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Abstract 

We herein developed a synthetic method to access new B, N, B-doped derivatives of [4]helicene 

in three steps from commercially available starting material. The key synthetic step comprises in 

an advanced version of a Friedel Crafts Borylation and allows the decoration of the B, B´ positions 

with various electron withdrawing and electron donating groups in a highly divergent manner. All 

7 derivatives were bright luminophores with emission colours ranging from sky blue to yellow and 

low singlet triplet energy gaps ΔEST  between 130 meV and 190 meV. Furthermore, donor 

substitution enabled a rare temperature turn-on fluorescence which, in combination with the low 

ΔEST rendered the corresponding compounds as promising candidates for thermally activated 

delayed fluorescence (TADF). 
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1. Introduction 

1.1. Boron Doped Functional Materials 

Polyaromatic hydrocarbons (PAHs) are an important and well investigated class of functional 

materials, especially for application in organic electronics.[1] Their properties can be tailored by the 

replacement of carbon atoms in the PAH backbone with heteroatoms, the so-called doping. 

Whereas doping with the electron rich elements N, P, S results in p-type behaviour, introducing 

the electron deficient B atom results in n-type behaviour as for example shown for the 

P- respectively B-doped [4]helicene derivatives 1 and 2  (Figure 1 a).[1–4] Conjugation of the lowest 

unoccupied molecular orbital (LUMO) into the empty p-orbital of the boron atom lowers the energy 

of the corresponding LUMO, without affecting the energy of the highest occupied molecular orbital 

(HOMO) giving rise to interesting properties such as a low reduction potential Ered and absorption/ 

emission in the visible range of the electromagnetic spectrum.[5,6]  

 

Figure 1: a) P- and B-doped congeners 1 and 2 of a [4]helicence derivative; b) Three strategies for 

the development of  B functionalised molecules stable under ambient conditions. 

The sensitivity of organoboron compounds towards moisture is a major disadvantage compared to 

other heteroatom doped PAHs. To overcome this problem, two main strategies in the molecular 

design of boron doped PAHs stable under ambient conditions have been developed. If an external 
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boryl substituent is attached to a PAH as in compound 3 (Figure 1 b), sterically bulky mesityl 

groups on the boron center protect it from reaction with moisture (kinetical protection). Embedding 

the boron center into the PAH as in structure 5 results in a significant thermodynamic stabilisation 

through the interaction between the empty p-orbital on the boron and the π electron system of the 

PAH. If the boron atom is only incorporated at the edge of a PAH, further steric protection, e.g. 

with a mesityl group as in compound 4 is necessary to ensure sufficient stability under ambient 

conditions.[6] Selection of even bulkier side groups or further doping of the PAH with electron 

donating N or O atoms, especially adjacent to the implemented boron centers results in even better 

stability.[7–9] The B, N- and B, O-doped helicenes 6 and 7 as well as their derivatives can be applied 

as high performant organic light emitting diode (OLED) emitters (6 and 7)[10–12] or OLED host 

materials (7)[13,14], underlining the application potential of B-doped PAHs in optoelectronics 

(Figure 2). Furthermore, B-doped PAHs can be utilised as organic semiconductors[15,16], as 

chromophores[15,17] and in organocatalysis. The incorporation of a boron atom enhances the Lewis 

acidity of the corresponding compounds enabling for example the 

9,10-dihydro-9,10-diboraanthracene (DBA) 8a (Figure 2) to catalyse inverse electron demand 

Diels-Alder reactions.[18,19] Twofold chemical reduction of the anthracene derivative 8b results in 

frustrated Lewis acid/ base pair behaviour and allows the activation of unreactive C-H bonds and 

H2.
[20,21] 

 

Figure 2: Molecular structures of the B-doped PAHs 6 and 7 and the DBAs 8a and 8b. 



 

3 

 

Whereas organoboron compounds employing boron groups as substituents are a heavily 

investigated research field since the 1970s[22,23], the research about the related, B-doped PAHs 

remained scarce until about 20 years ago which can be mainly attributed to the necessity to adopt 

ambient stable molecular designs as well as the difficult synthesis of organoboron compounds with 

B atoms embedded into an aromatic system.[6] Two main synthetic methods have been developed 

to access triarylboron compounds, namely transmetallation and C-H Borylation reactions that shall 

be discussed herein with special regards to the synthesis of B-doped PAHs. 

Transmetallation: 

In a typical transmetallation reaction, a nucleophilic, metallated aryl species Ar-M reacts with an 

electrophilic B-X species, where X resembles a good leaving group, either a halide or methoxy 

residue (Scheme 1). Up to three substitutions on the boron atom are possible depending whether a 

BX3, RBX2 or R2B-X species are used. Both the nucleophilic species Ar-M with a general reactivity 

of Ar-Li > Ar-MgBr > Ar-SiR3 ~ Ar-SnR3 and the electrophilic species B-X with a general 

reactivity of B-Br > B-Cl > B-F > B-OMe can be individually chosen to address selectivity, solvent 

compatibility, steric restrictions and other possible limitations of desired reactions.[24–26] The most 

common substrates are Ar-Li species owing their easy in-situ preparation from the corresponding 

halides Ar-Br as exemplarily shown for the synthesis of the 1, 4-azaborine 10 from the halide 9 

(Scheme 1). After lithium halide exchange on both Br groups ortho to the central amine in 9, the 

resulting dilithiated species was directly reacted with mesityl dimethylboronate forming the desired 

azaborine 10.[27] If the lithiated species are to reactive to be directly submerged to a reaction with 

a reactive boron electrophile, they can be converted to stannanes such as 11. Compared to their 

Ar-Li and Ar-MgBr counterparts, stannanes and silanes are stable under ambient conditions and 

can be isolated but require the more reactive boron halides BCl3 or BBr3.
[28,29] Reaction of the 
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stannane 11 with BCl3 resulted in the formation of the B-doped seven membered ring in the borepin 

12. Subsequent reaction with Mes-Li furnished the desired borepin 12 in 60% yield.[28] A major 

drawback of the transmetallation reaction in the synthesis of B-doped PAHs are the required 

multiple lithiations of the substrate when utilizing Ar-Li thereby limiting the reaction scale and 

rendering the reaction sensitive to impurities such as moisture.[26] On the other hand organometallic 

compounds and in particular stannanes can be highly toxic and require an additional step in the 

reaction sequence.[30] 

 

Scheme 1: General transmetallation reaction to furnish triarylboron compounds; specific examples 

for the Li/B exchange in the synthesis of the 1,4-azaborine 10 and Sn/B exchange with a subsequent 

Li/B exchange for the synthesis of the borepin 12.  

C-H Borylation: 

C-H Borylations, also referred to as Friedel Crafts Borylations are known since 1948 as the 

borylation of simple aromatics such as benzene with strong electrophiles BX3 (X = Cl, Br, I) and 

were not developed until the late 2000s by Ingleson for the preparation of boronates.[31] In general, 

a highly reactive boron halide B-X reacts with an aromatic compound in an electrophilic aromatic 
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substitution SEAr with the corresponding hydrogenhalide HX as side product.[7] Those reactions 

are typically conducted at high temperatures of 100 °C to 200 °C.[15] Addition of a base such as 

ethyl-diisopropyl-amine (DIPEA) has been shown to effectively increase the yield by absorbing 

the formed HX whereas addition of a Lewis Acid (L.A.) such as AlCl3 increases the electrophilicity 

of the BX3 reactant.[10,14,16,32] Recently, the scope of C-H Borylations has been expanded to 

intramolecular reactions, where a BX3 fragment reacts with two or three C-H bonds within an 

aromatic backbone to form the corresponding B-doped compound (Scheme 2). Usually, the BX3 

molecule is introduced into the substrate via a transmetallation as for example in the synthesis of 

the N, B, N-doped compound 6 (Scheme 2).[10,14] The aryl halide precursor 15a was lithiated and 

reacted with BBr3 to form the intermediate 15b which then underwent a Friedel Crafts Borylation 

at 120 °C to the desired product 6 in the presence of DIPEA. The intermolecular C-H borylation 

can also be utilized for the synthesis of diborylated tetracene 18 (Scheme 2) by converting the 

disilylated starting material 16a to the reactive intermediate 16b which then underwent multiple 

Friedel Crafts Borylations with the naphthalene 17. Subsequent protection with Mes-Li resulted in 

formation of the air stable, diborylated tetracene 18.[24] Despite being a highly useful reaction for 

the preparation of numerous functional materials, no general mechanism for the C-H borylation 

reactions has been developed yet. Therefore, the choice and quantity of the base, the boron 

electrophile and the optional L.A. catalyst must be carefully optimised for each synthesis and can 

dramatically influence the yield of the reaction.[16,32] Furthermore, the harsh reaction conditions 

such as the use of BBr3 and high temperatures in combination with long reaction times limit the 

substrate scope and sometimes result in decomposition of the starting materials.[32] C-H borylation 

allowing the introduction of multiple boron centers are still underrepresented in the literature with 

only few procedures known.[15,16,24,32–34] 
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Scheme 2: General intermolecular and intramolecular C-H Borylation; synthesis of the B, B-doped 

tetracene 17 as example for intermolecular C-H borylations and synthesis of the N, B, N-doped 

helicene 6 via intramolecular C-H Borylation. 

Several other approaches to organoboron compounds have been developed such as Pd[35] and Ir[36] 

catalysed borylation of C-Br and C-H bonds, respectively or the incorporation of a boron atom 

before the generation of the PAH scaffold. In the later case, the boron centers are introduced in an 

earlier stage of the synthesis and the PAH system around them can for example be generated 

through oxidative aromatic coupling[7,37], L.A. catalysed Friedel Crafts cyclisation[38,39] or Au 

catalysed Wacker reactions[8]. These methods were listed for the sake of completeness, for 

synthetic details please refer to the cited literature. 
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1.2. Luminescence 

1.2.1. Absorption, Fluorescence and Phosphorescence of Organic Molecules 

The interaction of the electron shell of a molecule with electromagnetic radiation in the ultra violet/ 

visible (UV/Vis) region results in the wide variety of colours we find in the world around us. The 

process of absorption can best be visualized in a Jablonski diagram (Figure 3). A closed shell 

organic molecule usually possesses a singlet ground state S0 and higher excited singlet states S1, 

S2 etc. with a total spin of 0 (0 unpaired electrons) as well as excited triplet states T1, T2 etc. with 

a total spin of 1 (2 unpaired electrons). Absorption (A) of a photon in the UV/Vis range results in 

an electronic transition within the molecule such as the S0 → S1 transition where an electron is 

excited from the highest occupied molecular orbital (HOMO) to the lowest unoccupied molecular 

orbital (LUMO) under retention of the its spin. The electronic transition is coupled to the vibronic 

transition to higher vibronic states ν1, ν2 (Figure 3). The probability of an electronic transition upon 

irradiation with a photon is proportional to the oscillator strength f. Once in the excited electronic 

state S1, the molecule quickly relaxes to the vibrational ground state ν0 via non radiative, vibrational 

relaxation (nR). Further relaxation to energetically lower electronic states is possible in three ways. 

The radiative pathway involves the emission of a photon under relaxation from S1 to S0 referred to 

as fluorescence (F) with the emission wavelength λem being redshifted compared to the absorption 

wavelength λmax (stokes shift) due to the energy loss via nR. Fluorescence is a fast process with 

fluorescence lifetimes τF in the region of 10-9 s. A competing, non radiative pathway is the internal 

conversion IC from S1 to a higher vibronic state νn of the electronic ground state S0 followed by 

nR to ν0 of the electronic ground state. Another non radiative pathway is the intersystem crossing 

ISC from S1 to the triplet excited state T1. Relaxation from T1 can occur via a second ISC to S0 

followed by nR or via emission of a photon, the so-called phosphorescence (P). In comparison to 
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their allowed analogues IC and fluorescence, ISC and phosphorescence are quantum mechanically 

forbidden and therefore comparably slow with phosphorescence lifetimes τP ranging between 10-6 s 

and 100 s. As the vibrational relaxation via ISC and nR usually outperforms the phosphorescence 

of pure organic molecules, the corresponding spectra can only be obtained by suppressing 

vibrational relaxation e.g. at low temperature or in a highly viscous medium. Incorporation of 

heavy metals e.g. in transition metals can greatly enhance ISC and phosphorescence through 

increased spin-orbital coupling.[40,41] Excitations to higher excited states e.g. S0 → S2 are possible, 

but the non radiative relaxation from higher excited electronic states via IC and nR to S1 is so fast 

(10-11 to 10-14 s) that fluorescence usually only occurs from S1 (Kasha`s rule).[40,42]  

 

Figure 3: Jablonski diagram showing the electronic singlet states S0 – S2 with the vibronic fine 

structure for ν0 - ν2 and the electronic T1 state with vibronic fine structure for ν0 - ν2 as well as the 

possible transitions. 
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The umbrella term for light emission is luminescence which can be further distinguished in the 

source of the excitation energy. Whereas absorption of light results in the above discussed 

photoluminescence, electrical excitation or excitation through a chemical reaction result in 

electroluminescence and chemiluminescence, respectively.[43] Characterisation of a chromophore 

can be performed with a UV/Vis spectrometer. Monochromatic light with the intensity I0 is shined 

through a diluted sample of the chromophore of interest with the thickness d and concentration c 

and the intensity I of the beam after passing through the sample. Scanning the whole UV/Vis range 

results in the absorption spectrum of the corresponding compound to determine the absorption 

maximum λmax. The strength of the absorption can be evaluated by determining the extinction 

coefficient ε following Beer Lamberts Law (equation 1) from the absorption A at λmax.
[40] 

         A =  log (
𝐼0

𝐼
) = ε ‧ c ‧ d               (1) 

The efficiency of a luminophore is described by the quantum yield Φ which is essentially the 

quotient of emitted photons and absorbed photons but can also be described as the quotient of the 

fluorescence rate kF and the nonradiative decay rate knR including all nonradiative decay processes 

such as IC, ISC and nR (equation 2).[40] The quantum yield can be decreased by other substances, 

the so-called quenchers with O2 being a prominent example. O2 as a triplet ground state molecule 

can enhance the ISC rate and the IC rate of a fluorophore both deactivating potentially radiative S1 

states to T1
[11,44,45]  or S0

[46,47]  states, respectively by converting the triplet O2 to singlet O2.  

  Φ = 
kF

kF‧ knR
                 (2) 

The nature of a transition within a molecule can be distinguished in locally excited (LE) transitions 

and charge transfer (CT) transitions. The electron density in LE transitions is not disturbed much 
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because both the participating orbitals are localized on the same part of the molecule (Figure 4) 

whereas the electron density distribution in CT transitions is greatly affected as can be rationalised 

by the orbitals localized in different parts of the molecule (Figure 4). This results in a small change 

in the dipole moment of the excited state μe for LE transitions and in a big change of μe for CT 

transitions compared to the ground state dipole moment μg. Interactions with the solvent stabilize 

the molecule both in ground and excited state and generally increase with the dipolar moment and 

the solvent polarity. If μg is bigger than μe, increasing the solvent polarity increases the stabilisation 

of the ground state thereby inducing a blue or hypsochromic shift of λem. In contrast, if  μe is bigger 

than μg, the same effect results in a red or bathochromic shift. This phenomenon is referred to as 

solvatochromism and is less pronounced for LE transitions compared to CT transitions owing their 

different influence on μe.
[40,48,49] 

 

Figure 4: Exemplary orbital isocontours of a LE and a CT transition. 

1.2.2. Thermally Activated Delayed Fluorescence 

Thermally activated delayed fluorescence (TADF) was first reported for the eosin molecule in 1961 

but it took until 2012 when Adachi applied pure organic TADF materials in OLEDs.[50] Essentially, 

TADF molecules exhibit a so called reverse inter system crossing (RISC) that, together with the 

ISC, equilibrates the T1 and S1 populations (Figure 5). The fluorescence consequently empties the 

S1 state which is repopulated by former T1 states. As the RISC process takes some time, the 

fluorescence component can be distinguished into prompt fluorescence PF, originating from 
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original S1 states (τPF ~ ns) and into the delayed fluorescence DF originating from former T1 states 

(τDF ~ µs). In other words, TADF allows the harvesting of former T1 states which is extremely 

important in electroluminescence. To ensure a fast RISC, the singlet triplet energy gap ΔEST must 

be as small as possible and is usually well below 200 meV. [10,12,50] 

 

Figure 5: Simplified photoluminescence mechanism for a TADF molecule. 

