found that the stability of the chiral 

centers is remarkably high. Furthermore, compound 79 shows a helicene-like curvature and 125 

is a negatively contorted PAH. 

Besides the chiral properties, the optical and chiroptical properties were also 

investigated experimentally and theoretically. These species are fluorescent, especially 

compound 125 has strong emission in solution and in solid-state, and this compound even 

undergoes reversible redox processes, which allowed to generate radicals by electrochemistry. 

Afterwards the aromaticity of the rings was investigated by theoretical calculations. On 

the basis of the NICS values of the ring the 7-memberd ring is non-aromatic. 

In résumé, a new group of phosphepines were synthetized and characterized with chiral 

and optical properties. The photophysical properties of compounds 79 and 125 indicate that 

these compounds can be used in optoelectronic devices as emitters or charge transporters. 

The photophysical properties of the complexes can be modified, in addition the newly 

synthetized gold complex, or other transition metal complexes (e. g. Pd or Pt) can be used in 

the future as possible chiral catalysts in enantioselective catalysis. After the complexation, the 

complex keeps the chiral binaphthyl part, which can be an enantioselective center. The gold 

complex can be a cheaper enantioselective catalyst than the usually used catalyst like Pd, Pt or 
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Rh. For the future tests, I propose a four membered ring synthesis (Scheme 27)[213], where the 

gold complex can be tested as a catalyst to prepare enantiopure phosphetes. Alternatively, this 

complex can be envisioned for further enantioselective synthesis (e.g. chiral phosphete 

synthesis). 

 

 

Scheme 27: A proposed example for a test reaction employing gold catalysis 
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VII. Structural study of bromonaphthyl phosphine oxides 

VII.1. Introduction and goals 

The backbone of this chapter is based on the publication “Naphthyl-Fused 

Phosphepines: Luminescent Contorted Polycyclic P-Heterocycles”[36]. As it was mentioned in 

the literature overview (Chapter III), there are several different methods for the synthesis of the 

7-membered P-rings. In one of these methods, bis-8-bromonaphthyl functionalized phosphine 

oxides (84, 85, 86) are used as precursors in Yamamoto coupling reactions to obtain naphthyl-

fused phosphepines (81, 87, 88) (Scheme 28)[36]. 

 

 

Scheme 28: Synthesis of naphthyl-fused phosphepines 

 

The phosphine oxides 84 to 86 (Scheme 28) are not commercially available, hence, they 

were synthesized from dibromonaphthalene via Br/lithium exchange (Scheme 29) and 

nucleophilic substitution with either PhPCl2 or PCl3 by Thomas Delouche. Following the 

synthesis, compounds 84 and 129 (Scheme 29) were purified by column chromatography with 

DCM/Et2O (85/15) eluent and characterized by NMR spectroscopies. In the case of the 

chloride-substituted compound 129, a remarkable stability was observed: The phosphorus-

halogen bonds are usually prone to hydrolysis[214], but compound 129 is air and moisture stable, 

as shown by its reluctance for hydrolysis during the workup in aqueous solution. In the X-ray 

structure of this compound, short distances are observed between the bromine atoms and the 

chlorine atom, which suggests an interaction between them. 
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Scheme 29: Synthesis of the phosphine oxide precursors 

 

Besides the special stability of the above-discussed compound 129, in the variable 

temperature NMR spectra of compounds 84 and 129, the coalescence of the signals was 

observed (Figure 56). These experimental observations suggest the presence of weak 

interactions reducing the reactivity of the P–Cl bond in the case of the halogenated compound. 

 

 

Figure 56: Variable temperature 1H NMR spectra of 84 
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In addition to the well-known hydrogen bonding, other interactions involving specific 

elements are also known, which are named after the different groups in the periodic table, such 

as triel[215] (group 13 elements), tetrel[216] (group 14 elements), pnictogen[217] (group 15 

elements), chalcogen[218] (group 16 elements), halogen[219] (group 17 elements) and aerogen[220] 

(group 18 elements) bonding. From these types of weak interactions, only the pnictogen 

bonding can affect the properties of the oxidized phosphines 84 or 129 via P∙∙∙Br interactions.  

Concerning the pnictogen interaction, the pnictogen bond (PnB) donor is a Lewis acid 

(electron pair acceptor), while the PnB acceptor is a Lewis base (electron donor). In this bonding 

situation, thus the PnB donor, here the P, is electrophilic and the PnB acceptor, here the Br, is 

nucleophilic. For the pnictogen interactions, two features are known[217]. One of these is 

electrostatic attraction, where the lone pair of the Lewis base (the PnB acceptor) interacts with 

the positively charged part around a belt at the lone pair of the pnictogen (a σ-hole interaction). 

The other is a charge transfer effect, in which the lone pair of the Lewis base donates electron 

density into the σ*(pnictogen–X) antibonding orbital at the pnictogen donor. In the literature, 

some experimental examples already exist for pnictogen interactions (Figure 57)[221,222], in the 

case of the ortho-carbaborane in the 13C NMR spectrum higher order coupling pattern was 

observed, which comes from non-bonding interactions, the phosphorus centers are equivalent 

chemically and magnetically, so the coupling originates from the repulsive interaction of the 

lone pairs on the phosphorus centers. In the other example there is a non-bonding interaction 

between the bismuth and the phosphorus centers (where the Bi is the PnB donor), which is 

visible in the solid state 31P NMR spectrum and with the modification of the halogens at the 

bismuth center this interaction can be tuned. 
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Figure 57: Examples for pnictogen bonding 

 

In this chapter, my goal was to study the structure of the phosphine oxides by 

computational studies and to find an evidence in the structure for the unusual stability of the 

halogenated phosphine oxide. Next to these investigations, another plan was to study the 

different conformations and the stabilization energies of the compounds. 