Characterisation of TADF compounds usually involves four key properties. The oxygen quenching 

of the fluorescence is more pronounced than for classic fluorophores as 3O2 reacts faster with T1 

states than with S1 states. Second, the prompt and delayed fluorescence components PF and DF 

can be identified via transient phosphorescence spectroscopy.[50,51] Third, ΔEST can be estimated 

by assuming the energy of the S1 state ES being equal to λem of the fluorescence and likewise the 

T1 energy ET being equal to λem of the phosphorescence.[13] The difference of ES and ET  results in 

ΔEST (equation 3). Furthermore, TADF molecules exhibit a rare temperature turn on fluorescence 

due to the increasing rate of the endothermic RISC process.[11,50] In contrast, regular fluorophores 

exhibit a decreasing fluorescence intensity with increasing temperature owing the stronger 

molecular vibration or rotation increasing knR or no temperature effect at all.[52,53] 

ΔEST = ES – ET               (3) 
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1.3. Organoboron TADF Emitters 

1.3.1. Application of TADF Emitters in OLEDs 

Since their discovery in the Kodak laboratories in 1987, Organic light emitting diodes (OLEDs) 

have been heavily investigated by numerous groups. OLEDs show superior efficiency compared 

to classical lightbulbs whereas the sole use of organic materials make them environmentally 

friendly compared to semimetal-based light emitting diodes or even mercury containing compact 

fluorescent lights. Comparably simple manufacturing processes like ink-based printing and the 

sacrifice of potentially expensive semi-metals make OLEDs an interesting alternative to existing 

light sources. Furthermore, unique properties like substrate flexibility allow OLEDs to set new 

standards in industrial design. The simplified design of an OLED comprises in a hole transport 

layer (HTL), an emissive layer (EL) and an electron transport layer (ETL) between anode and 

cathode (Figure 6 a).[50,54,55] The emitter molecule usually doped in a host matrix forming the EL 

is electrically excited by the recombination of electrons and electron holes (exciton formation) 

initially injected at cathode and anode, respectively. Emission from the excited state results in the 

production of the desired light with the efficiency of the overall device to convert electrons to 

photons assessed by the external quantum efficiency (EQE). The distribution of the emitter 

molecules on the excited states is 25% S1 and 75% T1 due to spin statistics. This leads to EQEs up 

to 5% for fluorescent emitters as the energy trapped in T1 states slowly undergoes a non radiative 

decay to the ground state (Figure 6 b). Introduction of phosphorescent emitters mainly complexes 

of the heavy metals e.g. Ir and Pt enhances both the ISC and the phosphorescence resulting in EQEs 

up to 30% by efficiently harvesting the T1 states (Figure 6 c).[56,57] However, those complexes 

suffer from severe stability problems if designed for the emission of blue light and are intrinsically 

toxic and expensive due to the incorporation of rare metals.[41,58]  In 2012, Adachi successfully 
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demonstrated T1 harvesting through TADF emitters as the 3rd generation of OLED emitters. T1 

states are converted to S1 states that then undergo delayed fluorescence (Figure 6 d). In comparison 

to their phosphorescent analogues, TADF emitters are purely organic, stable deep blue emitters are 

available and recently achieved EQEs reach as high as 38%.[13,50,58,59] 

 

Figure 6: a) Simplified multilayer structure of an OLED; b) schematic electroluminescence of 1st 

generation fluorescence emitters; c) schematic electroluminescence of 2nd generation 

phosphorescence emitters; d) schematic electroluminescence of 3rd generation TADF emitters. 

1.3.2. Donor-Acceptor TADF Emitters 

To achieve an efficient RISC, the singlet triplet energy gap ΔEST must be minimized. The common 

building principle to achieve small ΔEST is the separation of HOMO and LUMO. In 

Donor-Acceptor (DA) TADF molecules, an electron donating group and an electron accepting 

group are arranged perpendicular to each other through steric constraint (Figure 7). This 

perpendicular arrangement results in the spatial separation of HOMO and LUMO localized on the 

donor and acceptor part, respectively. Many TADF emitters based on this building principle have 

been explored and key properties such as the ΔEST as well as the emission colour can be evaluated 

via TDDFT before the actual synthesis of the potential emitter.[50,58–60]  
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Figure 7: Building principle for D-A TADF with a corresponding broad CT emission, examples 

for a boron-based D-A compound 19 and a boron-based D-A-D derivative 20 employed in OLEDs.  

The electron deficient nature of organoboranes has been used for the design of high-performance 

emitters such as the triarylborane 19[61] with an emission in the sky-blue region (λem = 488 nm) and 

EQE = 14% or the donor functionalised DBA 20[62] with emission in the green region 

(λem = 528 nm) and an EQE = 37.8% (Figure 7). The major drawback of the D-A approach is the 

broadening of the emission spectrum of the corresponding CT transition through the huge 

geometrical relaxation possible in the excited states ultimately resulting in a bad colour purity 

(Figure 7).[10] 

1.3.3. Multiresonance TADF Emitters 

Attaching a N atom to C=C fragment leads to the localisation of the HOMO on the electronegative 

nitrogen and on the β-C atom (+M effect of N). The LUMO however is localized on the α-C. 

Replacing the N atom with an electron accepting atom such as B inverts the HOMO (now α-C) and 

LUMO (now B and β-C) localisation. Combining these complementary effects by doping a PAH 

with N and B atoms in 1,4 position (Figure 8) results in localisation of HOMO and LUMO on 
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alternating atoms which can also induce TADF behaviour as proven by Hatakeyama in 2016 with 

compound 6. In contrast to the broad CT emission found for D-A emitters, MR emitters feature a 

narrow LE emission significantly enhancing the colour purity of corresponding OLEDs (Figure 8). 

The parent compound 6 with a ΔEST = 200 meV exhibited deep blue emission (λem = 459 nm) with 

an EQE = 13.5% but suffered from a low maximum luminance. [10] Introducing a peripheral 

carbazole group in derivative 21 decreased ΔEST to 140 meV resulting in an increased EQE of 

32.1% and an increased maximum luminance (Figure 8).[12] Recently, the substrate scope of MR 

emitters has been extended to derivative 22 exhibiting deep blue emission (λem = 469 nm) and an 

even more increased EQE of 34.4%. However, the substrate scope of MR emitters is quite limited 

to 4 compounds in total and the mechanism of MR has not been explored in full detail yet. 

Furthermore, preliminary computation of potential MR molecules via TDDFT gives only a rough 

description of their photophysical properties.[60,63] In fact, the electron reorganisation resulting from 

MR effect takes place mostly in the excited state S1 and can therefore only be computed accurately 

with methods including excited state configurations such as coupled cluster (CC) methods.[64] 

 

Figure 8: Multiresonance principle and comparison of LE and CT emission spectra; 3 MR TADF 

emitters based on B, N-doped PAHs 6, 21 and 22. 



 

16 

 

2. Research Objectives 

The mesityl substituted, B, N, B-doped helicene Mes-BNB-Mes was designed as a potential 

multiresonance TADF emitter (Figure 9). In fact, preliminary TDDFT calculations revealed a small 

ΔEST = 0.5 eV and an absorption maximum λmax = 420 nm in the blue spectral region (chapter 7.1), 

rendering Mes-BNB-Mes as a promising candidate for multiresonance TADF. The focus of this 

work was therefore the development of a synthetic method to access B, N, B-doped helicenes 

R-BNB-R with a special focus on the mesityl substituted derivative Mes-BNB-Mes. Investigation 

of the compound via UV/Vis/ fluorescence/ phosphorescence spectroscopy, computational 

methods and electrochemistry should be conducted to gain further understanding of the 

photophysical properties of Mes-BNB-Mes, especially regarding TADF properties. 

 

Figure 9: Structure of the target compound Mes-BNB-Mes and the general structure of possible 

further derivatives R-BNB-R. 

Once established, the synthetic method should be used to decorate the B, N, B-doped backbone 

with different electron withdrawing (e.g. MesF) and electron donating (e.g. Me4N) side groups in 

B and B´ position (Figure 9). Careful investigation of the photophysical properties of R-BNB-R 

should help to reveal structure property relationships to gain further understanding about the 

proposed B, N, B-doped helicenes R-BNB-R as potential multi resonance TADF emitters.
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3. Results and Discussion 

3.1. Synthesis 

3.1.1. Synthetic Plan for the B, N, B-doped Helicene Mes-BNB-Mes 

The envisioned B, N, B-doped helicene Mes-BNB-Mes showed promising properties in 

preliminary TDDFT calculations such as an absorption maximum of 420 nm paired with a ΔEST of 

0.502 eV lying in the range of other multiresonance TADF emitters.[10,12] For more computational 

details please refer to chapter 7.1. The helicene Mes-BNB-Mes as a potential blue TADF emitter 

could be prepared starting from tritolylamine 23 with two key synthetic steps (Scheme 3). A triple 

lithium halide exchange on the tribromo amine 24[65,66] followed by reaction with 

mesityldimethylboronate 25 should yield the borinate 26a thereby implementing both boron 

centers in one step. Finally, a ring closure through an intramolecular Friedel Crafts Borylation of 

26a was envisioned to form Mes-BNB-Mes.[14,16,32] 

 

Scheme 3: Key steps of the planned synthetic approach towards Mes-BNB-Mes. 

3.1.2. Synthesis of the Tribromo Amine 24, the Boronate 25 and the Borinic Acid 26b 

To perform the synthesis of Mes-BNB-Mes, the boronate 25 as boron source and the tribromo 

amine 24 as backbone precursor should be prepared from bromomesitylene 27 and tritolylamine 

23, respectively (Scheme 4).[67,68] The Grignard reagent derived from bromomesitylene 27 was 
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prepared by adding Mg turnings, a catalytical amount of I2 and heating to 60 °C in THF for 2 h. 

Slow addition of the cooled Grignard reagent to B(OMe)3 in THF at -78 °C furnished 25 in 56% 

after vacuum distillation. Bromination of tritolylamine 23 with Br2 in CHCl3 yielded the tribromo 

amine 24 in 99% yield after aqueous workup. 

 

Scheme 4: a) synthesis of the boronate 25, b) synthesis of the tribromo amine 24. 

To implement the two boron centers and form the borinate 26a, the tribromo amine 24 was lithiated 

by slow addition of nBuLi at -78 °C in THF to form the highly reactive intermediate 24b. 

Subsequently, the boronate 25 was added at -78 °C (Scheme 5, entry 1). The reaction was slowly 

warmed to ambient temperature and stirred for 12 h. The reaction mixture developed a strong blue 

fluorescence during warmup that has not been present at -78 °C. Aqueous workup yielded a crude 

containing at least 10 substances judging from thin layer chromatography indicating a sluggish 

conversion. Separation of the products via column chromatography on silica did not yield the 

expected borinate 26a but the blue fluorescent borinic acid 26b in 20% yield. The supposedly 

formed borinate 26a could be hydrolyzed to 26b either during the aqueous workup or during 

exposure to silica. Boronates and borinates are prone to hydrolysis, especially under acidic 

conditions. Furthermore, the azaborine 26c was identified as the major by-product of the reaction. 

Likely, one of the lithiated sites of 24b is quenched either through moisture or by reaction with the 

solvent as lithiated species slowly decompose ethers.[69] The resulting dilithiated species would 

yield azaborine 26c. 
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Scheme 5: Attempted synthesis of the borinate 26a, the actual borinic acid 26b formed in the 

reaction and the by-product 26c. 

A first optimisation was performed by switching the lithiation reagent from nBuLi (3 eq.) to tBuLi 

(6 eq.) thereby increasing the yield from 20% to 50% (Scheme 5, entry 2). tBuLi was chosen as 

being the stronger base with a pKa = 53 than nBuLi with a pKa = 50 also increasing the reactivity 

of tBuLi in a lithium halide exchange reaction and explaining improvement of the yield of 26b.[69] 

Second, lithium halide exchange reactions employing nBuLi or tBuLi generate the electrophiles 

1-bromobutane or tert-butylbromide that can potentially interfere with the lithiated substrate 

resulting in formation of by-products. A common way to encounter this problem is the use of  2 eq. 

of tBuLi where the second equivalent reacts in an E2 elimination with tert-butylbromide to form 

iso-butene, iso-butane and LiBr.[70] Although we could not quantify a suppression of by-product 

formation when using tBuLi instead of nBuLi, the increase of the yield from 20% to 50% indicated 

a higher selectivity of the reaction. According to Reider, the yield of the preparation of a wide 

variety of arylboronic acids was enhanced by adding the borate electrophile before performing the 
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lithium halide exchange.[71] Lithium halide exchange reaction are supposedly faster than the 

reaction with the borate electrophile. The absence of the characteristic blue fluorescence of the 

products 26b and 26c at -78 °C indicated an inertness of the lithiated species 24b towards the 

electrophile 25 at the given temperature. This inertness renders the reaction suitable for a one-pot 

procedure, in fact increasing the yield from 50% to 65%, likely resulting from the high reactivity 

of the intermediate 24b towards moisture. Whereas step-wise lithiation of a substrate and 

subsequent reaction with an electrophile resemble pure logics in terms of reactivity, opening a 

reaction vessel to add an electrophile leads to a contamination with moisture even following strict 

Schlenk procedures. Even though further optimization potential is evident e.g. to switch to the more 

stable solvent Et2O
[69] thereby minimizing decomposition of 24b, we decided to proceed to the 

Friedel Crafts Borylation as those reactions often require highly optimized conditions.[16] 

3.1.3. Synthesis of the B, N, B-doped Helicene Mes-BNB-Mes  

The ring closure of the borinic acid 26b was first tried in a classical, Friedel Crafts Borylation as 

depicted (Scheme 6). Attempts 1 and 2 were inspired by the transformation of carboxylic acids into 

their highly reactive mixed anhydrides with trifluoromethanesulfonic acid that are common 

electrophiles in Friedel Crafts acylations.[72,73] The borinic acid 26b should be transformed to the 

corresponding triflate by stirring with Tf2O and a base thereby generating a better leaving group 

on the boron. Refluxing of the in-situ formed B-OTf species in a high boiling point solvent was 

planned to induce the Friedel Crafts Borylation. However, employing DIPEA (Scheme 6, entry 1) 

or Lutidine (Scheme 6, entry 2) as base only resulted in unspecific decomposition as established 

by 1H NMR after chromatographic workup on silica. Attempts 3 and 4 were inspired by the 

interconvertibility of borinates and borinic anhydrides to the corresponding B-Br compounds by 

stirring with BBr3 at room temperature.[74,75] The borinic acid 26b was treated with BBr3 and 
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DIPEA at room temperature for 1 h and heated to reflux in ortho-dichlorobenzene o-DCB (Scheme 

6, entry 3) or toluene (Scheme 6, entry 4).[4,14,16] Interestingly, aqueous workup and purification by 

column chromatography lead to the identification of traces of the ring closed borinic acid 

Mes-BNB-OH (1H NMR) instead of the desired product Mes-BNB-Mes (Scheme 6). Clearly, a 

ring closure took place but surprisingly under cleavage of the B-C bond of the mesityl group, either 

during the reaction itself or through decomposition of the desired helicene Mes-BNB-Mes under 

ambient conditions. This bond cleavage could proceed via a B-X species Mes-BNB-X with X most 

likely resembling bromine. This compound could be functionalised by adding an organometallic 

reagent. 

 

Scheme 6: Classical approach towards the synthesis of Mes-BNB-Mes, structure of the borinic 

acid Mes-BNB-OH formed during the reaction and the proposed intermediate Mes-BNB-X. 

To obtain a first proof of the existence of the B-X species Mes-BNB-X, a reaction mixture 

presumably containing Mes-BNB-X should be treated with a freshly prepared Mes-Li solution 

according to Scheme 7 possibly forming Mes-BNB-Mes (Scheme 7). The borinic acid 26b was 
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heated with BBr3 in Toluene at 110 °C for 1 h. After removing the volatiles, the solid residue was 

reacted with a freshly prepared Mes-Li solution in THF at -78 °C and stirred at ambient temperature 

for 12 h. Column chromatography on silica yielded Mes-BNB-Mes in 82% as an air stable yellow 

solid giving a first hint for the existence of Mes-BNB-X.  

 

Scheme 7: Modified route to the B, N, B-doped helicene Mes-BNB-Mes. 

Performing the reaction of 26b with BBr3 in a deuterated solvent and investigating the formed 

products via NMR could help to further understand the unexpected reactivity. The borinic acid 26b 

was heated according to way A with 1 eq. of BBr3 in C6D6 at 110 °C for 1 h inducing a 

characteristic change in the fluorescent colour from deep blue to green (Figure 10). The reaction 

solution was directly investigated via NMR spectroscopy and exhibited 11 signals in the aromatic 

as well as 7 signals in the aliphatic region of the 1H NMR. The assignment of the signals to an 

asymmetric B-X species Mes-BNB-X is depicted in Figure 10, trace A. Interestingly, an over 

stochiometric amount of mesitylene was identified as by-product through its characteristic 1H NMR 

signals at δ  = 6.71 and 2.16 ppm.[76] The 11B signal of 26b at δ = 49.5 ppm vanished and a new, 

broad signal at δ = 53.4 ppm was visible which was attributed to Mes-BNB-X. The 11B NMR 

furthermore contained signals of residual BBr3 (δ = 38.6 ppm) and several signals in a range of 

δ = 25 - 29 ppm that were consistent with the formation of borates resulting from the abstraction 

of the oxygen atom originating from the borinic acid. When performing the same reaction 

according to way B with 5 eq. of BBr3 and a total reaction time of 24 h, the product spectrum 
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simplified to 5 signals in the aromatic and 3 signals in the aliphatic region of the 1H NMR. This is 

particularly interesting as the signals can be assigned to a symmetric B-X species X-BNB-X and 

mesitylene as over stochiometric by-product. Retrospective, a small amount of X-BNB-X has 

already been formed following procedure A as easily visible in the stacked spectra (Figure 10). The 

11B NMR did not change compared to the one obtained for Mes-BNB-X. We presume X 

resembling bromine, however it was not possible to establish this via X-ray crystallography nor by 

HRMS due to the sensitivity of the B-Br bond towards oxygen and moisture. As conclusion, 26b 

reacts with BBr3 in a step wise reaction. First, the borinic acid moiety is attacked and the ring closed 

B-X species Mes-BNB-X is formed while cleaving the mesityl boron bond. Increasing the reaction 

time and the BBr3 equivalents to 5 eq. and 24 h, the other mesityl boron bond is cleaved resulting 

in formation of the symmetric B-X species X-BNB-X. The mesityl residues might function as a H+ 

scavenger, thereby forming stable mesitylene molecules and providing the thermodynamic drive 

for the reaction. 
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Figure 10: Reactions of 26b with BBr3 in C6D6 with 1H NMR traces of the product mixtures 

shown. Way A: 1 eq. BBr3 at 110 °C for 1 h, selected signals of Mes-BNB-X labeled with a-h and 

Mes-B; Way B: 5 eq. BBr3 at 110 °C for 24 h, selected signals of X-BNB-X labeled with a´-d´; 

Insets show the characteristic change in fluorescence colour throughout the reaction (λex = 366 nm). 

This unexpected reactivity of a borinic acids has not been published in the literature before although 

the utilisation of organoboron compounds like BPh3 and BMes3 as “Brønsted bases” has been 

reported by Hatakeyama. As depicted in Scheme 8, BI3 and BPh3 can be used to convert the amine 

28 in a C-H borylation to the B, N-doped compound 29. When switching from BPh3 to BMes3 the 

reaction proceeds with a lower overall yield and Mes-H as side product establishing the role of 

BMes3 as H+ scavengers. Interestingly, no product formation was observed when employing the 
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actual base DIPEA, indicating a more complicated role of BR3 in the mechanism of this reaction 

rather than just lowering the concentration of H+. 

 

Scheme 8: Hatakeyamas synthesis of 29 through C-H borylation of 28 utilizing BPh3. 

Despite the unclear mechanism of both reactions outlined in Figure 10, they furnish very 

interesting, symmetric and asymmetric B, N, B-doped Helicene backbones Mes-BNB-X and 

X-BNB-X in a controlled and divergent manner. The presence of B-X bonds makes both 

Mes-BNB-X and X-BNB-X interesting precursors for the synthesis of B, B´ decorated, 

B, N, B-doped helicenes by reacting them with organometallic compounds as already 

demonstrated with the synthesis of Mes-BNB-Mes (Scheme 7). 

3.1.4. Expanding the Triarylamine Substrate Scope 

After the preparation of B, N, B-doped helicenes became evident, a variation of the triarylamine 

based backbone could help tailoring the photophysical properties of the molecules. We envisioned 

two amines as target compounds where the methyl groups of the initially used tritolylamine 24 

were substituted by thiazolyl groups in case of 33 (Scheme 10) and by trifluoromethyl groups in 

case of 37 (Scheme 11). The preparation of the thiazolyl amine 33 began from triphenylamine 30 

that was iodinated to the corresponding triiodo amine 31 by heating at 120 °C in a mixture of 
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AcOH, KI and KIO3 for 5 h (Scheme 9). Aqueous workup of the crude product furnished the triiodo 

amine 31 in 95% yield.[77] 

 

Scheme 9: Synthesis of the triiodo amine 31. 

The triiodo compound was subjected to Negishi cross coupling for the introduction of a 

benzothiazole unit, yielding the coupling product 32 in 95% as shown in Scheme 10.[78] 

Bromination of 32 with Br2 resulted in an inseparable mixture of brominated products without any 

evidence for 33 being present in the reaction mixture. Adding a Lewis acid catalyst e.g. FeBr3 or 

performing the bromination at elevated temperature could help in obtaining the tribromo amine 33 

in further attempts as the thiazolyl group is mildly deactivating the aromatic ring. An alternative 

route to 33 is sketched in Scheme 10 starting from bromination of the triiodo amine 31 to the 

triiodo/tribromo amine 34 which should then undergo selective Negishi coupling on the more 

reactive iodinated sites to form the tribromo amine 33. However, bromination attempts using Br2 

or NBS both resulted in an ipso substitution of the Ar-I group to form the tribromo amine 35. 
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Scheme 10: Synthetic approach to the thiazolyl amine 33. 

The trifluoromethyl amine 37 should be prepared according to a Cu catalyzed one pot procedure 

starting from the iodo derivative 36.[79] As depicted in Scheme 11, 36 was heated with CuI, 

N,N´-dimethylethylenediamine DMEDA as ligand, K3PO4 as base and LiNH2 as N source to 

130 °C in DMF over 24 h. Performing the reaction as described in the literature yielded impure 37 

after chromatographic workup (Scheme 11, entry 1). Performing the reaction without an additional 

ligand (Scheme 11, entry 2) as this specific reaction was the only one in the literature procedure 

requiring an additional ligand or increasing the catalyst loading to 20% (Scheme 11, entry 3) didn’t 

improve the yield. 
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Scheme 11: Synthetic approach to the CF3 amine 37. 

The preparation of the advanced triarylamines was stopped as the functionalization of the 

B, N, B-doped molecules in B, B´ position seemed to be a promising way to influence the 

photophysical properties of the B, N, B-doped helicenes 

3.1.5. Synthesis of the Side Groups 

The organometallic compounds required for further decoration of the B, N, B-doped helicenes 

should be derived from the brominated aniline derivative 39 and carbazole derivative 41. The 

precursor for the aniline side group 39 was prepared by brominating the aniline 38 with NBS in 

CH3CN in 97% yield as depicted in Scheme 12 a).[80] The precursor for the carbazole containing 

side group 41 was prepared by a Ullman coupling of dibromobenzene 40 in the presence of CuI 

and trans-diaminocyclohexane (Scheme 12 b).[77] The yield of 15% was lower than the literature 

yield of 87%. A higher catalyst loading, or a longer reaction time could improve the yield in further 

reactions as TLC analysis of the crude product indicated unreacted starting material. 

 

Scheme 12: a) Synthesis of the Me4N side group 39; b) synthesis of the CzAr side group 41. 

3.1.6. Synthesis of Decorated B, N, B-doped Helicenes 

The synthetic use of the asymmetric and symmetric B-X derivatives Mes-BNB-X and X-BNB-X 

should be further explored by decorating them with different electron withdrawing (MesF) and 
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electron donating groups (Me4N and CzAr). The envisioned asymmetric compounds 

Mes-BNB-MesF, Mes-BNB-NMe4 and Mes-BNB-CzAr are depicted in Scheme 13 and the  

envisioned symmetric compounds MesF-BNB-MesF, Me4N-BNB-NMe4 and CzAr-BNB-CzAr 

are depicted in Scheme 14. Preliminary TDDFT calculations revealed the MesF functionalized 

compounds Mes-BNB-MesF and MesF-BNB-MesF as potential multiresonance TADF emitters 

with a ΔEST around 0.5 eV. The Me4N substituted helicenes Mes-BNB-NMe4 and 

Me4N-BNB-NMe4 as well as the CzAr functionalized compounds Mes-BNB-CzAr and 

CzAr-BNB-CzAr displayed promising ΔEST around 0.02 eV and 0.3 eV, respectively. For a 

summary of the computational results please refer to chapter 7.1.  

The syntheses of the asymmetric decorated helicenes Mes-BNB-MesF, Mes-BNB-NMe4 and 

Mes-BNB-CzAr are shown in Scheme 13. The B, N, B-doped helicene Mes-BNB-X was prepared 

from 26b by heating with one equivalent of BBr3 in Toluene for 1 h in a sealed tube (Scheme 13). 

While removing the volatiles under vacuum, Mes-Li[81], Me4N-Li[82] and CzAr-Li[61,77] were 

prepared from the bromo precursors Mes-Br, 39 and 41, respectively through lithium halide 

exchange reactions. MesF-Li was prepared by deprotonation of MesF-H.[83] The corresponding 

solutions of R-Li were added to Mes-BNB-X at -78 °C, warmed to room temperature and stirred 

for 12 h. The substituted helicenes Mes-BNB-MesF and Mes-BNB-CzAr were obtained after 

chromatographic  purification on silica as yellow solids in 69% and 46% yield. The yield of 

Mes-BNB-CzAr might have been lower due to solubility issues of 41 during the lithiation step. In 

fact, the literature recommends the use of cyclopentyl methyl ether for the lithiation of 41 for 

solubility reasons which could increase the yield in further reactions. In contrast, Mes-BNB-NMe4 

decomposed on silica and was obtained in pure form by recrystallisation from EtOH thereby 

explaining the lower yield. All asymmetric compounds were accompanied by small amounts of  
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the corresponding symmetric compound MesF-BNB-MesF, Me4N-BNB-NMe4 or 

CzAr-BNB-CzAr. This can be explained by the partial formation of X-BNB-X throughout the 

synthesis of Mes-BNB-X as established by NMR spectroscopy (Figure 10). The symmetric 

compounds were usually impure and therefore not isolated. The overall yields starting from 

tribromo amine 24 ranged between 29 % for Mes-BNB-NMe4 and 44 % for Mes-BNB-MesF. 

 

Scheme 13: Synthesis of the asymmetric decorated B, N, B-doped helicenes Mes-BNB-MesF, 

Mes-BNB-NMe4 and Mes-BNB-CzAr. 

The syntheses of the symmetric decorated helicenes MesF-BNB-MesF, Me4N-BNB-NMe4 and 

CzAr-BNB-CzAr are depicted in Scheme 14 and were conducted analogous to the synthesis of 

the asymmetric compounds by first preparing the symmetric B-X compound X-BNB-X and 

subsequently reacting it with the corresponding organometallic species. The substituted helicenes 

MesF-BNB-MesF and CzAr-BNB-CzAr were obtained after chromatographic purification on 

silica as yellow solids. The MesF functionalised helicene MesF-BNB-MesF was obtained in a lower 

yield of 58% compared to its asymmetric analogue Mes-BNB-MesF with 69 %. This could be 

attributed to the decomposition of the intermediary formed species X-BNB-X due to the longer 
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reaction time of 24 h in presence of 5 eq. of BBr3 for MesF-BNB-MesF instead of a reaction time 

of 1 h in presence of 1 eq. of BBr3 for Mes-BNB-MesF. In contrast, the CzAr functionalised 

helicene CzAr-BNB-CzAr was prepared in a higher yield of 58% compared to the 46% of its 

asymmetric analogue Mes-BNB-CzAr likely caused by an increased amount of Et2O used for the 

lithiation of 41 due to the previously mentioned solubility issues during lithiation. The symmetric 

Me4N substituted helicene Me4N-BNB-NMe4 was obtained in pure form by recrystallisation from 

EtOH due to decomposition on silica in a superior yield of 61% compared to the asymmetric 

compound Mes-BNB-NMe4 with a yield of 45%. A different solubility of both compounds in 

EtOH could explain the difference in the yield. The overall yield starting from tribromo amine 24 

ranged between 37% for MesF-BNB-MesF and CzAr-BNB-CzAr as well as 39 % for 

Me4N-BNB-NMe4. 

 

Scheme 14: Synthesis of the symmetric decorated B, N, B-doped helicenes MesF-BNB-MesF, 

Me4N-BNB-NMe4 and CzAr-BNB-CzAr. 

Throughout our research, two patents covering the synthesis of Mes-BNB-Mes or related 

molecules were published by Hatakeyama[84] and Baumann[85], respectively. The synthetic 
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approach according to Hatakeyama is depicted in Scheme 15. The tribromo amine 24 is triply 

lithiated in tert-butylbenzene (tBu-Ph) and reacted with BBr3 and a base at 160 °C to form 

X-BNB-X. Addition of the respective Grignard reagent furnishes the B, N, B-doped helicenes 

Mes-BNB-Mes and MeAr-BNB-ArMe in 22 % yield and 11 % yield, respectively. Albeit this 

reaction having a better step economy (1 vs. 2 steps), the overall yield for Mes-BNB-Mes of 22% 

is around the factor 2.5 lower than the overall yield of 53% following our procedure. Furthermore, 

the selective and divergent formation of the reactive intermediates Mes-BNB-X and X-BNB-X 

from the borinic acid renders the synthetic approach discussed in this thesis more versatile. For 

example, it allows the easy preparation of asymmetric substituted products as outlined in Scheme 

13 and Scheme 14. Our synthetic procedure could not be compared to the procedure given in the 

second patent due to lack of information such as the yield. 

 

Scheme 15: Synthesis of Mes-BNB-Mes and MeAr-BNB-ArMe according to Hatakeyama.[84] 
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3.2. Structure of the B, N, B-doped Helicenes 

The borinic acid 26b as important synthetic intermediate was investigated via X-Ray 

crystallography (Figure 11 and Table 1) with a slightly twisted dibenzoazaborine core and 

perpendicular mesityl and tolyl substituents on the boron and nitrogen atoms, respectively. 

Interestingly, a hydrogen bridge was formed between the embedded nitrogen atom and the B-OH 

group with a N1-H distance of 2.26 Å (Figure 11). The hydrogen bond slightly bends the tolyl 

group out of the plane thereby distorting the dibenzoazaborine core of 26b (Figure 11). The boron 

atom embedded in the aromatic framework is trigonal planar with a sum of the bond angles of 

360 °. It exhibited two shorter bonds B1-C1 (1.522(3) Å) and B1-C2 (1.525(3) Å) and one longer 

bond to the mesityl residue B1-C15 (1.580(3) Å) in the range of typical B-C single bonds 

(1.534 Å – 1.576 Å).[14,16,75] The 0.06 Å shorter bonds in the framework could result from a small 

conjugation between the aromatic system and the pz orbital on the boron atom. In contrast, the 

nitrogen atom had two shorter bonds N1-C6 (1.398(3) Å) and N1-C12 (1.398(3) Å) close to 

aromatic N-C bonds (1.379 Å – 1.381 Å)[33] suggesting a participation of the nitrogen lone pair in 

the aromatic framework. This is in accordance with a NICS(0) value of -1.5, rendering the central 

BNC4 unit slightly aromatic (Figure 11). 

 

Figure 11: Front view including labeling of the BNC4 ring, side view showing the N1-H hydrogen 

bond of the borinic acid 26b and NICS(0) values for 26b (GIAO B3LYP/ 6-31+G(d)). 
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Table 1: Selected bond lengths [Å] and bond angles [°] for 26b. 

B(1)-C(7) 1.522(3) N(1)-C(12) 1.398(3) 

B(1)-C(1) 1.525(3) N(1)-C(24) 1.450(3) 

B(1)-C(15) 1.580(3) C(1)-C(6) 1.411(3) 

B(2)-O(1) 1.358(3) C(7)-C(12) 1.409(3) 

B(2)-C(31) 1.571(3) C(7)-B(1)-C(1) 115.07(19) 

B(2)-C(29) 1.578(3) C(7)-B(1)-C(15) 122.86(19) 

N(1)-C(6) 1.398(3) C(1)-B(1)-C(15) 122.06(19) 

The molecular structures of the B, N, B-doped helicenes Mes-BNB-Mes, Mes-BNB-MesF, 

MesF-BNB-MesF and Me4N-BNB-NMe4 were investigated via X-ray crystallography. The 

symmetric derivative Mes-BNB-Mes exhibited a distorted structure with an interplanar angle 

between the peripheral tolyl rings of 49.4 ° (Figure 12) resulting in two helical enantiomers present 

in the unit cell. This angle was higher than the 24.9 ° for [4]helicene 42 and between [5]helicene 

43 and [6]helicene 44 with interplanar angles of 46.0 ° and 58 °, respectively.[86,87] While the C-N 

bonds with lengths of 1.414(12) – 1.422(12) Å stayed in the range of the corresponding C-C bonds 

in [4]helicene 42 with lengths of 1.439 – 1.453 Å, the B-C bonds with lengths of 1.532(15) to 

1.572(12) Å were elongated compared to the C-C bonds (1.332 – 1.444 Å) in 42.[88] This results in 

the B-C bonds pushing the peripheral rings closer together, thereby increasing the interplanar angle 

through increased steric interactions between the fjord hydrogen atoms. The C8-C13 

(1.461(11) Å), C15-C20 (1.411(13) Å), C1-C6 (1.396(12) Å), C5-C6 (1.423(13) Å) bonds were in 

the typical range of aromatic C-C bonds owing the fact of being part of the annulated aromatic tolyl 

rings (Figure 12).[16,32] In contrast, the N1-C1 bonds in a range of 1.414(12) to 1.422(12) and the 

B1-C bonds as well as the B2-C bonds in a range of 1.532(15) – 1.572(12) Å resembled typical 

single bond lengths.[3,16,32,75] In conclusion, the fused BNC4 units were non aromatic as in 

accordance with NICS(0) values of 1.3 and 1.5.[32] Both the geometries of B1 and B2 were 
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trigonal-planar with the sum of the corresponding bond angles (Table 2) resembling 360 ° within 

the error tolerance. 