 

VII.2. Results 

To get a deeper insight into the structural properties of the previously mentioned 

phosphine oxides theoretical calculations were performed at the B3LYP-D3/6-31+G* and 

ωB97XD/6-31+G* level of theory. In the following paragraph, the results obtained at the 

B3LYP-D3/6-31+G* level are discussed in detail. At the ωB97XD/6-31+G* level, similar 

results are obtained. 

In the case of compounds 84 and 129, two local minima were found on the potential 

energy surface. These two minima have the same energy, which suggest enantiomeric relation 

between them. If we compare these two geometries, we can observe a mirror symmetry 

(Figure 58), which is typical for the enantiomers. In this case, we cannot find a symmetry plane 

in the molecule since the rotation of the two naphthyl groups is hindered due to their size. So 

they cannot be equivalent and induces an axial chirality in the molecule. In compound 84 and 

129, the phosphorus atom cannot be a stereogenic center because the phosphorus has two 

similar bromonaphthyl substituents. 
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Figure 58: View of the two enantiomers of 84 (up) and 129 (down) at the B3LYP-D3/6-

31+G* level 

 

In addition, the transition state which connects the two enantiomers was also computed. 

The interconversion barrier of compound 84 is 15.8 kcal/mol and that of phosphine oxide 129 

is 12.3 kcal/mol. These results suggest that at low temperature both enantiomers are present, 

but at room temperature (r.t.) the interconversion is possible, resulting in broad resonances in 

NMR. If the temperature is higher than r. t., the rotation around the P–C bond become free, 

thus, the NMR signals become sharper and the average of the two enantiomeric structures is 

observed. 

In the case of compounds 84 and 129, the effects of the weak interactions around the 

substituents of phosphorus center were studied with isodesmic reaction, the weak interactions 

have a stabilization effect on the structure of the molecules and the isodesmic reaction estimates 

this energy (Scheme 30). At the B3LYP-D3/6-31+G* level, this stabilization energy of 

compound 84 is 14.8 kcal/mol, while for compound 129 is somewhat higher, 18.5 kcal/mol. 

These isodesmic energies are in the range of the isomerization barrier, which means that during 

the inversion the weak interactions are cleaved, without this cleavage the inversion could not 
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occur. For the isodesmic stabilization energies, similar values are obtained at the ωB97XD/6-

31+G* level (Table 18). 

 

 

Scheme 30: Isodesmic reaction 

 

Table 18: Isodesmic stabilization energies (in kcal/mol) at the different levels of theory 

Compound 
Level of theory 

B3LYPD3/6-31+G* ωB97XD/6-31+G* 

84 14.8 16.4 

129 18.5 20.1 

 

The weak interactions were also studied for compound 84 and 129 between the P∙∙∙Br 

and O∙∙∙Br interactions by using Wiberg Bond Indices (WBI). The WBI of the O∙∙∙Br bond is 

around 0.007 indicating almost no interaction between these two atoms. For the P∙∙∙Br bond the 

WBI is around 0.02 suggesting a pnictogen bonding between these two atoms. In the literature, 

similar values were shown for these weak interactions[217,222–224]. 

To get a deeper insight into the presence of weak interactions between P and  Br atoms, 

Atoms In Molecules (AIM) analysis of the electron density was carried out for compound 84 

(Figure 59) and 129 (Figure 60). The obtained values are shown in Table 19. In both compounds 

between the P–O vector and Br atom a bond critical point (BCP) is found, however, the bond 

path erroneously connects the Br atom and the O atom, instead of the P atom. For this problem, 

we can find some examples in the literature, where it is reported that the bond path connects to 

the most negative atom erroneously instead of the less negative center, and the bond path is 

“blind” to the less electronegative center[225,226]. The electron density (ρ) at the BCP is around 

0.0128 a.u.. The Laplacian of the electron density (∇2ρ) is between 0.0408 a.u. and 0.0425 a.u., 

so all of these values are positive. The total electronic energy density (H) is in the range of 

0.0019 and 0.00143 a.u., which is also positive as typical for closed-shell interactions. At 
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ωB97XD/6-31+G* level and B3LYP/6-31+G* levels, similar results were obtained. In the 

literature, similar parameters were described for the presence of the pnictogen interactions[227], 

so for these two compounds the above-mentioned values suggest the presence of the pnictogen 

interaction between the Br and the P atom. In the case of compound 129, this weak interaction 

may contribute to the special air stability of the phosphine oxide (by blocking the attack of 

water), and it enables the purification by column chromatography. 

 

 

Figure 59: AIM analysis of the electron density of 84 at the B3LYP-D3/6-31+G* level 
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Figure 60: AIM analysis of the electron density of 129 at the B3LYP-D3/6-31+G* level 
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Table 19: Electron density (ρ, a.u.), Laplacian of the electron density (∇2ρ, a.u) and total 

electronic energy density (H, a.u.) at the bond critical point and Wiberg Bond Indices 

(WBI, –) at different levels of theory 

B3LYP-D3/6-31+G* 

 Bonds ρ ∇2ρ H WBI 

84 
P–Br1/O–Br1 0.0128 0.0421 0.00131 0.024/0.007 

P–Br2/O–Br2 0.0128 0.0422 0.00135 0.021/0.006 

129 
P–Br1/O–Br1 0.0127 0.0408 0.00143 0.019/0.006 

P–Br2/O–Br2 0.0129 0.0425 0.00119 0.023/0.008 

ωB97XD/6-31+G* 

 Bonds ρ ∇2ρ H WBI 

84 
P–Br1/O–Br1 0.0140 0.0466 0.00133 0.025/0.007 

P–Br2/O–Br2 0.0137 0.0459 0.00138 0.022/0.007 

129 
P–Br1/O–Br1 0.0134 0.0444 0.00150 0.023/0.007 

P–Br2/O–Br2 0.0140 0.0469 0.00125 0.020/0.006 

B3LYP/6-31+G* 

 Bonds ρ ∇2ρ H WBI 

84 
P–Br1/O–Br1 0.0138 0.0459 0.00134 0.026/0.008 

P–Br2/O–Br2 0.0140 0.0462 0.00134 0.024/0.007 

129 
P–Br1/O–Br1 0.0135 0.0435 0.00149 0.021/0.007 

P–Br2/O–Br2 0.0140 0.0464 0.00124 0.027/0.009 

 

VII.3. Conclusion 

In this chapter, the structural and dynamic properties of bromonapthyl-substituted 

phosphine oxides were studied. It was computationally demonstrated that the broad resonances 

observed in NMR come from the interconversion of enantiomers at r.t. in solution. The 

racemization barriers and the isodesmic stabilization energies of these phosphine oxides were 

also studied, and the presence of the weak interactions (pnictogen bonding) were proved. For 

these compounds, the weak interactions cause the stability of the enantiomers, but at higher 

temperature the enantiomers can interconvert to each other. 
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VIII. Synthesis, characterization and theoretical study of 

phosphanyl substituted siloles 

VIII.1. Introduction and goals 

The backbone of this chapter is based on the publication “Phosphanyl-Substituted 

Siloles: Synthesis, Optical and Electrochemical Studies and Computations”[228]. 1H-Siloles 

(silicon-containing heterocyclopentadienes) exhibit an unusually high electron affinity due to a 

hyperconjugative interaction between the *(b1) orbital of the butadienic unit and the 

silyl*(b1) orbitals resulting in a significant stabilization of the silole LUMO.[82] Thus, the 

HOMO–LUMO gap of silole-containing π-conjugated systems is reduced compared to many 

other related π-conjugated systems, allowing for semiconductor application in electronic 

devices, such as organic light-emitting diodes (OLEDs), organic field-effect transistors 

(OFETs) or photovoltaic devices.[20,40–43,83,229] Even more interestingly, phenyl-substituted 

siloles may show aggregation-induced emission (AIE) enabling the synthesis of efficient 

emitters for OLEDs [46,230,231] or biosensors [232] exhibiting significantly stronger fluorescence 

in the solid-state than in solution. The optical properties of these molecules can be fine-tuned, 

for example, by changing the nature of the substituents at the five-membered ring. For example, 

electronegative substituents at the silicon center shift the UV-Vis absorption maxima to longer 

wavelengths,[233] while, in the case of Si-based spiro compounds, the UV-Vis absorption 

maxima are blue-shifted.[234] The substituents at the silicon center directly influence the above 

discussed hyperconjugative interaction, while the substituents at the 2 and 5 positions of the 

five-membered core may possess both σ and π donating/accepting properties, moreover, they 

can connect the silole ring with other conjugated systems allowing further fine-tuning of the 

optical and electrochemical properties of π-systems.[235–237] 

Incorporation of phosphorus into -conjugated systems and further post-

functionalization at the P center is an efficient way to further tune the optical and redox 

properties.[37,56,66] In this context, we were interested in the introduction of P-atoms at the 

periphery of a silole ring. Although one diphenylphosphanyl-substituted silole and its P-

oxidized analogue have been reported in the literature[238], together with their UV-Vis 

absorption spectra, the effect of the phosphanyl substituents on the electronic properties has not 

been analyzed in detail. 
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In this chapter, the synthesis of a set of 2,5-bis(diisopropylphosphanyl)siloles are reported 

together with their structural UV-Vis spectroscopic and cyclic voltammetric characterization, 

as well as computational studies (conformations, analysis of molecular orbitals and TD-DFT 

calculations) to reveal the effects of the modification at the phosphorus center. 

 

VIII.2. Results 

VIII.2.1. Synthesis 

 

Scheme 31: Synthesis of phosphanyl-functionalized siloles 130–134 (Naphth: naphthalenide, 

THT: tetrahydrothiophene). 

 

For the synthesis of diisopropylphosphanyl-substituted silacyclopentadienes (Scheme 

31), we modified the reductive cyclization method described by Tamao and co-workers and 

Braddock-Wilking and co-workers.[104,238] To form the five-membered ring framework, 4 

equivalents of lithium naphthalenide (LiNaphth) and dimethyl-bis(phenylethynyl)silane were 

reacted at –60oC, delivering the dilithio-substituted silole ring. To quench the excess of lithium 

naphthalenide, which is necessary for the efficient ring closure in reaction step 1, we used the 

cheap chlorotriphenylsilane, instead of the reactant chlorodiisopropylphosphine, and 
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subsequently, 2 equivalents of chlorodiisopropylphosphine were added to form the phosphanyl-

substituted silole 130. After crystallization, 130 was obtained as yellow, air-sensitive crystals 

in 75% yield. Various methods of P-functionalization were tested with compound 130 as 

starting material. The treatment of derivative 130 with an excess of 30% aqueous solution of 

H2O2 resulted in the quantitative formation of phosphine oxide 131, which was isolated via 

extraction (with dichloromethane as solvent) and crystallization as a white solid in 76% yield. 

Furthermore, the reaction of 130 with elemental sulfur in diethyl ether delivered compound 

132, which was isolated in 81% yield as a yellowish white solid. Dialkylation of 130 with an 

excess of methyl iodide in diethyl ether resulted in the formation of the bisphosphonium iodide 

[133]I2, isolated as a yellow solid in 82% yield. Moreover, I studied the complexation of silole 

130, which was reacted with chloro(tetrahydrothiophene)gold(I) [(THT)AuCl] in 

dichloromethane at room temperature to afford 134 as a white solid in 90% yield. While 130 is 

highly sensitive towards oxidation, compounds 131–134 are air- and moisture-stable powders. 