 

Figure 12: Front view including the labeling of the fused BNC4 motive and side view (mesityl 

omitted for clarity) of the crystal structure of the symmetric derivative Mes-BNB-Mes. Calculated 

NICS(0) values on GIAO B3LYP/ 6-31+G(d) level of theory. Hydrogen atoms are omitted for 

clarity. 

Table 2: Selected bond lengths [Å] and bond angles [°] for Mes-BNB-Mes. 

B(1)-C(8) 1.532(15) C(5)-C(6) 1.423(13) 

B(1)-C(22) 1.534(13) C(8)-C(13) 1.461(11) 

B(1)-C(1) 1.572(12) C(15)-C(20) 1.411(13) 

B(2)-C(15) 1.539(17) C(8)-B(1)-C(22) 124.7(8) 

B(2)-C(5) 1.562(13) C(8)-B(1)-C(1) 113.2(8) 

B(2)-C(31) 1.566(14) C(22)-B(1)-C(1) 122.1(8) 

N(1)-C(6) 1.414(12) C(15)-B(2)-C(5) 111.9(8) 

N(1)-C(20) 1.417(11) C(15)-B(2)-C(31) 122.1(8) 

N(1)-C(13) 1.422(12) C(5)-B(2)-C(31) 125.6(10) 

C(1)-C(6) 1.396(12)   

The derivatives Mes-BNB-MesF, MesF-BNB-MesF and Me4N-BNB-NMe4 showed similar 

distorted structures to Mes-BNB-Mes (49.4 °) with interplanar angles of 50.2 °, 51.0 ° and 53.3 °, 

respectively. Substituting one or both mesityl groups with the electron withdrawing MesF or the 

electron donating Me4N group did not have a significant influence on the distortion of the molecular 
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backbone nor on the aromaticity of the BNC4 units. For selected bond lengths, angles and  the 

structures of Mes-BNB-MesF, MesF-BNB-MesF and Me4N-BNB-NMe4 refer to chapter 7.5, for 

NICS(0) values to chapter 7.1, Interestingly, both Mes-BNB-MesF and MesF-BNB-MesF exhibited 

short B-F contacts in the range of 2.539(5) – 2.655(2) Å and 2.54(2) – 2.711(3) Å fairly below the 

combined Van-der-Waals radii of 3.39 Å for B and F atoms (Figure 13). Fluoro mesityl groups 

MesF are known to form weak bonding interactions with adjacent boron centers as previously 

shown for thienyl boranes 45 with B-F interactions ranging from 2.49 – 2.66 Å.[89]  

 

Figure 13: B-F coordination by the MesF group in a) thienyl borane 45 and b) Mes-BNB-MesF. 
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3.3. Photophysical Properties 

3.3.1. Absorption and Fluorescence Properties 

The B, N, B-doped helicenes Mes-BNB-Mes – CzAr-BNB-CzAr were yellow solids and yellow 

in solution. The absorption spectrum of Mes-BNB-Mes is depicted in Figure 14 a) and the 

absorption maxima λmax as well as the corresponding extinction coefficients ε were summarized in 

Table 3. The helicene Mes-BNB-Mes exhibited a strong absorbance in the UV region at 

λmax = 253 nm and two weak absorbance bands at λmax = 335 nm and λmax = 351 nm that can be 

assigned to transitions to unknown higher excited states. The lowest energy band for 

Mes-BNB-Mes was in the blue region at λmax = 458 nm with ε = 26000 L ‧ mol-1 ‧ cm-1 and was 

identified as the S0 → S1 transition based on TDDFT with a predicted λmax = 420 nm and high 

oscillator strength of f = 0.243 from HOMO (π-backbone) to LUMO (π*-backbone) (98%) LE 

transition (Figure 14 b).  

 

Figure 14: a) UV/Vis absorption spectrum of Mes-BNB-Mes in CH2Cl2 (c = 2 ‧ 10-5 mol ‧ L-1); b) 

HOMO and LUMO isosurfaces for Mes-BNB-Mes (B3LYP/ 6-31G(d) level, iso = 0.03). 
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Please note that our TD-DFT evaluations only give approximate values for λmax and HOMO/ 

LUMO isosurfaces. The electron reorganisation originating from the MR effect takes place mostly 

in the excited state and can therefore not be sufficiently simulated with the ground state based 

TD-DFT calculations.[64] Variation of the substituents on the B, B’ atoms did not significantly 

change the absorption behaviour of the compounds Mes-BNB-MesF, MesF-BNB-MesF, 

Mes-BNB-NMe4, Me4N-BNB-NMe4, Mes-BNB-CzAr and CzAr-BNB-CzAr and their 

absorption data was summarized in Table 3. For plots of their absorption spectra please refer to 

chapter 7.2.1, Figure 46 and for their computational data to chapter 7.1. Substitution of the Mes 

side groups with one electron withdrawing MesF group for Mes-BNB-MesF or two MesF groups 

for MesF-BNB-MesF did not change λmax but lowered ε to 25000 L ‧ mol-1 ‧ cm-1 and 

23000 L ‧ mol-1 ‧ cm-1, respectively, compared to ε = 26000 L ‧ mol-1 ‧ cm-1 for Mes-BNB-Mes. 

When functionalizing with one electron donating Me4N group for Mes-BNB-NMe4 or two Me4N 

groups for Me4N-BNB-NMe4, the absorption maxima became slightly red shifted with 

λmax = 460 nm for Mes-BNB-NMe4 and λmax = 461 nm for Me4N-BNB-NMe4 compared to 

λmax = 458 nm for Mes-BNB-Mes. The extinction coefficient slightly lowered for 

Mes-BNB-NMe4 with ε = 23000 L ‧ mol-1 ‧ cm-1 and stayed unchanged for Me4N-BNB-NMe4 

with ε = 26000 L ‧ mol-1 ‧ cm-1 compared to the double mesityl functionalised helicene 

Mes-BNB-Mes. The same slight bathochromic shift was observed for the asymmetric derivative 

Mes-BNB-CzAr with λmax = 460 nm and the symmetric derivative CzAr-BNB-CzAr with 

λmax = 461 nm compared to Mes-BNB-Mes with λmax = 458 nm. Interestingly, the extinction 

coefficient increased from ε = 26000 L ‧ mol-1 ‧ cm-1 for Mes-BNB-Mes to 

ε = 29000 L ‧ mol-1 ‧ cm-1 for Mes-BNB-CzAr and ε = 31000 L ‧ mol-1 ‧ cm-1 for 

CzAr-BNB-CzAr with an increasing number of CzAr side groups. According to TDDFT data 

(chapter 7.1), the transitions for Mes-BNB-NMe4, Me4N-BNB-NMe4, Mes-BNB-CzAr and 
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CzAr-BNB-CzAr still comprise in π → π* LE transitions with both orbitals localized on the 

backbone although these are not the S0 → S1 transitions anymore but transitions to higher excited 

states. This renders the fluorescence of the four compounds particularly interesting as fluorescence 

usually originates from the S1 state even if excitation occurs to a higher excited state.[42]  

Table 3: Absorption maxima λmax and corresponding extinction coefficients ε for the 

B, N, B-doped helicenes Mes-BNB-Mes – CzAr-BNB-CzAr, determined in CH2Cl2 solution. 

Compound λmax [nm] (ε [L ‧ mol-1 ‧ cm-1]) 

Mes-BNB-Mes 253 (54000), 335 (4700), 351 (3800), 458 (26000) 

Mes-BNB-MesF 254 (54000), 281 (31000), 336 (3400), 351 (3700), 458 (25000) 

MesF-BNB-MesF 253 (51000), 284 (29000), 336 (4100), 350 (3400), 459 (23000) 

Mes-BNB-NMe4 254 (56000), 334 (4500), 352 (3600), 460 (23000) 

Me4N-BNB-NMe4 262 (74000), 353 (4000), 461 (26000) 

Mes-BNB-CzAr 247 (77000), 283 (46000), 334 (8600), 345 (8300), 460 (29000) 

CzAr-BNB-CzAr 245 (90000), 284 (60000), 334 (12000), 345 (13000), 461 (31000) 

All B, N, B-doped helicenes Mes-BNB-Mes – CzAr-BNB-CzAr were fluorescent and their 

emission data was summarized in Table 4. The fluorescence spectra of the mesityl substituted 

helicene Mes-BNB-Mes and the two Me4N derivatized helicenes Mes-BNB-NMe4 and 

Me4N-BNB-NMe4 are depicted in Figure 15 a). The mesityl substituted helicene Mes-BNB-Mes 

exhibited bright, sky-blue fluorescence with λem = 482 nm and a quantum yield of 71%. The sharp 

fluorescence band and the small stokes shift of 24 nm supported the π → π* LE character of the 

S0 → S1 transition. The rigidity of the π and π* containing molecular backbone minimizes the 

geometrical reorganisation possible in the excited state thereby narrowing the fluorescence band 

and the stokes shift.[10] In contrast, the donor functionalised asymmetric derivative 

Mes-BNB-NMe4 and the symmetric derivative Me4N-BNB-NMe4 exhibited broad, yellow 

fluorescence bands at λem = 609 nm or λem = 601 nm, respectively (Figure 15 a). Those were in 



 

40 

 

accordance with preliminary TDDFT calculations and identified as the HOMO (π Me4N group) to 

LUMO (π* backbone) (97%) CT transitions for both molecules. Isocontour plots of the orbitals 

contributing to the transition of Mes-BNB-NMe4 are exemplarily shown in Figure 15 b).  

Interestingly, the asymmetric derivative Mes-BNB-NMe4 exhibited an additional, sharp emission 

band at λem = 477 nm (Figure 15 a) that was identified as the π → π* LE transition from the 

HOMO-1 (π backbone) to LUMO (π* backbone) (98%) (Figure 15 b).  

 

Figure 15: a) Fluorescence spectra of the B, N, B-doped helicenes Mes-BNB-Mes (blue), 

Mes-BNB-NMe4 (red) and Me4N-BNB-NMe4 (green) in CH2Cl2 (c = 2 ‧ 10-5 mol ‧ L-1), 

λex = 435 nm, insets show the corresponding color; b) orbitals contributing to the two emissive 

states of Mes-BNB-NMe4  computed on B3LYP/ 6-31G(d) level (iso = 0.03). 
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The emission spectrum of the symmetric derivative Mes-BNB-NMe4 also featured a less 

pronounced second emission at λem = 481 nm as depicted in Figure 15 a) as a small shoulder which 

was likewise identified as the corresponding π → π* LE transition from HOMO-2 (π backbone) to 

LUMO (π* backbone) (98%). Although dual emission is a rare phenomenon, it can occur if the 

first and second excited state of a molecule are close in energy.[49,53] 

The MesF and CzAr substituted compounds Mes-BNB-MesF, MesF-BNB-MesF, Mes-BNB-CzAr 

and CzAr-BNB-CzAr exhibited sharp emission bands similar to Mes-BNB-Mes (chapter 7.2.1, 

Figure 47) and were therefore concluded to posses π → π* LE character for the excitation from the 

S0 to S1 state. This was in accordance with TDDFT data for Mes-BNB-MesF  and MesF-BNB-MesF 

but particularly interesting for the CzAr functionalized helicenes Mes-BNB-CzAr and 

CzAr-BNB-CzAr as preliminary TDDFT calculations suggested a CT character for the excitation 

to S1 with predicted λmax of 453 nm and 467 nm, respectively. The higher excited states S2 or S3 

with λmax of 423 nm or 424 nm computed for Mes-BNB-CzAr or CzAr-BNB-CzAr resemble the 

corresponding π → π* LE transitions in the molecule and are likely to be the actual S1 states owing 

the fact of the inaccuracy of the TDDFT method, especially as recently investigated for potential 

multiresonance TADF emitters.[64]  

Introducing the MesF groups on the helicenes Mes-BNB-MesF and MesF-BNB-MesF increased the 

quantum yield from 71% for the double mesityl functionalized helicene Mes-BNB-Mes to 88% 

and 85%, respectively while red shifting the fluorescence bands with λem = 485 nm and 

λem = 487 nm (Table 4). Compared to mesityl, MesF groups are sterically more demanding and 

have been shown to form weak coordination bonds from the fluorine atoms to adjacent boron 

centers. Both effects increase the rigidity of the molecule, thereby decreasing the rate of 

nonradiative relaxation resulting in an enhanced quantum yield. This effect is supported by our 
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findings of small B-F interactions in solid state as discussed in chapter 3.2. Introducing CzAr 

groups slightly red shifted the emission as well with λem = 483 nm for the asymmetric derivative 

Mes-BNB-CzAr and λem = 486 nm for the symmetric derivative CzAr-BNB-CzAr while 

increasing the quantum yield to 82% for Mes-BNB-CzAr and 81% for CzAr-BNB-CzAr.  

Table 4: Lowest energy absorption maxima λmax, emission maxima λem and stokes shift for 

compounds Mes-BNB-Mes – CzAr-BNB-CzAr, λem and PLQY determined in N2 saturated 

CH2Cl2 solution (c = 2 ‧ 10-5 mol ‧ L-1) with λex = 435 nm. 

Compound λmax [nm] λem [nm] Stokes shift [nm] PLQY [a.u.] 

Mes-BNB-Mes 458 482 24 0.71 

Mes-BNB-MesF 458 485 27 0.88 

MesF-BNB-MesF 459 487 28 0.85 

Mes-BNB-NMe4 460 477, 609 17, 149 0.20 

Me4N-BNB-NMe4 461 481, 601 20, 140 0.23 

Mes-BNB-CzAr 460 483 23 0.82 

CzAr-BNB-CzAr 461 486 25 0.81 

To further establish the nature of the electronic transitions in the fluorophores 

Mes-BNB-Mes – CzAr-BNB-CzAr, fluorescence measurements were performed in 4 solvents 

with different polarities. The solvents Toluene, CHCl3, CH2Cl2 and CH3CN were chosen with an 

increasing polarity starting from Toluene.[90,91] The emission maxima as well as the PLQYs for 

Mes-BNB-Mes – CzAr-BNB-CzAr in the different solvents were summarized in Table 5. The 

emission spectra for Mes-BNB-Mes in the four different solvents exhibited a small bathochromic 

shift from the nonpolar solvent toluene with λem = 476 nm to the most polar solvent CH3CN with 

λem = 484 nm (Figure 16) without a characteristic trend for the PLQY. The electron density 

distribution usually does not change significantly after a π → π* LE transition, therefore resulting 

in a small influence of the solvent interactions on the absorption and emission maxima. This further 
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supported the π → π* LE character for the S0 → S1 transition of Mes-BNB-Mes. The MesF and 

CzAr functionalized helicenes Mes-BNB-MesF and MesF-BNB-MesF showed a similar behaviour 

e.g. a small bathochromic shift with increasing solvent polarity therefore also supporting their 

character as  π → π* LE fluorophores (chapter 7.2.1). 

 

Figure 16: Fluorescence spectra of the B, N, B-doped helicenes Mes-BNB-Mes in toluene (blue), 

CHCl3 (red), CH2Cl2 (green) and CH3CN (black), insets show the emission (λex = 435 nm). 

In contrast, the emission spectra for Mes-BNB-NMe4 (Figure 17) exhibited a strong solvent 

dependency. The compound featured a broad emission band in toluene with λem  = 537 nm and a 

shoulder at λ = 470 nm. Changing to the more polar solvent CHCl3, the shoulder enveloped to an 

isolated, narrow emission band at λem  = 482 nm with a bathochromic shift of the broad emission 

band to λem  = 555 nm. Whereas the narrow emission did not change when switching to CH2Cl2 or 

CH3CN, the broad emission further redshifted to λem  = 609 nm and vanished in CH3CN. The 

PLQY decreased from 80% in toluene to 7% in CH3CN particularly noticeable when comparing 

the intensities of the broad emission band in the four solvents (Figure 17). The lower the energy of 
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an excited state S1 is, the higher is the rate of nonradiative deactivation as the energy difference 

between S0 and S1 is closer to the energy that can be dissipated via molecular vibration (energy gap 

law).[92,93]  

 

Figure 17: Fluorescence spectra of the B, N, B-doped helicenes Mes-BNB-NMe4 in toluene 

(blue), CHCl3 (red), CH2Cl2 (green) and CH3CN (black), insets show the emission (λex = 435 nm). 

Another possible explanation is the tendency of CH3CN to weakly coordinate to organoboron 

compounds, thereby decreasing the PLQY although this could not be established by NMR due to 

the low solubility of Mes-BNB-NMe4. The strong solvent effects on the broad emission maxima 

with λem  = 537 - 609 nm supported its CT character. A charge transfer strongly influences the 

electron density distribution within a molecule, therefore changing the dipole moment and making 

the excited molecule susceptible to solvent interactions which ultimately result in a strong 

solvatochromism.[48] The lower energy transition of Mes-BNB-NMe4 did not exhibit a strong 

dependency on the solvent polarity therefore supporting its character as a π → π* LE transition in 

the molecular backbone. The symmetric functionalized compound Me4N-BNB-NMe4 exhibited a 
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similar behaviour, with both LE and CT emission present although the LE emission was less, and 

the CT emission was more pronounced. The spectrum of Me4N-BNB-NMe4 can be found in 

chapter 7.2.1. 

Table 5: Emission maxima λem and PLQY Φ for compounds Mes-BNB-Mes – CzAr-BNB-CzAr 

PLQY determined in different N2 saturated solvents at c = 2 ‧ 10-5 mol ‧ L-1 with λex = 435 nm. 

compound 

Toluene CHCl3 CH2Cl2 CH3CN 

λem 

[nm] 

Φ 

[a.u.] 

λem 

[nm] 

Φ 

[a.u.] 

λem 

[nm] 

Φ 

[a.u.] 

λem 

[nm] 

Φ 

[a.u.] 

Mes-BNB-Mes 476 0.71 480 0.81 482 0.71 484 0.79 

Mes-BNB-MesF 483 0.78 482 0.85 485 0.88 488 0.82 

MesF-BNB-MesF 483 0.86 483 0.88 487 0.85 489 0.85 

Mes-BNB-NMe4 537 0.79 
482, 

555 
0.68 

477, 

609 
0.19 480 0.02 

Me4N-BNB-NMe4 528 0.81 553 0.70 
481, 

601 
0.18 502 0.02 

Mes-BNB-CzAr 479 0.80 480 0.77 483 0.82 488 0.73 

CzAr-BNB-CzAr 481 0.82 483 0.86 486 0.81 488 0.72 

 

To qualify the impact of O2 on the emission of the B, N, B-doped molecules Mes-BNB-Mes to 

CzAr-BNB-CzAr, the quantum yields in the four different solvents toluene, CHCl3, CH2Cl2 and 

CH3CN were determined (chapter 7.2.1, Table 24). Molecular oxygen as a triplet ground state 

molecule can both interfere with S1 states and T1 states with the reactivity towards T1 states being 

significantly higher. This results in a moderate decrease of the PLQY of classical, S1 dependent 

fluorophores[46,47] and in a strong decrease of the PLQY in the T1 dependent luminophores[11,44,45] 

such as compounds exhibiting TADF. The sensitivity of a molecule’s quantum yield towards 

oxygen therefore gives a first hint about potential TADF properties. The solvent dependent PLQY 

of Mes-BNB-Mes, Mes-BNB-NMe4 and CzAr-BNB-CzAr are summarized in Table 6. The 

PLQY of the mesityl substituted compound Mes-BNB-Mes was moderately sensitive to oxygen 
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with differences between air and N2 saturated solutions ranging between 0.12 in Toluene and 0.32 

in oxygen. The MesF substituted derivatives Mes-BNB-MesF and MesF-BNB-MesF as well as the 

carbazole functionalized derivative Mes-BNB-CzAr and CzAr-BNB-CzAr showed a similar 

sensitivity towards O2. In contrast, the PLQY of the CT derivative Mes-BNB-NMe4 was more 

sensitive towards the presence of oxygen with differences in the PLQY ranging from 0.62 (toluene) 

and 0.01 (CH3CN) (Table 6). The PLQY of the symmetric CT derivative Me4N-BNB-NMe4 had a 

similar sensitivity towards O2 as its asymmetric analogue Mes-BNB-NMe4. This makes the Me4N 

substituted molecules Mes-BNB-NMe4 and Me4N-BNB-NMe4 the most promising candidates for 

TADF behaviour. To further understand the emission properties of Mes-BNB-Mes to 

CzAr-BNB-CzAr, the singlet triplet energy gap ΔEST should be determined. 

Table 6: PLQY of Mes-BNB-Mes, Mes-BNB-NMe4 and Mes-BNB-CzAr in air or N2 saturated 

toluene, CHCl3, CH2Cl2 and CH3CN solutions determined using an integration sphere. 

compound 

Toluene CHCl3 CH2Cl2 CH3CN 

Φ air 

[a.u.] 

Φ N2 

[a.u.] 

Φ air 

[a.u.] 

Φ N2 

[a.u.] 

Φ air 

[a.u.] 

Φ N2 

[a.u.] 

Φ air 

[a.u.] 

Φ N2 

[a.u.] 

Mes-BNB-Mes 0.56 0.71 0.57 0.81 0.59 0.71 0.47 0.79 

Mes-BNB-NMe4 0.17 0.79 0.19 0.68 0.12 0.19 0.01 0.02 

Mes-BNB-CzAr 0.56 0.80 0.56 0.77 0.56 0.82 0.50 0.73 
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3.3.2. Potential TADF Properties 

After comparison of the quantum yield measurements of Mes-BNB-Mes to CzAr-BNB-CzAr  in 

N2 and air saturated solvents, possible TADF properties should be investigated by determining the 

delayed fluorescence component via transient spectroscopy, the singlet triplet energy gap ΔEST and 

by evaluation of the temperature dependent fluorescence. Unfortunately, the transient decay 

spectrum for Mes-BNB-Mes in CH2Cl2 (Figure 18 a) consisted only of a short lived (τF = 8.2) 

prompt fluorescence component. The transient decay spectra of the other derivatives 

Mes-BNB-MesF to CzAr-BNB-CzAr followed the same trend and exhibited only prompt 

fluorescence. For the spectra and lifetimes of Mes-BNB-MesF to CzAr-BNB-CzAr please refer to 

chapter 7.2.2. The transient component can be sensitive to the environment e.g. solvent or polymer 

matrix. Further tests in different solvents/ polymers could not be conducted due to the time 

limitation of the project.  
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Figure 18: a) Transient decay spectrum for Mes-BNB-Mes in CH2Cl2 exhibiting prompt 

fluorescence; b) emission spectra without delay at 298 K (blue) and 77 K (red) and emission spectra 

with 100 µs delay at 77 K (green) in CH2Cl2 for Mes-BNB-Mes. 

To determine the energy gap ΔEST, both fluorescence and phosphorescence of Mes-BNB-CzAr to 

CzAr-BNB-CzAr at 298 K and 77 K were measured in a PMMA (1w%) matrix under N2 

atmosphere to exclude solvent effects and in CH2Cl2. The fluorescence spectra at 298 K and 77 K 

as well as  the phosphorescence spectrum at 77 K of  Mes-BNB-Mes were exemplarily shown in 

Figure 18 b). The S1 energy ES was estimated from the fluorescence maxima at 298 K whereas the 

T1 energy ET could be estimated from the phosphorescence maxima at 77 K.[13] The corresponding 

gaps ΔEST (Table 7) are only approximate due to the huge experimental error of this method. The 

ΔEST for Mes-BNB-NMe4 and Me4N-BNB-NMe4 in CH2Cl2 could not be determined reliably due 

to their dual emission property. The Me4N functionalized compounds Me4N-BNB-NMe4 exhibited 

the smallest ΔEST in the PMMA matrix with ΔEST = 130 meV. Interestingly, the mesityl substituted 

parent compound Mes-BNB-Mes and the symmetric MesF functionalised derivative 
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MesF-BNB-MesF showed the smallest ΔEST in CH2Cl2 with ΔEST = 140 meV. When comparing 

ΔEST for all 7 compounds Mes-BNB-CzAr to CzAr-BNB-CzAr, no clear influence of the 

substitution on ΔEST became evident. Second, ΔEST increased for all B, N, B-doped derivatives by 

10 meV to 50 meV when comparing measurements conducted in CH2Cl2 to the ones conducted in 

PMMA. Furthermore, all B, N, B-doped compounds showed small singlet triplet gaps in the range 

of 130 meV to 190 meV below the 200 meV usually considered as required for an efficient RISC 

process[58,59]  and in the range of other reported multiresonance TADF emitters (140 meV to 

180 meV).[10,12]  

Table 7: Singlet ES, triplet ET energies and corresponding singlet triplet energy gaps ΔEST as 

determined for Mes-BNB-CzAr to CzAr-BNB-CzAr from the fluorescence/ phosphorescence 

spectra in CH2Cl2 or PMMA. *The ΔEST for compounds Mes-BNB-NMe4 and Me4N-BNB-NMe4 

could not be determined reliably in CH2Cl2. 

Compound  ES [eV] ET [eV] ΔEST [eV] 

Mes-BNB-Mes 
CH2Cl2 2.55 2.41 0.14 

PMMA 2.56 2.38 0.18 

Mes-BNB-MesF 
CH2Cl2 2.54 2.38 0.16 

PMMA 2.54 2.35 0.19 

MesF-BNB-MesF 
CH2Cl2 2.53 2.38 0.14 

PMMA 2.53 2.34 0.19 

Mes-BNB-NMe4 
CH2Cl2 2.56 2.34 * 

PMMA 2.55 2.38 0.17 

Me4N-BNB-NMe4 
CH2Cl2 1.97 2.42 * 

PMMA 2.51 2.38 0.13 

Mes-BNB-CzAr 
CH2Cl2 2.53 2.38 0.16 

PMMA 2.56 2.38 0.18 

CzAr-BNB-CzAr 
CH2Cl2 2.53 2.37 0.16 

PMMA 2.55 2.38 0.17 
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Variable temperature fluorescence measurements were performed for the representative 

compounds Mes-BNB-Mes, Mes-BNB-NMe4, Me4N-BNB-NMe4, Mes-BNB-CzAr and 

CzAr-BNB-CzAr. The mesityl functionalised derivative Mes-BNB-Mes exhibited a decreasing 

fluorescence intensity with increasing temperature and a bathochromic shift of the emission 

maxima from 480 nm (80 K) to 490 nm (170 K) and a hypsochromic shift from 490 nm (170 K) to 

487 nm (298 K) (Figure 19 a). In contrast, the carbazole functionalised derivative Mes-BNB-CzAr 

exhibited increasing fluorescence intensity with increasing temperature and a bathochromic shift 

of the emission maximum from 488 nm (80 K) to 496 nm (200 K) followed by a hypsochromic 

shift from 496 nm (200 K) to 490 nm (310 K) (Figure 19 b).  

 

Figure 19: Variable temperature fluorescence measurements for a) Mes-BNB-Mes (80 K – 298 K) 

and b) Mes-BNB-CzAr (80 K – 310 K). 

The symmetrical carbazole functionalized derivative CzAr-BNB-CzAr exhibited a similar 

increase of the fluorescence intensity with increasing temperature as its asymmetric analogue 
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Mes-BNB-CzAr (chapter 7.2.2, Figure 74). The Me4N substituted derivative Mes-BNB-NMe4 

featured a complicated temperature behaviour of the fluorescence (Figure 20 a). Both the locally 

excited transition within the B, N, B-doped backbone (490 nm) as well as the charge transfer 

transition (699 nm to 637 nm) from the Me4N side group to the B, N, B-doped backbone could be 

observed for all temperatures. However, the low temperature measurements at from 80 K to 170 K 

did not show a characteristic trend, presumably through their incorporation into a frozen CH2Cl2 

(m.p. = 178 K)[94] matrix and were therefore excluded in the following discussion. Both the 

intensities of the LE transition and the CT transition increased with increasing temperature (200 K 

to 310 K) although the effect was more pronounced for the CT transition. The CT transition 

furthermore exhibited a hypsochromic shift from 699 nm (200 K) to 639 nm (310 K) with 

increasing temperature. Due to the unreliable measurements for the dual emission compound 

Mes-BNB-NMe4 between 80 K and 170 K, the temperature dependent emission of the symmetric 

analogue Me4N-BNB-NMe4 was only investigated between 200 K and 310 K (Figure 20 b). 

Interestingly, the emission spectra at all temperatures were dominated by the CT transition (632 nm 

to 683 nm) with the LE transition only visible at 200 K as a small peak at 504 nm. The fluorescence 

intensity increased with increasing temperature while exhibiting the same hypsochromic shift from 

683 nm (200 K) to 632 nm (310 K) as the asymmetric analogue Me4N-BNB-NMe4. The 

temperature turn on fluorescence of the carbazole functionalized derivatives Mes-BNB-CzAr and 

CzAr-BNB-CzAr as well as the Me4N donor functionalized compounds Mes-BNB-NMe4 and 

Me4N-BNB-NMe4
 could be a further indicator of possible TADF properties as TADF emitters 

show increased fluorescence intensity with increased temperature due to an increased RISC 

rate.[11,55] 



 

52 

 

 

Figure 20: Variable temperature fluorescence measurements for a) Mes-BNB-NMe4 

(80 K – 310 K) and b) Me4N-BNB-NMe4 (200 K – 310 K). 

In conclusion, we established a small ΔEST between 130 meV and 190 meV for all 7 B, N, B-doped 

helicenes Mes-BNB-Mes to CzAr-BNB-CzAr below the ΔEST of 200 meV that is usually required 

for an efficient RISC process. Despite the small ΔEST, the mesityl and MesF functionalized 

derivatives Mes-BNB-Mes, Mes-BNB-MesF and MesF-BNB-MesF had only a moderate 

sensitivity towards oxygen and a decreasing fluorescence intensity with increasing temperature as 

established for Mes-BNB-Mes, rendering them as classical fluorophores. Introducing CzAr donors 

for Mes-BNB-CzAr and CzAr-BNB-CzAr resulted in an oxygen sensitivity comparable to 

Mes-BNB-Mes but in an increasing fluorescence intensity with increasing temperature rendering 

those compounds as potential multi resonance TADF emitters even though a delayed fluorescence 

component could not be measured via transient decay spectroscopy. Functionalizing with the 

strong Me4N donors resulted mostly in a CT emission with a strong sensitivity of the fluorescence 
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intensity towards oxygen quenching for Mes-BNB-NMe4 and Me4N-BNB-NMe4. The 

combination of the oxygen sensitivity of the fluorescence intensity of Mes-BNB-NMe4 and 

Me4N-BNB-NMe4 with the temperature turn on fluorescence renders these compounds as 

promising candidates for classical charge transfer TADF properties. However, more analytical data 

is required to state whether Mes-BNB-NMe4, Me4N-BNB-NMe4, CzAr-BNB-CzAr and 

Mes-BNB-CzAr really exhibit TADF properties. 
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3.4. Electrochemical Properties 

To determine the influence of varying substitution of the B, B´ atoms in the derivatives 

Mes-BNB-Mes – CzAr-BNB-CzAr on the electrochemical properties, cyclovoltammetry CV and 

differential pulse voltammetry DPV measurements were conducted. The reduction and oxidation 

potentials Ered and Eox were determined from the DPV (chapter 7.3) experiments and referenced 

against the Fc/ Fc+ redox couple (Table 8). The HOMO and LUMO energies ELUMO and EHOMO
  as 

well as the electrochemical bandgap were calculated according to equations 4 to 6.  