All of these compounds were characterized by multinuclear NMR and UV-Vis spectroscopy, 

high-resolution mass spectrometry, X-ray crystallography (except [133]I2) and elemental 

analysis. 

 

VIII.2.2. Heteronuclear NMR studies 

In the 31P{1H} NMR spectrum of silole 130, the singlet resonance corresponding to the 

two equivalent P nuclei appears at δ = +8.6 ppm (Table 20), which is shifted downfield 

compared to the chemical shift of the 2,5-bis(diphenyl phosphanyl)-substituted silole (δ 

31P{1H}= –12.2 ppm [238]). This difference is primarily attributable to the different organic 

substituents at the P centers (note that the 31P NMR chemical shift of PiPr3 and PPh3 are +19.3 

and –5.2 ppm, respectively).[239–241] The oxidation of 130 results in a downfield shift of 

Δδ =  δ(131)–δ(130) = +43.5 ppm in the 31P{1H} NMR spectra, which is comparable to that 

described earlier for P(O)iPr3 and PiPr3 (Δδ = + 35.7 ppm).[242] When sulfur was applied as 

oxidant, again a downfield shift was observed, which is somewhat larger (Δδ = δ(132)–δ(130) 

= +54.9 ppm) compared to that for 131. The smallest, but still significant downfield shift change 

of Δδ =  δ([133]I2)–δ(130) = +29.8 ppm compared to 130 was obtained for compound [133]I2. 

The 31P NMR chemical shift of complex 134, in which each of the lone pairs of the two P atoms 

coordinates to gold(I) centers, is observed at +47.1 ppm, which is somewhat larger than in case 

of the previously described digold complex of a bis(diphenylphosphanylphenyl)-substituted 
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silole (δ = +32 ppm).[238] In summary, all the chemical modifications of the P centers result in 

a substantial downfield shift compared to the chemical shift of λ3-phosphanyl groups in silole 

130. 

In the 29Si{1H} NMR spectrum, the signal of 130 appears as a triplet at +12.6 ppm, 

showing the coupling of the 29Si nucleus with two magnetically equivalent phosphorus nuclei 

(2JP,Si = 8.5 Hz). This chemical shift and 2JP,Si coupling constant are comparable to the data 

reported for the bis(diphenylphosphanyl)-substituted silole (+15.1 ppm, 2JP,Si = 8.5 Hz).[238] 

Similarly, compounds 131–134 show triplet resonances in the 29Si{1H} NMR spectra and all 

the chemical modifications (oxidation, sulfurization, alkylation, complexation) at the 

phosphorus centers lead to a downfield shift compared to silole 130 (Table 20). The changes in 

the 29Si{1H} NMR spectra are in line with those observed in the 31P{1H} NMR investigations, 

however, the changes are less pronounced. The 2JP,Si coupling constants in compounds 130-134 

are in the range of 3JP,Si values reported for β-silyl phospholes (2-20 Hz).[243,244] 1H and 13C 

NMR resonances are observed in the typical regions reported for similar compounds.[104,238,245] 

 

Table 20: Selected NMR data for compounds 130–134 (measured in C6D6 for 130, CDCl3 for 

131–[133]I2 and CD2Cl2 for 134). 

 δ 31P{1H} NMR 

(ppm) 

δ 29Si{1H} NMR 

(ppm) 

2JP,Si 

(Hz) 

130 +8.6 12.6 8.5  

131 +52.1 23.1 10.5 

132 +63.5 22.4 15.7 

[133]I2 +38.4 24.0 18.7 

134 +47.1 18.4 17.6 

 

VIII.2.3. Structural studies 

Compounds 130, 131, 132 and 134 were successfully crystallized and their molecular 

structures were determined by single crystal X-ray diffraction and the corresponding molecular 

structures are shown in Figure 61. 
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Figure 61: ORTEP representation of 130, 131 and 134 at 50% probability level and of 132 at 

30% probability level (hydrogen atoms and solvent molecules are omitted for clarity). 

 

Compounds 130 and 131 crystallize in monoclinic crystal system with space group I 2/a 

and P 21/c, respectively. The asymmetric unit of 130 includes half molecule and a two-fold axis 

through the Si center can be found, while that of 131 contains one silole ring with three water 

molecules. The thiophosphoranyl-substituted silole 132 crystallizes in the monoclinic crystal 

system with space group P 21/c and the asymmetric unit contains a whole molecule. Complex 

134 crystallizes in the orthorhombic crystal system with space group P n m a, and due to the 

presence of a mirror plane there is only half of the molecule and half of the dichloromethane 

solvent in the asymmetric unit. 

In all the structures in Figure 61, the silicon resides in a tetrahedral coordination sphere. 

As expected, the three-coordinate phosphorus center of 130 is rather pyramidalized (sum of 

bond angles around phosphorus: ~304o), while the four-coordinate P centers in compounds 131, 

132 and 134 are in a distorted tetrahedral coordination environment. 
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Table 21: Selected bond lengths (in Å) and angles (o) of compounds 130-134 

 

130 131 132 134 

Bond lengths 

Si1-C1 1.885(1) Si1-C1 1.880(2) Si1-C1 1.886(3) Si1-C1 1.877(5) 

  Si1-C4 1.875(2) S1-C4 1.884(3)  1.357(7) 

C1-C2 1.362(1) C1-C2 1.354(2) C1-C2 1.350(4) C1-C2 1.357(7) 

C2-C2* 1.518(2) C2-C3 1.516(2) C2-C3 1.512(4) C2-C2* 1.517(9) 

  C3-C4 1.352(3) C3-C4 1.354(4)   

C1-P1 1.830(1) P1-C1 1.792(2) C1-P1 1.812(3) C1-P1 1.815(5) 

  P2-C4 1.793(2) P2-C4 1.808(3)   

  P1-O1 1.501(2) P1-S1 1.953(1) P1-Au1 2.242(1) 