EHOMO = −(4.8 eV + Eox)               (4) 

ELUMO = −(4.8 eV + Ered)              (5) 

  Eg = ELUMO − EHOMO               (6) 

Introducing electron withdrawing MesF groups lowered ELUMO to -2.69 eV for the asymmetric 

derivative Mes-BNB-MesF and -2.76 eV for the symmetric derivative MesF-BNB-MesF but also 

the HOMO to −5.69 eV and −5.79 eV. Therefore, the electrochemical band gap changed only 

slightly to 3.00 eV and 3.03 eV for Mes-BNB-MesF and MesF-BNB-MesF, respectively. The 

simultaneous lowering of LUMO and HOMO levels through introduction of MesF groups has been 

described in the literature before for thienyl boranes 45 (Figure 13)[89] and is particularly interesting 

as low lying LUMO energies are key properties of electron acceptors as required in organic 

photovoltaics (OPVs). The LUMO energies of ELUMO = -2.69 eV for Mes-BNB-MesF and 

ELUMO = -2.76 eV MesF-BNB-MesF are still high compared to the ones of efficient electron 

acceptors found in OPVs (-3.11 – -4.30 eV).[7,95–97] The CzAr functionalised molecules also 

exhibited lowered LUMOs with ELUMO = -2.64 eV for Mes-BNB-CzAr and ELUMO = -2.71 eV for 
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CzAr-BNB-CzAr in accordance with the LUMO lowering effect of the CzAr group on 

organoboranes.[77] In contrast, introduction of the strong electron donating Me4N groups for the 

asymmetric derivative Mes-BNB-NMe4 and the symmetric derivative Me4N-BNB-NMe4 

increased the HOMO energies to -5.05 eV and -5.06 eV, respectively. The LUMO levels remained 

almost unchanged at -2.54 eV for Mes-BNB-NMe4 and -2.53 eV for Me4N-BNB-NMe4. This can 

be rationalized by the localisation of the HOMO on the Me4N side group(s) for both 

Mes-BNB-NMe4 and Me4N-BNB-NMe4 rather than on the helicene backbone as established by 

TDDFT calculations (chapter 7.1)  and emission measurements (chapter 3.3.1). 

Table 8: Reduction and Oxidation potential Ered and Eox as well as the LUMO and HOMO energies 

ELUMO and EHOMO for compounds Mes-BNB-Mes – CzAr-BNB-CzAr determined from DPV. 

compound Ered
 (V) Eox (V) ELUMO (eV) EHOMO (eV) Eg (eV) 

Mes-BNB-Mes −2.25 0.82 −2.55 −5.62 3.07 

Mes-BNB-MesF −2.11 0.89 −2.69 −5.69 3.00 

MesF-BNB-MesF −2.04 0.99 −2.76 −5.79 3.03 

Mes-BNB-NMe4 −2.26 0.25 −2.54 −5.05 2.51 

Me4N-BNB-NMe4 −2.27 0.26 −2.53 −5.06 2.53 

Mes-BNB-CzAr −2.16 0.81 −2.64 −5.61 2.97 

CzAr-BNB-CzAr −2.09 0.81 −2.71 −5.61 2.90 

All B, N, B-doped helicenes exhibited a chemically reversible reduction with the lowest halfwave 

potential of E1/2 = -2.05 eV for MesF-BNB-MesF and the highest halfway potential E1/2 = -2.23 eV 

for Me4N-BNB-NMe4 in accordance with a one electron reduction of one of the boron centers 

(Figure 21). The mesityl substituted helicene Mes-BNB-Mes (E1/2 = 0.82 eV) as well as the MesF 

substituted derivatives Mes-BNB-MesF (E1/2 = 0.89 eV) and MesF-BNB-MesF (E1/2 = 0.97 eV) 

showed chemically reversible oxidation, presumably originating from the one electron oxidation 

of the nitrogen atom in the B, N, B-doped backbone. The Me4N functionalised derivatives 
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Mes-BNB-NMe4 and Me4N-BNB-NMe4 featured chemically reversible oxidations at 

E1/2 = 0.26 eV and E1/2 = 0.28 eV, respectively. Contrary, the CzAr substituted derivatives 

Mes-BNB-CzAr and CzAr-BNB-CzAr exhibited irreversible oxidation peaks around E = 0.8 eV. 

The property of carbazole and derivatives to undergo electro oligomerization and polymerisation 

reactions could explains the observed irreversibility of these oxidations.[58,77,98] 

 

Figure 21: CV plots for Mes-BNB-Mes – CzAr-BNB-CzAr. Reduction/ oxidation parts measured 

in dry and N2 saturated THF/ CH2Cl2 except for Me4N-BNB-NMe4 and Mes-BNB-NMe4 where 

both reduction and oxidation were measured in dry and N2 saturated THF. Supporting electrolyte: 

nBu4NPF6 (c = 0.1 mM), scan rate 100 mV ‧ s-1, potential referenced vs. Fc/ Fc+.
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4. Conclusion  

We herein developed a facile synthetic method to access a variety of B, B´ functionalised 

B, N, B-doped helicenes in 3 steps from commercially available starting materials. The borinic acid 

26b as key intermediate reacted with BBr3 in a new type of intramolecular Friedel Crafts 

Borylation, forming the reactive intermediates Mes-BNB-X and X-BNB-X (Scheme 16) 

selectively depending on the BBr3 quantity (1 eq. vs. 5 eq) and reaction time (1 h vs 24 h). 

Interestingly, the mesityl groups on 26b served as H+ scavengers forming mesitylene. Subsequent 

reaction of the B-X species with organolithium compounds R-Li enabled us to prepare 7 different 

B, N, B-doped helicenes in 45 – 82% yield. The variation of the substitution pattern on the B, B´ 

positions with electron withdrawing or electron donating groups underlined the versatility of the 

developed synthetic method with excellent overall yields ranging between 22% and 53%.  

 

Scheme 16: Synthesis of the B, N, B-doped helicenes Mes-BNB-R and R-BNB-R via the reactive 

intermediates Mes-BNB-X and X-BNB-X. 
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Investigation of the photophysical behaviour of the highly twisted (~ 50 °)  B, N, B-doped 

helicenes revealed a huge impact of the electron donor capability of the side group on the 

properties. EWGs such as MesF and Mes as well as moderate donors such as the CzAr group 

resulted in sky blue fluorescent compounds resulting from a locally excited state transition in the 

B, N, B-doped backbone (Figure 22 a) and b). In contrast, the strong donor Me4N resulted in 

yellow charge transfer fluorophores (Figure 22 c). The low ΔEST (130 – 190 meV) as well as a rare 

temperature turn on fluorescence rendered Mes-BNB-CzAr, CzAr-BNB-CzAr, Mes-BNB-NMe4 

and Me4N-BNB-NMe4 promising candidates for TADF properties. 

 

Figure 22:  Side groups ordered after their electron donating ability, structure of the B, N, B-doped 

backbone and temperature dependent fluorescence spectra and transition configurations of a) 

Mes-BNB-Mes, b) Mes-BNB-CzAr and c) Me4N-BNB-NMe4.
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5. Experimental  

5.1. Methods, Instrumentation and Analytics 

Methods and chemicals: 

If not indicated otherwise, all chemicals were commercially available and used without further 

purification. Moisture and/ or oxygen sensitive compounds and reactions were handled in flame 

dried glassware or in gloveboxes UNIlab and UNIlabpro sp from MBRAUN under N2 atmosphere. 

Dry CH2Cl2 was distilled over CaH2, dry THF was distilled over Na/benzophenone. o-DCB, Et2O, 

DMF, CH3CN, Mes-H, toluene, C6D6 were dried over 4 Å molecular sieves and degassed under 

vacuum with 3 freeze thaw cycles. 

Thin layer chromatography: 

Tracking of reaction progress and/or column chromatography was performed on TLC plates 

Alugram® Xtra SIL G/UV254 from Macherey-Nagel as stationary phase with the indicated solvent 

as mobile phase. Substance spots were identified by illuminating the plates with UV light (254 nm 

and 366 nm) or by immersing the plate in one of the following staining solutions followed by 

heating to 300 °C: 

Cerium molybdate: Ce(NH4)4(NO3)6 (0.5 g) and (NH4)6Mo7O24 ∙ 4 H2O (12 g) were dissolved in 

deion. H2O (200 mL) and acidified with conc. H2SO4 (28 mL). 

KMnO4: KMnO4 (0.375 g), K2CO3 (2.5 g) and NaOH (0.1 g) were dissolved in deion. H2O 

(50 mL). 
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Column chromatography: 

Column chromatography was performed on Silica SiliFlash® P60 from Silicycle  as stationary 

phase using the indicated solvent mixture as mobile phase. The columns were wet packed with a 

slurry of silica and the indicated mobile phase. The crude products were applied on the column as 

a solution in the mobile phase if not indicated otherwise. Diameters (d) and lengths (l) of the silica 

was indicated in each procedure. 

Nuclear magnetic resonance spectroscopy: 

1H-NMR spectra were recorded at frequencies of 300/ 400/ 500/ 600/ 700 MHz, 11B-NMR spectra 

were recorded at frequencies of -/ 128/ 160/ 192/ 224 MHz, broadband decoupled 13C-NMR 

spectra were recorded at frequencies of 75/ 100/ 125/ 150/ 176 MHz, 19F-NMR spectra were 

recorded at frequencies of -/ 282/ 376/ -/ - MHz on Bruker AVANCE 300/ AVANCE 400/ 

NEO 500/ AVANCE 600/ NEO 700 spectrometers, respectively. Chemical shifts were given in 

parts per million (ppm) and referenced to the peak of the deuterated solvents if not indicated 

otherwise. Multiplicities were given in Hz and abbreviated as following: singulet (s), doublet (d), 

triplet (t), quartet (q), multiplet (m). COSY, HSQC, HMBC and NOESY spectra were utilized to 

assign the signals to the corresponding atoms. 

Mass spectrometry: 

High resolution mass spectra (HRMS) were measured on a Micromass GCT TOF-EI or a 

Micromass ZQ Single Quad ESI spectrometer. 

X-Ray Crystallography: 

Single crystals were mounted on a glass fiber and diffraction data were collected on a Bruker 

Apex D8-Venture diffractometer using MoKα radiation at 180 K. The data were processed with the 



 

61 

 

Bruker SHELLXTL software package (Version 6.10).[99] All non-hydrogen atoms were refined 

anisotropically. The crystallographic datasets for 26b, Mes-BNB-Mes, Mes-BNB-MesF, 

MesF-BNB-MesF and Me4N-BNB-NMe4 have been deposited at the Cambridge Crystallographic 

Database Center (CCDC) under the following numbers: 1946485, 1946486, 1946487, 1946488, 

1946489. 

Photophysical properties: 

The measurements of the photophysical properties were performed in Toluene/ CH2Cl2/ CHCl3/ 

CH3CN solutions. CH2Cl2 was distilled over CaH2 prior to use whereas Toluene, CHCl3 and 

CH3CN were used as received. UV-VIS absorption spectroscopy was performed on a Varian Cary 

50 Bio spectrometer. Extinction coefficients were determined in CH2Cl2 from a concentration row 

with 5 different concentrations. Fluorescence spectroscopy was carried out on Photon Technologies 

International QuantaMaster Model 2 spectrometer (c = 2 ∙ 10-5 mol/L). Absolute Quantum Yield 

measurements were carried out on a Quantaurus-QY C1347 spectrometer from Hamamatsu.   

Computational Studies: 

DFT or TD-DFT studies were performed using the Gaussian09[100] suite of programs. Geometries 

were optimized on B3LYP[101]/ 6-31G(d)[102,103] level of theory and the resulting geometries were 

identified as stationary point through vibrational frequency analysis. Vertical excitations were 

obtained on the B3LYP/ 6-31G(d) level of theory. 

Electrochemical analysis: 

The electrochemical data was collected on an AUTOLAB-CV-75W analyzer (scan rate = 

100 mV/s) in a standard three electrode cell with a glassy carbon working electrode, a Pt auxiliary 

electrode and a Pt wire reference electrode. The measurements were conducted in 2 mM solutions 



 

62 

 

of the sample in anhydrous and N2 saturated THF or CH2Cl2 with nBu4NPF6 (c = 0.1 mM) as 

supporting electrolyte. Oxidation and reduction potentials are based on DPV measurements and 

are reported against the Fc/Fc+ redox couple  as internal standard.  

5.2. Synthesis 

Dimethyl mesitylboronate (25): 

 

Figure 23: Chemical structure, formula and molecular weight of 25. 

Freshly ground Mg turnings (1.75 g, 71.83 mmol, 1.1 eq.), I2 (0.16 g, 0.65 mmol, 0.01 eq.) and 

1-bromomesitylen 27 were suspended in THF (50 mL), refluxed for 2 h and the resulting grey 

solution was cooled to room temperature. The Grignard solution was added dropwise to a solution 

of B(OMe)3 (7.80 g, 75.09 mmol, 1.15 eq.) in abs. THF (70 mL) at -78 °C. The resulting 

suspension was slowly warmed to ambient temperature, stirred for 12 h and the solvent was 

removed under reduced pressure. The solid residue was extracted with hexanes (150 mL) and the 

insoluble parts were filtered over Celite. Removing the volatiles under pressure yielded an opaque 

oil which was distilled in vacuo (1 ∙ 10-3 mbar, 120 °C) to obtain 25 as a colourless oil (7.0 g, 

36.5 mmol. 56 %). 

1H-NMR (400 MHz, C6D6): δ = 2.17 (s, 3H, p-CH3), 2.25 (s, 6H, m-CH3), 3.46 (s, 6H, OCH3), 6.75 

(s, 2H, 1-H) ppm. 
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13C-NMR (101 MHz, C6D6) δ = 21.3 (p-CH3), 21.9 (m-CH3), 51.8 (OCH3), 127.4 (C-3), 137.8 

(C-4), 139.2 (C-2) ppm. 

11B-NMR (C6D6): δ = 31.5 (s) ppm. 

MS (EI): m/z = 192.1 [M+]. 

The spectral data were in accordance with the literature.[67] 

Tris(2-bromo-4-methylphenyl)amine (24): 

 

Figure 24: Chemical structure, formula and molecular weight of 24. 

Tritolylamine 23 (10.0 g, 34.79 mmol, 1.0 eq.) was dissolved in CHCl3 (100 mL) and Br2 (16.68 g, 

104.38 mmol, 3.0 eq.) in CHCl3 (20 mL) was added dropwise at ambient temperature resulting in 

a deep blue colour. The reaction mixture was stirred at ambient temperature for 24 h and the 

reaction was stopped by adding saturated, aqueous Na2SO3 solution (30 mL). The aqueous layer 

was extracted with CHCl3 (3 × 30 mL). The combined organic layers were washed with saturated, 

aqueous NaHCO3 solution (2 × 40 mL), brine (1 × 40 mL) and dried over MgSO4. Removing the 

solvent under reduced pressure yielded 24 as colourless solid (18.1 g, 34.54 mmol, 99 %). 

1H-NMR (300 MHz, CDCl3): δ = 2.31 (s, 9H, CH3), 6.70 (d, J = 8.1 Hz, 3H, 6-H), 6.99 (dd, 

J = 8.3 Hz, 2.1 Hz, 3H, 5-H), 7.41 (d, J = 2.1 Hz, 3H, 3-H) ppm. 
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13C-NMR (75 MHz, CDCl3) δ = 20.7 (CH3), 121.2 (C-2), 126.8 (C-6), 128.7 (C-5), 135.0 (C-3), 

135.5 (C-4), 143.6 (C-1) ppm. 

MS (EI): m/z = 524.1 [M+]. 

The spectral data were in accordance with the literature.[65,104] 

5-(2-(hydroxy(mesityl)boraneyl)-4-methylphenyl)-10-mesityl-2,8-dimethyl-5,10-

dihydrodibenzo[b,e][1,4]azaborinine (26b): 

 

Figure 25: Chemical structure, formula and molecular weight of 26b. 

The tribromo amine 24 (3.0 g, 5.72 mmol, 1 eq.) and the boronate 25 (2.20 g, 11.45 mmol, 2.0 eq.) 

were dissolved in THF (140 mL) and cooled to -78 °C. tBuLi (1.1 g, 12.17 mmol, 6.0 eq., 2.5 M in 

pentane) was added slowly over 1 h. The resulting, brown solution was stirred at -78 °C for 10 min, 

warmed up to -21 °C, stirred at that temperature for 3 h and finally stirred at ambient temperature 

for 12 h. Saturated, aqueous NH4Cl solution (20 mL) was added to quench the reaction. The phases 

were separated, and the aqueous layer was extracted with Et2O (3 × 20 mL). The combined organic 

layers were dried over MgSO4 and concentrated under reduced pressure. The brown, oily crude 

product was purified via column chromatography on silica (d = 3 cm, l = 45 cm, 

Hexanes : EtOAc = 40 : 1), yielding 26b as pale yellow solid (2.10 g, 3.74 mmol, 65 %). Single 

crystals of 26b suitable for X-ray analysis were grown by slow evaporation of a solution of 26b in 

acetone.  
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1H-NMR (700 MHz, CDCl3): δ = 2.02 (s, 3H. 14-H), 2.04 (s, 6H, 28-H), 2.09 (s, 3H, 15-H), 2.26 

(s, 3H, 29-H), 2.35 (s, 6H, 7-H), 2.46 (s, 3H, 16-H), 2.47 (s, 3H, 23-H), 5.70 (s, 1H, B-OH), 6.73 

(s, 2H, 26-H), 6.82 (d, J = 8.8 Hz, 2H, 2-H), 7.00 (s, 1H, 12-H), 7.02 (s, 1H, 10-H), 7.22 (d, 

J = 7.7 Hz, 1H, 19-H), 7.33 (dd, J = 8.8 Hz, 2.3 Hz, 2H, 3-H), 7.59 (dd, J = 7.8 Hz, 2.2 Hz, 1H, 

18-H), 7.61 (d, J = 2.2 Hz, 1H, 21-H), 7.64 (d, J = 2.3 Hz, 2H, 5-H) ppm. 