      Au1-Cl1 2.296(1) 

  P2-O2 1.503(2) P2-S2 1.954(1)   

Angles 

C1-P1-C4 98.66(5) C1-P1-C7 107.9(1) C1-P1-C7 107.5(1) C1-P1-C5 106.3(2) 

C1-P1-C7 102.52(5) C1-P1-C10 107.2(1) C1-P1-C10 107.2(2) C1-P1-C8 108.6(2) 

C4-P1-C7 102.75(5) C10-P1-C7 110.4(1) C10-P1-C7 107.8(2) C5-P1-C8 108.4(3) 

  C4-P2-C25 107.9(1) C4-P2-C25 107.5(2)   

  C4-P2-C28 107.1(1) C4-P2-C28 106.2(1)   

  
C25-P2-

C28 
109.4(2) C25-P2-C28 108.5(2)   

      P1-Au1-Cl1 179.62(5) 

*symmetry generated atoms 
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The bond lengths (Table 21) in the silole core are similar to those previously described 

for silacyclopentadiene rings.[245,246] In each of the five-membered rings 130, 131, 132 and 134 

the Si–C(α) bond lengths are around 1.88 Å, a typical value for single bonds.[247] The C(α)–

C(β) bond distances are significantly shorter than the ones between the C(β) and C(β’) centers 

(e. g. for 130 1.362(1) Å vs. 1.518(2) Å), indicating that the bond between C(α) and C(β) is 

basically a double-bond, while the C(β)-C(β’) bond is practically a single bond. The NICS(0) 

values at the B3LYP/6-311+G**//B3LYP/6-31+G* level are in the narrow range of –1.5 to 

+1.5 ppm for all the compounds showing minor variations, in accordance with the small effect 

of the P-substituent on the ring geometry (Table 22). Altogether, the aromatic character of the 

silole ring is, as expected, very low, and a four-center delocalization is only observed in the π 

system involving the four carbon atoms, which is in a good agreement with the earlier 

description of 1,1-dimethyl-2,3,4,5-tetraphenylsilole.[248]  

 

Table 22: NICS indices of silole ring for calculated geometries of 130–[133]2+ at the 

B3LYP/6-311+G**//B3LYP/6-31+G* level and of 134 at the B3LYP/def2SVP level. 

 NICS(-1) NICS(0) NICS(1) 

130 -0.5 1.3 -0.6 

131 -1.5 -0.4 -0.9 

132 -1.7 -1.0 -1.3 

[133]2+ -1.8 -0.3 -1.4 

134 -1.3 0.9 -1.2 

 

The P–C(α) distances are in the range of 1.79–1.83 Å (Table 21), which is typical for 

P–C single bonds,[249] the longest distances were observed for 130. The P=O distances in 

phosphine oxide 131 are 1.503(2) Å and 1.501(2) Å (cf. 1.48 Å in O=PPh3).
[250] For 132, the 

P–S distances are 1.953(1) and 1.954(1) Å, (cf. 1.954(1) Å in di(indenyl)phenyl phosphine 

sulfide).[251,252] In case of the gold complex 134, the metals are coordinated in the usual linear 

arrangement to each phosphorus center (P–Au–Cl angle 179.62(5) o). The Au–P and Au–Cl 

bond lengths are 2.242(1) Å and 2.296(1) Å, respectively, which are comparable to those in 

previously described compounds.[238,253,254] In the solid state, no short contacts characteristic for 

aurophilic interaction were observed between the gold centers. 
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It is noteworthy that while in 130 the iPr groups point away from the phenyl substituents, 

for the rest of the compounds the substituents at the phosphino group are in-plane pointing away 

from the phenyl groups, in accordance with their steric need, which exceeds that of the lone 

pair of 130. We studied the possibilities of different conformations for the parent compound 

130 at the ωB97XD/cc-pVDZ level and obtained several rotational isomers. The rotamers in 

which the P lone pairs point in the direction of the phenyl substituents (similarly to the X-ray 

structure) have rather similar energies (energy difference below 4 kcal/mol, see rotamers 130A–

130H) (Table 23). In contrast, the rotamer, in which the P lone pairs are located in the other 

direction (130I), has much higher energy (11.3 kcal/mol compared to the most stable rotamer 

130A), indicating a significant steric repulsion between the phenyl and the iPr substituents in 

this arrangement. 

This is further demonstrated by the P–C(α)–C(β) angle, which is 121.84(8)o for 130, and 

opens up to 131.1(2)o in case of 131. This steric repulsion can also be observed in the dihedral 

angle of the phenyl rings, which are closer to perpendicular in 131, 132 and 134 than in 130 (e. 

g. 73.8(4)o and 85.9(3)o in 131, while 61.33(15)o in 130). Accordingly, the P functionalized 

species (131, 132 and 134) should be conformationally more rigid than 130. 
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Table 23: Geometries of the different rotamers of 130 and the energy difference between the 

rotamers in kcal/mol at the ωB97XD/cc-pVDZ level. (The hydrogen atoms are omitted for 

clarity.) 

Rotamers ΔE Rotamers ΔE 

130A 

 

0.0 130F 

 

2.6 

130B 

 

0.7 130G 

 

3.5 

130C 

 

1.3 130H 

 

3.8 

130D 

 

1.5 130I 

 

11.3 

130E 

 

2.4    

 

VIII.2.4. Frontier molecular orbitals, and electrochemical studies 

In order to understand the effect of the modification at the phosphorus centers in siloles 

130-134, we performed theoretical calculations, cyclic voltammetry measurements as well as 

UV-Vis absorption studies (see below). The energies of the orbitals were computed at different 

levels of theory (B3LYP/6-31G*//B3LYP/6-31+G*, ωB97XD/6-31G*//ωB97XD/6-31+G*, 
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ωB97XD/cc-pVDZ//ωB97XD/cc-pVDZ and ωB97XD/cc-pVDZ(PCM)//ωB97XD/cc-pVDZ 

level). In the following the orbital energies obtained at the ωB97XD/cc-pVDZ(PCM) level 

(ωB97XD/cc-pVDZ(-PP)(PCM) level for the gold complex 134) with dichloromethane as 

solvent are discussed. 

The model 1,1,2,5-tetramethyl-3,4-diphenylsilole (M) is employed as a reference. As 

expected both HOMO and LUMO are π type orbitals at the silole core, with an energy gap of 

8.20 eV. For the parent compound 130, we also studied the effect of the above discussed various 

conformations, except the high energy 130H. The LUMO of 130 is similar to that of M 

(Figure 62), and it is stabilized uniformly by 0.54 eV for all low-energy rotamers. The HOMO 

of 130 is, however, somewhat different from that of M, having an additional contribution from 

the lone pairs of the two phosphorus. Importantly, the destabilization and the contribution of 

the lone pair differs somewhat for the rotamers. Although the overlap between the π-system 

and the phosphorus lone pair is limited by the significant “s” character of the latter, the energy 

difference between the π-orbital (ε= –7.62 eV for M) and the lone pair (ε= –8.09 eV for 

iPr2MeP) is small, thus their interaction is still non-negligible. Altogether, from the combination 

of the two phosphorus lone pairs and the silole π orbital, three MOs arise, and the highest energy 

combination will be the HOMO. Depending on the orientation of the phosphanyl substituents, 

two prototype situations were found as it is depicted for rotamers 130A and 130B in Figure 63, 

for the other isomers, the situation is similar to either of these two rotamers. In one case (rotamer 

130A) only one of the two lone pairs at the phosphanyl centers contributes to the HOMO, and 

the HOMO-1 is basically the other lone pair, while the HOMO-3 is a symmetric combination 

of the π system and the two lone pairs. In the other case (the C2 symmetric rotamer 130B) both 

the HOMO and HOMO-3 orbitals are symmetric combinations of the silole π orbital and both 

P lone pairs, while the HOMO-1 is the anti-combination of the two P lone pairs. The different 

interactions result in some changes in the orbital energies between the different rotamers (ε=  

–7.39 and –7.47 eV, – see Figure 63). Altogether, the HOMO–LUMO gap of 1 depends 

somewhat on the actual rotamer, but in any case decreases significantly compared to the model 

compound M. 
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Figure 62: Selected orbitals of siloles M and 130–134 and their energies in eV at the 

ωB97XD/cc-pVDZ(PCM) level and ωB97XD/cc-pVDZ(-PP)(PCM) level for the gold 

complex 134 (contour value: 0.06), for 130 only the C2 symmetric rotamer is presented 
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Figure 63: LUMO, HOMO, HOMO-1 and HOMO-3 orbitals and their energies for rotamer 

130A and 130B at the ωB97XD/cc-pVDZ(PCM) level. The relative energy of 130B is 

0.7 kcal/mol compared to that of 1A. 

 

The oxidation of 130 to 131, as usual, results in the stabilization of both the HOMO and 

LUMO levels (Table 24). In the case of compound 131, the lone pairs at the oxygen atoms 

contribute only moderately to the HOMO, since the lone pairs of the oxygen are distant from 

the π-system, furthermore, they lie at much lower energy than those of the phosphorus in 130. 

Hence, the HOMO energy of 131 is significantly lower (ε= –8.34 eV) than for 130, but the 

energy of the LUMO (π* type) is just slightly lower than that of 130 (ε= –0.40 eV). Therefore, 

the HOMO-LUMO gap for 131 (ε= –7.94  eV) is larger than in case of 130. In contrast, the 

HOMO of silole 132 is practically formed from the sulfur lone pairs, which lie higher in energy 

compared to those of oxygen, therefore the HOMO has higher energy (ε= –8.04 eV) compared 

to 131. The LUMO is again a π* orbital with nearly the same energy (ε= –0.38 eV) as for 

compound 131, so the HOMO-LUMO gap becomes smaller (7.66 eV) than for silole 131. In 

the case of phosphonium dication [133]2+, the LUMO is the silole π* orbital, however, the 
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HOMO is located exclusively at the phenyl rings (the silole π orbital is HOMO-4 at ε= –10.30 

eV). Due to the (di)cationic nature, both HOMO and LUMO are significantly stabilized with 

respect to the orbitals of the neutral species. Besides this the neutral contact ion pair [133]I2 has 

also been calculated, for which the LUMO is again a π* orbital localized on the silole core, 

however, the uppermost orbitals are combinations of the iodide counter ion lone pairs. These 

orbitals of [133]I2 are at significantly higher energy than that of [133]2+, but altogether the 

LUMO of the contact ion pair is still the most stabilized among the neutral systems. In the gold 

complex (no free phosphorus lone pair is available), the HOMO is located at the silole core 

with minor involvement of the phenyl groups. Both HOMO (ε= –8.76 eV) and LUMO (ε=  

–0.64 eV) are stabilized with respect to the corresponding orbitals of 130. 

 

Table 24: Electrochemical dataa obtained by cyclic voltammetry and energies of the HOMO 

and LUMO orbitals (at the ωB97XD/cc-pVDZ(PCM) level and ωB97XD/cc-pVDZ(-

PP)(PCM) level) for compounds 130–134 and the model compound (M). 

 Eox [V]a
 Ered [V]a ε(HOMO) [eV] ε(LUMO) [eV] 

130 +0.62b – –7.39 0.04 

131 +1.14 –2.19b –8.34 –0.40 

132 +0.94 –2.12b –8.04 –0.38 

[133]I2 – –1.06b –6.93 –0.96 

134 – –1.84 –8.76 –0.64 

M – – –7.62 0.58 

a In CH2Cl2 with Bu4N+PF6
– (0.2 M) at a scan rate of 100 mVs-1, Eox (Ered) = 1/2 (Epc + Epa) for reversible 

or quasi-reversible processes, otherwise Eox (Ered) = (Epa). Potentials referred vs. the 

ferrocene/ferrocenium couple, b quasi-reversible processes. 