13C-NMR (176 MHz, CDCl3) δ = 20.8 (C-7), 21.3 (C-29), 21.5 (C-16), 21.5 (C-23), 22.3 (C-28), 

23.4 (C-14), 23.5 (C-15), 117.1 (C-2), 126.4 (C-6), 126.8 (C-10), 126.9 (C-12), 127.3 (C-26), 129.0 

(C-4), 131.0 (C-19), 134.5 (C-3), 135.1 (C-18), 135.9 (C-22), 136.3 (C-11), 136.3 (C-5), 136.7 

(C-24), 137.8 (C-27), 138.8 (C-20), 139.0 (C-25), 139.4 (C-13), 139.6 (C-9), 140.5 (C-8), 141.6 

(C-21), 144.0 (C-17), 144.9 (C-1) ppm. 

11B-NMR (225 MHz, CDCl3, 323 K) δ = 49.5 ppm. 

HRMS (EI): Calculated for C39H41B2NO+: 561.3387 found: 561.3389. 

Please note: The maximum scale of this reaction was 6 mmol which translates to 20 mL of tBuLi. 

Despite vigorous stirring of the reaction at -78 °C the reaction behaved violent on the dropwise 

addition of tBuLi and occasionally developed smoke. We therefore recommend this reaction for 

skilled synthetic chemists only and advise to start in a smaller scale and to perform the reaction at 

lower temperatures. 
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5,9-dimesityl-3,7,11-trimethyl-5,9-dihydro-13b-aza-5,9-diboranaphtho[3,2,1-de]anthracene 

(Mes-BNB-Mes): 

 

Figure 26: Chemical structure, formula and molecular weight of Mes-BNB-Mes. 

The borinic acid 26b (208 mg, 371 µmol, 1 eq.) was dissolved in Toluene (5 mL) in a sealed tube. 

BBr3 (93 mg, 371 µmol, 1.0 eq.) was added, changing the colour of the solution from yellow to 

brown. The reaction mixture was heated to 200 °C for 45 min, cooled to ambient temperature and 

the volatiles were removed under reduced pressure. 1-bromomesitylene (89 mg, 445 µmol, 1.2 eq) 

was dissolved in THF (10 mL), cooled to -78 °C and tBuLi (60 mg, 889 µmol, 2.4 eq) was slowly 

added. The yellow solution was stirred at -78 °C for 1 h. The freshly prepared Mes-Li solution was 

quickly added to the reaction mixture and the resulting, yellow suspension was stirred at ambient 

temperature for 12 h. The solvent was removed under reduced pressure and the yellow crude 

product was purified via column chromatography on silica (d = 1 cm, l = 20 cm, 

hexanes : EtOAc = 50 : 1), yielding Mes-BNB-Mes as a yellow solid (166 mg, 306 µmol, 82 %). 

Single crystals of Mes-BNB-Mes suitable for X-ray analysis were grown by slow evaporation of a 

solution of Mes-BNB-Mes in CH2Cl2/ MeOH.  

1H-NMR (500 MHz, CDCl3): δ = 2.02 (s, 6H, 20-H), 2.12 (s, 6H, 19-H), 2.35 (s, 3H, 12-H), 2.40 

(s, 6H, 7-H), 2.45 (s, 6H, 21-H), 6.97 (s, 2H, 15-H), 7.05 (s, 2H, 17-H), 7.37 (dd, J = 8.7 Hz, 2.3 Hz, 

2H, 3-H), 7.64 (d, J = 2.3 Hz, 2H, 5-H), 7.94 (s, 2H, 10-H), 8.16 (d, J = 8.7 Hz, 2H, 2-H) ppm. 
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13C-NMR (126 MHz, CDCl3) δ = 20.7 (C-12), 20.9 (C-7), 21.5 (C-21), 23.3 (C-20), 23.5 (C-19), 

123.0 (C-2), 127.1 (C-15 and C-17), 127.3 (C-9), 130.2  (C-11), 131.7 (C-6), 132.4 (C-4), 132.6 

(C-3), 135.6 (C-5), 136.8 (C-16), 139.1 (C-14 or C-18), 139.2 (C-14 or C-18), 139.7 (C-13), 144.2 

(C-10), 144.6 (C-1), 144.9 (C-8) ppm. 

11B-NMR (225 MHz, CDCl3, 323 K) δ = 56.4 ppm. 

HRMS (EI): Calculated for C39H39B2N
+: 543.3282 found: 543.3289. 

5-bromo-9-mesityl-3,7,11-trimethyl-5,9-dihydro-13b-aza-5,9-diboranaphtho[3,2,1-

de]anthracene (Mes-BNB-X): 

 

Figure 27: Chemical structure, formula and molecular weight of Mes-BNB-X. 

The borinic acid 26b (60 mg, 107 µmol, 1.0 eq.) was dissolved in C6D6 (1.5 mL) and BBr3 (27mg, 

107 µmol, 1.0 eq) was added. A part of the solution was transferred to a J-Young NMR tube and 

heated to 120 °C for 1 h. The product was identified via NMR spectroscopy and not isolated in 

pure form. 

1H-NMR (700 MHz, C6D6): δ = 2.06 (s, 3H, 14-H), 2.08 (s, 3H, 21-H), 2.13 (s, 3H, 28-H), 2.16 (s, 

14H, Mes-H), 2.19 (s, 3H, 7-H), 2.23 (s, 3H, 29-H), 2.36 (s, 3H, 30-H), 6.72 (s, 4H, Mes-H), 6.95–

6.99 (m, 2H, 3-H and 26-H), 7.00 (dd, J = 8.6 Hz, 2.5 Hz, 1H, 12-H), 7.08 (s, 1H, 24-H), 7.86 (d, 



 

68 

 

J = 8.6 Hz, 1H, 13-H), 7.88 (d, J = 8.6 Hz, 1H, 2-H), 7.94 (d, J = 1.5 Hz, 1H, ), 8.27 (d, J = 2.5 Hz, 

1H, 19-H), 8.55 (t, J = 1.7 Hz, 1H, 5-H), 8.83 (d, J = 2.5 Hz, 1H 17-H) ppm. 

13C-NMR (176 MHz, C6D6) δ = 20.3 (C-21), 20.6 (C-14), 20.7 (C-7), 21.3 (Mes-H), 21.5 (C-30), 

23.4 (C-28), 23.5 (C-29), 123.3 (C-2), 123.4 (C-13), 126.5 (C-16), 127.4 (Mes-H), 127.8 (C-24), 

128.0 (C-26), 128.4, 130.7 (C-6), 131.3 (C-18), 131.6, 132.2 (C-9), 133.1 (C-12), 133.2 (C-4), 

133.5 (C-3), 133.5 (X-BNB-X), 133.6, 134.8, 135.4 (C-5), 136.1 (C-10), 137.3 (C-25), 137.6 

(Mes-H), 139.0 (C-23), 139.0 (C-27), 139.5 (C-22), 143.9 (C-17), 144.6 (X-BNB-X), 144.9 

(X-BNB-X), 145.0 (C-8), 145.2 (C-1), 145.4 (C-15), 145.5 (C-19) ppm. 

5,9-dibromo-3,7,11-trimethyl-5,9-dihydro-13b-aza-5,9-diboranaphtho[3,2,1-de]anthracene 

(X-BNB-X): 

 

Figure 28: Chemical structure, formula and molecular weight of X-BNB-X. 

The borinic acid 26b (25 mg, 45 µmol, 1.0 eq.) was dissolved in C6D6 (0.5 mL) in a glovebox and 

the solution was transferred to a J-young NMR tube. BBr3 (56 mg, 227 µmol, 5.0 eq) was added 

and the NMR tube was heated to 120 °C for 24 h. The product was identified via NMR 

spectroscopy and not isolated in pure form. 

1H-NMR (700 MHz, C6D6): δ = 2.15 (s, 43H, Mes-H), 2.17 (s, 9H, 7-H), 2.21 (s, 4H, 12-H), 6.71 

(s, 5H, Mes-H), 6.93 (d, J = 8.4 Hz, 2H, 3-H), 7.61 (dd, J = 8.6 Hz, 2.8 Hz, 2H, 2-H), 8.43 (s, 2H, 

5-H), 8.72 (d, J = 2.9 Hz, 2H, 10-H) ppm. 
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13C-NMR (176 MHz, C6D6) δ = 20.4 (C-12), 20.7 (C-7), 21.4 (Mes-H), 123.2, 126.2 (C-9), 127.4 

(Mes-H), 128.4, 130.5 (C-6), 131.5 (C-11), 133.5, 133.5 (C-3), 135.4 (C-5), 137.6 (Mes-H), 144.6 

(C-10), 144.8 (C-1), 144.9 (C-8) ppm. 

Tris(4-iodophenyl)amine (31): 

 

Figure 29: Chemical structure, formula and molecular weight of 31. 

Triphenylamine 30 (2.1 g, 8.56 mmol, 1.0 eq.) and KI (2.84 g, 17.12 mmol, 2.0 eq) were 

suspended in AcOH (100 mL) and refluxed for 1 h under a nitrogen atmosphere. KIO3 (3.66 g, 

17.12 mmol, 2.0 eq) was added to the hot yellow solution in small portions over 1 h. After addition, 

the purple suspension was refluxed for 1 h, quenched with deion. H2O (50 mL) and cooled to 0 °C. 

The solid residue was filtered of and dissolved in CHCl3. The organic layer was washed with an 

aqueous Na2SO3 solution (3 × 30 mL), deion. H2O (1 × 30 mL), Brine (1 × 30 mL) and dried over 

MgSO4. Removing the volatiles under reduced pressure yielded 31 as a grey solid (5.08 g, 

8.15 mmol, 95 %. 

1H-NMR (300 MHz, CDCl3): δ = 6.81 (d, J = 8.8 Hz, 6H, 2-H), 7.53 (d, J = 8.8 Hz, 6H, 3-H) ppm. 

13C-NMR (75 MHz, CDCl3) δ = 86.7 (C-4), 126.2 (C-3), 138.6 (C-2), 146.7 (C-1) ppm. 

MS (EI): m/z = 622.9 [M+]. 
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The spectral data were in accordance with the literature.[105] 

Tris(4-(4,5-dimethylthiazol-2-yl)phenyl)amine (32): 

 

Figure 30: Chemical structure, formula and molecular weight of 32. 

To prepare the organozinc reagent, 4,5 dimethylthiazole (572 mg, 5.40 mmol, 3.5 eq.) was 

dissolved in THF (15 mL), cooled to -78 °C and nBuLi (342 mg, 5.34 mmol, 3.7 eq., 2.5 M in 

hexanes) was added dropwise. The yellow solution was stirred at -78 °C for 1 h before a pre cooled 

solution of ZnCl2 ‧ TMEDA (1.28 g, 5.06 mmol, 3.5 eq.) in THF (35 mL) was added. The resulting 

solution was warmed up and stirred for 30 min at ambient temperature. A separate flask was 

charged with 31 (900 mg, 1.44 mmol, 1.0 eq.), Pd(PPh3)4 (166 mg, 144 µmol, 0.1 eq.) and THF 

(10 mL). The organozinc reagent was added to the second flask and the resulting solution was 

stirred at ambient temperature for 4 h followed by refluxing for 17 h. Aqueous NH4Cl solution 

(30 mL) was added and the aqueous phase was extracted with CH2Cl2 (3 × 15 mL). The combined 

organic layers were washed with Brine (1 × 30 mL) and dried over MgSO4. Removing the solvent 

in vacuo yielded a yellow crude product that was purified via column chromatography on silica 

(d = 2 cm, l = 25 cm, gradient: hexanes : EtOAc = 5 : 1 to hexanes : EtOAc =2 : 1) yielding 32 as 

a yellow solid (796 mg, 1.48 mmol, 95 %) 
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1H-NMR (700 MHz, CDCl3): δ = 2.37 (s, 9H, 9-H), 2.38 (s, 9H, 8-H), 7.13 (d, J = 8.5 Hz, 6H, 

3-H), 7.76 (d, J = 8.6 Hz, 6H, 2-H) ppm. 

13C-NMR (176 MHz, CDCl3) δ = 11.6 (C-8), 15.0 (C-9), 124.4 (C-3), 126.1 (C-6), 127.4 (C-2), 

129.3 (C-5), 147.9 (C-4), 149.3 (C-7), 163.0 (C-1) ppm. 

HRMS (ESI): Calculated for C33H31N4S3
+: 579.1705 found: 579.1691. 

4-bromo-N,N,3,5-tetramethylaniline (39): 

 

Figure 31: Chemical structure, formula and molecular weight of 39. 

N,N,3,5-tetramethylaniline 38 (5 g, 33.5 mmol, 1.0 eq.) was dissolved in CH3CN (80 mL). 

N-Bromosuccinimide (5.96 g, 33.5 mmol, 1.0 eq., dissolved in 40 mL CH3CN) was slowly added 

to the reaction mixture at 0 °C. The reaction mixture was warmed up to ambient temperature, stirred 

for 24 h and was then concentrated under reduced pressure. The solid residue was dissolved in 

Et2O (50 mL) and deion. H2O (30 mL) was added. After separation of the phases, the aqueous layer 

was extracted with Et2O (3 × 20 mL). The combined organic layers were dried over MgSO4 and 

the solvent was removed under reduced pressure yielding 39 as slightly brown solid (7.42 g, 

32.5 mmol, 97 %). 

1H-NMR (400 MHz, CDCl3): δ = 2.39 (s, 6H, CH3), 2.92 (s, 6H, N-CH3), 6.49 (s, 2H, 2-H) ppm. 

13C-NMR (75 MHz, CDCl3) δ = 24.4 (CH3), 40.8 (N-CH3), 112.9 (C-2), 114.6 (C-4), 138.4 (C-3), 

149.4 (C-1) ppm. 
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MS (EI): m/z = 228.1 [M+]. 

The spectral data were in accordance with the literature.[80,106] 

9-(4-bromo-3,5-dimethylphenyl)-9H-carbazole (41): 

 

Figure 32: Chemical structure, formula and molecular weight of 41.  

1,4-dibromo-2,6-dimethylbenzene 40 (4.23 g, 16.03 mmol, 1 eq.), Carbazole (3.56 g, 21.31 mmol, 

1.3 eq.), K3PO4 (10.20 g, 48.08 mmol, 3 eq.), trans-1,2-cyclohexanediamine (183 mg, 1.6 mmol, 

0.1 eq.) and CuI (153 mg, 801 µmol, 0.05 eq.) were suspended in 1,4-dioxane (100 mL) and 

refluxed for 24 h. The solvent was removed in vacuo yielding the crude product that was suspended 

in Et2O (100 mL) and deion. H2O (100 mL). The organic layer was washed with deion. H2O 

(3 × 20 mL). The combined aqueous layers were extracted with Et2O (3 × 20 mL) and the organic 

layer was washed with Brine (1 × 30 mL). The organic phase was dried over MgSO4 and the 

solvent was removed under reduced pressure. Column chromatography on silica (d = 2 cm, 

l = 40 cm, eluent: hexanes : CH2Cl2 = 10 : 1) a yielded 41 as a colourless solid (850 mg, 

2.43 mmol, 15 %). 

1H-NMR (500 MHz, Acetone-d6): δ = 2.54 (s, 6H, CH3), 7.29 (d, J = 7.8 Hz, 2H, 9-H), 7.38–7.47 

(m, 6H, 3-H, 8-H, 10-H), 8.16–8.25 (m, 2H, 7-H) ppm. 
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13C-NMR (126 MHz, Acetone-d6) δ = 24.1 (CH3), 110.8 (C-10), 121.1 (C-9), 121.3 (C-7), 124.4 

(C-6), 126.7 (C-1), 127.1 (C-8), 127.7 (C-3), 137.4 (C-2), 141.2 (C-4), 141.7 (C-5) ppm. 

MS (EI): m/z = 350.0 [M+]. 

The spectral data were in accordance with the literature.[77] 

9-mesityl-3,7,11-trimethyl-5-(2,4,6-tris(trifluoromethyl)phenyl)-5,9-dihydro-13b-aza-5,9-

diboranaphtho[3,2,1-de]anthracene (Mes-BNB-MesF): 

 

Figure 33: Chemical structure, formula and molecular weight of Mes-BNB-MesF. 