 

The redox data obtained from cyclic voltammetry (in CH2Cl2 with Bu4N
+PF6

– (0.2 M) 

at scan rate of 100 mVs-1, Table 24) nicely agrees with the trends in the HOMO and LUMO 

energies. For compounds [133]I2 and 134 no oxidation, while for 130 no reduction has been 

observed in the experimental window of –2.2 to 1.5 V vs. SCE. The oxidation potentials 

increase in the order of 130<132<131, in agreement with the decreasing HOMO energies in 

this series. The most negative reduction potentials are observed for species 131 and 132, and 

accordingly the LUMO of these two siloles lie at similar and rather low energies. Compared to 

these compounds, the dication [133]I2 can be reduced at the least negative potential (–1.06 V 
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vs. Fc/Fc+), which corresponds to its highly stabilized LUMO (see above). This compound 

appears as a good electron acceptor, as usually observed for phosphonium derivatives[66]. The 

digold complex 134 occupies an intermediate reduction potential between those of 131, 132 

and [133]I2, in a nice agreement with its moderately stabilized LUMO energy compared to 131 

and 132. 

 

VIII.2.5. Optical properties and TD-DFT calculations 

The electronic absorption data of compounds 130–134 are summarized in Table 25, 

Figure 64. The UV-vis absorption band maxima corresponding to the lowest energy excitation 

of the compounds is located between 290 and 340 nm, while for 130 and [133]I2 an additional 

long tailing feature could be found in the spectrum. 

 

Figure 64: UV-vis spectra of the siloles 130–134 in dichloromethane (c= 10-5 M). The curve 

for compound 130 is shown with dashed line as a possible oxidation of the compound (in the 

region 270 to 320 nm) cannot be excluded. 
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Table 25: Experimental and calculated optical data of siloles 130–134 

Compound 
Measured λmax

a 

[nm] 

λonset
a 

[nm] 

Calculated λmax
b 

[nm] 

Contribution of transitionsb 

[%] 

130 – 470 
347c 

(0.1591)c 

94c 

(HOMO→LUMO) 

131 312 348 
305 

(0.1228) 

86 

(HOMO→LUMO) 

132 307 361 
306 

(0.1844) 

53 

(HOMO→LUMO) 

    
22 

(HOMO-4→LUMO) 

[133]2+ – – 
299 

(0.0456) 

92 

(HOMO→LUMO) 

   
293 

(0.2279) 

35 

(HOMO-4→LUMO) 

    
58 

(HOMO-2→LUMO) 

[133]I2 289 404 
412 

(0.0046) 

36 

(HOMO→LUMO) 

    
56 

(HOMO-1→LUMO) 

   
287 

(0.1583) 

66 

(HOMO-8→LUMO) 

134 308 366 
301 

(0.2547) 

83 

(HOMO→LUMO) 

a In CH2Cl2 (10-5 M) b At the ωB97XD/cc-pVDZ(PCM) level for 130-133 and ωB97XD/cc-pVDZ(-

PP)(PCM) level for the gold complex 134, oscillator strengths are shown in parenthesis c calculated for 

the rotamer with C2 symmetry 

 

To gain more insight into the optical properties, TD-DFT calculations were carried out 

at different levels of theory (TD-B3LYP/6-31G*//B3LYP/6-31+G*, TD-ωB97XD/6-

31G*//ωB97XD/6-31+G*, TD-ωB97XD/cc-pVDZ//ωB97XD/cc-pVDZ and TD-ωB97XD/cc-
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pVDZ(PCM)//ωB97XD/cc-pVDZ level) to describe the vertical excitation energies. We also 

considered solvent effects using polarizable continuum solvent model (PCM) with 

dichloromethane as solvent. In the following only the results obtained at the ωB97XD/cc-

pVDZ(PCM) level (and at the ωB97XD/cc-pVDZ(-PP)(PCM) level for the gold complex 134) 

are discussed as they offer the best agreement with the experiments. 

The measured and calculated UV-Vis absorption bands agree nicely for 131, 132 and 

134, the deviation between the experimental and computed absorption maxima being less than 

10 nm. For these compounds, S1←S0 (largest wavelength) corresponds basically to the 

HOMO→LUMO transition (in case of 132 also the HOMO-4→LUMO excitation has a non-

negligible contribution (Table 25). For these compounds the first excitation is accompanied 

with some further excitation processes of reduced intensity, which are close in energy. 

Apparently, the measured spectra are in clear accordance with these calculated results. 

In the case of silole 130, the long-wavelength tail of the spectrum is responsible for the 

yellow color. According to the ωB97XD/cc-pVDZ(PCM) TD-DFT calculations two 

absorptions can be attributed to excitations from the P(III) lone pair into the silole π* orbitals. 

The numerical agreement between the calculated vertical excitation energies and the spectral 

position of the tailing part of the spectrum is acceptable (and is even somewhat better with the 

B3LYP functional), and considering that several rotamers can contribute to the spectrum with 

somewhat different band positions the broadness of this spectral feature is understandable. 

Nevertheless, the calculated oscillator strength would indicate higher intensity band in 

this low energy region. However, the maximum at 285 nm was not reproduced by the 

computations, which predict only low intensity absorptions in this region. This disagreement is 

unexpected, since the calculations provided a good description for the other derivatives as was 

discussed above. Apparently, this discrepancy may arise due to the approximate nature of the 

computational method. On the other hand, however, the oxidation of compound 130 cannot be 

excluded despite the careful handling of the investigated solution during the measurement, 

which may result in absorption in the range of 270-320 nm (see above). Repeating the 

measurements of the UV spectra several times, I observed changes in the relative intensity in 

the 280 nm region, but I was able to reproduce the spectra shown in Figure 64, and in no case 

was the relative intensity of this spectral region lower than shown in this Figure. 

In case of [133]I2 the position of the band maximum (λexp= 289 nm) is well described 

by calculating the isolated dication (λcalc= 299 nm and 293 nm) or the contact ion pair [133]I2 

(λcalc= 287 nm). Furthermore, the position of the low intensity shoulder (λonset= 404 nm) is in 

agreement with the calculated first six excitations of [133]I2 in the range of λcalc= 337 to 412 nm 
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with low intensities, which belong to charge transfer excitations from the iodide ions to the 

silole LUMO. 

 

VIII.3. Conclusion 

I have presented the synthesis of bisphosphanyl siloles bearing versatile 

functionalization at the P centers. These new compounds have been fully characterized by 

multinuclear NMR spectroscopy, HRMS, elemental analysis and X-ray crystallography. 

Besides the synthesis, the impact of the modification at the phosphanyl substituent was studied 

experimentally, with UV-vis absorption spectroscopy and cyclic voltammetry as well as 

theoretically using TD-DFT calculations. It has been shown that the 2,5-bisphosphanylsilole 

can be used as a precursor in different types of reactions (eg. oxidation, sulfurization or 

complexation) and the optical and electrochemical properties of these compounds are 

influenced by the derivatization of the phosphorus center. With the theoretical calculations the 

modifications on the phosphanyl substituents were studied to understand the electronic effects 

of the changes, which were not studied earlier by TD-DFT calculations. This structure-property 

relationship study provides a better understanding of the electronic properties of these systems, 

and thus paves the way toward their further incorporation into optoelectronic devices. 
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IX. Summary 

Polycyclic aromatic hydrocarbons (PAHs) and other carbon-based compounds can offer 

a wide range of applications and these materials can be accessed by various methods of organic 

chemistry. Nowadays, the importance of compounds with special properties continues to 

increase, furthermore such organic compounds may have special properties (e. g. 

photoluminescence, special curvature, chirality). 

During my thesis work I had a chance to study the synthesis and the properties of 

different phosphorus-containing molecules. I participated in four different research topic: 

synthesis of contorted PAHs from polycyclic phospholes with cycloaddition, stereospecific 

synthesis of phosphepines, structural study of bromonaphthyl phosphine oxides and synthesis 

and characterization of phosphanyl substituted siloles. 

In the first topic I continued a preliminary work and next to the synthesis of contorted 

PAHs, I also performed the optimization of synthetic procedures, and the post-functionalization 

of the new PAHs. A new planar polycyclic phosphole was synthesized and it was used as 

starting material in cycloaddition reaction to obtain a planar polycyclic aromatic hydrocarbon. 

With the reaction of contorted polycyclic phosphole and p-benzoquinone a new 

phosphanorbornene was synthesized, which can prove the previously postulated reaction 

mechanism. Besides the synthetic work, the electronic, optical and structural properties as well 

as the aromaticity of these compounds were also investigated. 

I proved that the synthesis of phosphepines from BINAP(O)2 is stereospecific, and the 

conformational stability of the enantiomers was also investigated with computational and 

experimental methods. The complexation with gold complex and the chiral properties of these 

compounds were also investigated. Next to the synthesis and the complexation the optical and 

chiroptical properties were also studied experimentally and with computational methods. 

During the structural study of bromonaphthyl phosphine oxides computational methods 

were applied to understand the special stability of these compounds. In the NMR spectra broad 

resonances were observed, which result from the interconversion of the two enantiomers of the 

bromonaphthyl phosphine oxides. 

With a modified synthetic route new phosphanyl substituted siloles were synthesized 

and characterized experimentally. In this case the P(III) compound is yellow, while the oxidized 

and the sulfurized compounds are white. To understand this difference in the color of these 

compounds TD-DFT calculations were performed. 
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X. Thesis points 

1. We have developed a new synthetic route to PAHs using [4+2] 

cycloaddition/cycloreversion reactions of polycyclic phospholes via optimization of the 

temperature, the solvent, and the conditions of microwave irradiation. Depending on the 

structure of the starting phosphole, this reaction enables the synthesis of planar or 

contorted PAHs. Besides the successful synthesis of a perylene annulated phosphole we 

synthesized a phosphanorbornene via [4+2] cycloaddition, which proves the mechanism 

of the reaction. We have characterized the aromatic, optical and electronic properties of 

the new PAHs. [S1] 

 

2. We have realized the enantioselective synthesis of annulated phosphepines 

(phosphepine oxides) and their gold(I) complexes possessing both central and axial 

chirality, and we have shown that the interconversion barriers of these compounds are 

high enough (at least 29.5 kcal/mol) to prevent the racemization. We have shown that 

the bis-naphtho annulated phosphepine oxide presents chiral photoluminescence in 

solution and the perylene annulated phosphepine oxide is an effective fluorophore. [S2] 

 

3. In the case of bromonaphthyl substituted phosphane oxides, we have observed a 

temperature dependent interconversion of rotamers and we have shown that significant 

pnictogen bonding (with a stabilization energy in the range of the rotation barriers) 

contributes to the conformational stability of the rotamers. [S3] 

 

4. We have synthesized new colored phosphanyl substituted siloles. By studying the 

unexpected yellow color of the P(III) compound with UV-Vis measurements and TD-

DFT computations, we have  shown that the combination of the phosphorus lone pair at 

the substituents and the π system of the silole system is responsible for the decrease in  

the excitation energy. [S4] 
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XII. List of selected compounds 

The most relevant compounds are collected below to help the reader. The frame denotes if the 

compound was first synthetized by the author. 
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