The borinic acid 26b (100 mg, 178 µmol, 1.0 eq.) and BBr3 (44.6 mg, 178 µmol, 1.0 eq.) were 

dissolved in abs. toluene (5 mL) in a sealed tube. The brown solution was stirred at 120 °C for 1 h. 

After cooling to ambient temperature, the volatiles were removed under reduced pressure. 

1,3,5 tris(trifluormethyl)benzene (50.3 mg, 178 µmol, 1.0 eq.) was dissolved in abs. Et2O (10 mL) 

in a second flask and cooled to 0 °C. nBuLi (11.4 mg, 178 µmol, 1.0 eq., 2.5 M in hexanes) was 

added dropwise and the reaction was stirred at ambient temperature for 1.5 h. The lithiated solution 

was then added to the reaction mixture at -21 °C and the resulting yellow solution was stirred at 

ambient temperature for 12 h. Volatiles were removed under reduced pressure and the yellow crude 

solid was purified via column chromatography on silica (d = 1 cm, l = 20 cm, eluent: 

hexanes : EtOAc = 100 : 1) yielding Mes-BNB-MesF as a yellow solid (87 mg, 123 µmol, 69 %). 
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Single crystals of Mes-BNB-MesF suitable for X-ray analysis were grown by slow evaporation of 

a solution of Mes-BNB-MesF in CH2Cl2/ MeOH.  

1H-NMR (700 MHz, CDCl3): δ = 2.04 (s, 3H, 29-H), 2.13 (s, 2H, 28-H), 2.35 (s, 3H, 21-H), 2.40 

(s, 3H, 7-H), 2.41 (s, 3H, 14-H), 2.46 (s, 3H, 30-H), 6.98 (s, 1H, 24-H), 7.06 (s, 1H, 26-H), 7.33 

(d, J = 2.3 Hz, 1H, 5-H), 7.39 (m, 2H, 3-H and 12-H), 7.63 (d, J = 2.5 Hz, 1H, 17-H), 7.66 (d, 

J = 2.5 Hz, 1H, 10-H), 7.98 (d, J = 2.4 Hz, 1H, 19-H), 8.12 (d, J = 8.5 Hz, 1H, 13-H), 8.18 (d, 

J = 8.6 Hz, 1H, 2-H), 8.25 (s, 1H, 35-H), 8.33 (s, 1H, 33-H) ppm. 

13C-NMR (176 MHz, CDCl3) δ = 20.7 (C-21), 20.8 (C-7 or C-14), 20.9 (C-7 or C-14), 21.5 (C-30), 

23.4 (C-28), 23.5 (C-29), 122.9 (C-2), 123.1 (C-13), 123.2 (q, J = 272.5 Hz, C-32 or C-34 or C-36), 

123.7 (d, J = 275.4 Hz, C-32 or C-34 or C-36), 123.8 (d, J = 275.3 Hz, C-32 or C-34 or C-36), 

126.1 (C-33 and C-35), 127.1 (C-24 and C-26), 130.1 (C-6), 130.1 (C-18), 131.5 (q, J = 34.9 Hz, 

C-37 or C-38 or C-39), 131.8 (C-9), 132.4 (C-11), 132.8 (C-3 or C-12), 132.9 (C-4), 132.9  (C-3 

or C-12), 135.00 (q, J = 31.8 Hz, C-37 or C-38 or C-39), 135.01 (C-5), 135.3 (q, J = 31.8 Hz, C-37 

or C-38 or C-39), 135.7 (C-10), 136.9 (C-25), 139.2 (C-23 or C-27), 139.2 (C-23 or C-27), 139.3 

(C-22), 143.3 (C-17), 144.3 (C-1), 144.5 (C-15), 144.7 (C-8), 144.8 (C-19), 145.1 (C-31) ppm. 

11B-NMR (225 MHz, CDCl3, 323 K) δ = 54.3 ppm. 

19F-NMR (471 MHz, CDCl3) δ = -62.9, -57.4, -56.6 ppm. 

HRMS (EI): Calculated for C39H30B2F9N
+: 705.2434 found: 705.2410. 
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4-(9-mesityl-3,7,11-trimethyl-13b-aza-5,9-diboranaphtho[3,2,1-de]anthracen-5(9H)-yl)-

N,N,3,5-tetramethylaniline (Mes-BNB-NMe4) 

 

Figure 34: Chemical structure, formula and molecular weight of Mes-BNB-NMe4. 

The borinic acid 26b (110 mg, 196 µmol, 1.0 eq.) and BBr3 (49 mg, 196 µmol, 1.0 eq.) were 

dissolved in toluene (5 mL) in a sealed tube. The brown solution was stirred at 120 °C for 1 h. After 

cooling to ambient temperature, the volatiles were removed under reduced pressure. The amine 39 

(54 mg, 235 µmol, 1.2 eq.) was dissolved in Et2O (10 mL) in a second flask and cooled to -78 °C. 

tBuLi (30 mg, 470 µmol, 2.4 eq., 1.7 M in pentane) was added dropwise and the reaction was 

stirred at -78 °C for 1.5 h. The lithiated solution was then added to the reaction mixture at -21 °C 

and the resulting yellow solution was stirred at ambient temperature for 12 h. The reaction was 

quenched by adding deion. H2O (10 mL). The aqueous layer was extracted with CH2Cl2 

(3 × 10 mL). The combined extracts were dried over MgSO4 and the solvent was removed under 

reduced pressure. The crude product was recrystallized from EtOH yielding Mes-BNB-NMe4 as 

yellow solid (50 mg, 87 µmol, 45 %).  

1H-NMR (500 MHz, CDCl3): δ = 2.01 (s, 3H, 29-H), 2.03 (s, 3H, 38-H), 2.11 (s, 3H, 28-H), 2.13 

(s, 3H, 37-H), 2.35 (s, 3H, 21-H), 2.37–2.41 (m, 6H, 7-H and 10-H), 2.44 (s, 3H, 30-H), 3.06 (s, 

6H, 39-H), 6.58 (d, J = 2.4 Hz, 1H, 33-H), 6.65 (d, J = 2.4 Hz, 1H, 35-H), 6.96 (s, 1H, 26-H), 7.04 

(s, 1H, 24-H), 7.31–7.39 (m, 2H, 3-H or 12-H), 7.62 (d, J = 2.4 Hz, 1H, 5-H or 10-H), 7.69 (d, 
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J = 2.4 Hz, 1H, 5-H or 10-H), 7.92 (d, J = 2.6 Hz, 1H, 17-H), 8.00 (d, J = 2.5 Hz, 1H, 19-H), 8.10–

8.18 (m, 2H, 2-H and 13-H) ppm. 

13C-NMR (126 MHz, CDCl3) δ = 20.8 (C-21), 20.9 (C-7 or C-14), 20.9 (C-7 or C-14), 21.5 (C-30), 

23.3 (C-29), 23.5 (C-28), 24.0 (C-38), 24.2 (C-37), 40.8 (C-39), 111.0 (C-33 and C-35), 122.9 (C-2 

or C-13), 122.9 (C-2 or C-13), 127.1 (C-24 and C-26), 130.1 (C-4 or C-11), 132.3 (C-4 or C-11), 

132.3 (C-3 or C-12), 132.4 (C-3 or C-12), 132.5 (C-18), 135.6 (C-5 or C-10), 135.9 (C-5 or C-10), 

136.8 (C-26), 139.2 (C-27), 139.2 (C-23), 140.2 (C-32), 140.2 (C-36), 143.9 (C-17), 144.5 (C-19), 

144.6 (C-1 or C-8), 144.7 (C-1 or C-8), 144.9 (C-15), 150.4 (C-34) ppm. 

11B-NMR (225 MHz, CDCl3) δ = 56.4 ppm. 

HRMS (EI): Calculated for C40H42B2N2
+: 572.3547 found: 572.3540. 

5-(4-(9H-carbazol-9-yl)-2,6-dimethylphenyl)-9-mesityl-3,7,11-trimethyl-5,9-dihydro-13b-

aza-5,9-diboranaphtho[3,2,1-de]anthracene (Mes-BNB-CzAr): 

 

Figure 35: Chemical structure, formula and molecular weight of Mes-BNB-CzAr. 

The borinic acid 26b (218 mg, 388 µmol, 1.0 eq.) and BBr3 (97 mg, 388 µmol, 1.0 eq.) were 

dissolved in toluene (5 mL) in a sealed tube. The brown solution was stirred at 120 °C for 1 h. After 

cooling to ambient temperature, the volatiles were removed under reduced pressure. The arylhalide 

041 (163 mg, 466 µmol, 1.2 eq.) was dissolved in abs. Et2O (20 mL) in a second flask and cooled 

to -30 °C. tBuLi (60 mg, 932 µmol, 2.4 eq., 1.7 M in pentane) was added dropwise and the reaction 
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was stirred at -30 °C for 20 min. The lithiated solution was then warmed up and stirred for 20 min 

at ambient temperature before it was cooled back to -30 °C. The lithiated species was added to the 

reaction mixture at -21 °C and the resulting yellow solution was stirred at ambient temperature for 

12 h. Volatiles were removed under reduced pressure and the crude product was purified by column 

chromatography on silica (d = 1.5 cm, l = 40 cm, eluent: hexanes : EtOAc = 50 : 1) yielding 

Mes-BNB-CzAr as yellow solid (124 mg, 179 µmol, 46 %).  

1H-NMR (700 MHz, CDCl3): δ = 2.05 (s, 3H, 29-H), 2.15 (s, 3H, 28-H), 2.16 (s, 3H, 37-H), 2.24 

(s, 3H, 38-H), 2.42 (s, 3H, 14-H), 2.44 (s, 3H, 21-H), 2.47 (s, 3H, 30-H), 2.49 (s, 3H, 7-H), 6.99 

(s, 1H, 24-H), 7.06 (s, 1H, 26-H), 7.31–7.35 (m, 3H, 35-H, 42-H), 7.39–7.42 (m, 2H, 12-H. 33-H), 

7.44 (dd, J = 8.7 Hz, 2.3 Hz, 1H, 3-H), 7.51 (t, J = 7.6 Hz, 2H, 43-H), 7.67 (d, J = 2.3 Hz, 1H, 

10-H), 7.69 (d, J = 8.2 Hz, 2H, 44-H), 7.73 (d, J = 2.3 Hz, 1H, 5-H), 8.01 (d, J = 2.4 Hz, 1H, 19-H), 

8.03 (d, J = 2.5 Hz, 1H, 17-H), 8.17–8.24 (m, 4H, 2-H. 13-H, 41-H) ppm. 

13C-NMR (176 MHz, CDCl3) δ = 20.9 (C-14 or C-21, 20.9 (C-14 or C-21), 21.0 (C-7), 21.5 (C-30), 

23.4 (C-29), 23.5 (C-28 and C-37), 23.7 (C-38), 110.4 (C-44), 119.8 (C-42), 120.4 (C-41), 123.0 

(C-13), 123.1 (C-2), 123.5 (C-40), 124.5 (C-33), 124.6 (C-35), 125.9 (C-43), 127.0 (C-20), 127.1 

(C-24 and C-26), 127.4 (C-16), 130.3 (C-18), 131.3 (C-6), 131.8 (C-9), 132.6 (C-11), 132.7 (C-4), 

132.7 (C-13), 132.9 (C-3), 135.5 (C-5), 135.7 (C-10), 136.9 (C-25), 136.9 (C-34), 139.1 (C-23 or 

C-27), 139.2 (C-23 or C7), 139.5 (C-22), 140.8 (C-36), 140.9 (C-32), 141.3 (C-39), 142.6 (C-31), 

144.0 (C-17), 144.6 (C-19), 144.6 (C-8), 144.8 (C-1), 145.0 (C-15) ppm. 

11B-NMR (225 MHz, CDCl3, 323 K) δ = 55.5 ppm. 

HRMS (EI): Calculated for C50H44B2N2
+: 694.3707 found: 694.3718. 
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3,7,11-trimethyl-5,9-bis(2,4,6-tris(trifluoromethyl)phenyl)-5,9-dihydro-13b-aza-5,9-

diboranaphtho[3,2,1-de]anthracene (MesF-BNB-MesF): 

 

Figure 36: Chemical structure, formula and molecular weight of MesF-BNB-MesF. 

The borinic acid 26b (210 mg, 374 µmol, 1.0 eq.) and BBr3 (468 mg, 1.87 mmol, 5.0 eq.) were 

dissolved in toluene (5 mL) in a sealed tube. The brown solution was stirred at 120 °C for 22 h. 

After cooling to ambient temperature, the volatiles were removed under reduced pressure. 

1,3,5 tris(trifluormethyl)benzene (263.8 mg, 935 µmol, 2.5 eq.) was dissolved in Et2O (10 mL) in 

a second flask and cooled to 0 °C. nBuLi (59.9 mg, 935 µmol, 2.5 eq., 2.5 M in hexanes) was added 

dropwise and the reaction was stirred at ambient temperature for 1.5 h. The lithiated solution was 

then added to the reaction mixture at -21 °C and the resulting yellow solution was stirred at ambient 

temperature for 12 h. The reaction mixture was concentrated under reduced pressure and the yellow 

crude solid was purified via column chromatography on silica (d = 2 cm, l = 40 cm, eluent: 

hexanes : EtOAc = 100 : 1) yielding MesF-BNB-MesF as a yellow solid (187 mg, 

216 µmol, 58 %). Single crystals of MesF-BNB-MesF suitable for X-ray analysis were grown by 

slow evaporation of a solution of MesF-BNB-MesF in CH2Cl2/ MeOH.  

1H-NMR (500 MHz, CDCl3): δ = 2.32 (s, 3H,), 2.39 (s, 6H, 15-H and 17-H), 7.31 (d, J = 2.3 Hz, 

2H, 5-H), 7.40 (dd, J = 8.7 Hz, 2.3 Hz, 2H, 3-H), 7.63 (s, 2H, 10-H), 8.11 (d, J = 8.7 Hz, 2H, 2-H), 

8.23 (s, 2H, 15-H and 17-H), 8.31 (s, 2H, 15-H and 17-H) ppm. 
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13C-NMR (126 MHz, CDCl3) δ = 20.6 (C-, 20.8 (C-7), 122.9 (C-2), 123.18 (d, J = 272.9 Hz), 

123.48 (d, J = 275.5 Hz), 123.66 (d, J = 275.3 Hz), 125.8 (C-9), 126.1 (C-15 and C-17), 130.1 

(C-11), 130.1 (C-6), 131.66 (q, J = 35.1 Hz, C-19 or C-20 or C-21), 132.8 (C-4), 133.2 (C-3), 

135.00 (q, J = 31.7 Hz, C-19 or C-20 or C-21),  135.02 (C-5), 135.34 (q, J = 31.6 Hz, C-19 or C-20 

or C-21), 143.8 (C-10), 144.0 (C-8), 144.3 (C-1), 144.7 (C-13) ppm.  

11B-NMR (225 MHz, CDCl3, 323 K) δ = 54.7 ppm. 

19F-NMR (471 MHz, CDCl3) δ = -63.0, -57.4, -56.5 ppm. 

HRMS (EI): Calculated for C39H21B2F18N
+: 867.1586 found: 867.1577. 

4,4'-(3,7,11-trimethyl-13b-aza-5,9-diboranaphtho[3,2,1-de]anthracene-5,9-diyl)bis(N,N,3,5-

tetramethylaniline) (Me4N-BNB-NMe4): 

 

Figure 37: Chemical structure, formula and molecular weight of Me4N-BNB-NMe4. 

The borinic acid 26b (146 mg, 314 µmol, 1.0 eq.) and BBr3 (392 mg, 1.57 mmol, 5.0 eq.) were 

dissolved in toluene (5 mL) in a sealed tube. The brown solution was stirred at 120 °C for 24 h. 

After cooling to ambient temperature, the volatiles were removed under reduced pressure. The 

amine 39 (193 mg, 846 µmol, 2.7 eq.) was dissolved in Et2O (10 mL) in a second flask and cooled 

to -78 °C. tBuLi (108 mg, 1.69 mmol, 5.4 eq., 1.7 M in pentane) was added dropwise and the 

reaction was stirred at -78 °C for 1.5 h. The lithiated solution was then added to the reaction mixture 
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at -21 °C and the resulting yellow solution was stirred at ambient temperature for 12 h. The reaction 

was quenched by adding deion. H2O (10 mL). The aqueous layer was extracted with CH2Cl2 

(3 × 10 mL). The combined extracts were dried over MgSO4 and the solvent was removed under 

reduced pressure. The crude product was recrystallized from EtOH yielding Me4N-BNB-NMe4 as 

yellow solid (187 mg, 311 µmol, 99 %). Single crystals of Me4N-BNB-NMe4 suitable for X-ray 

analysis were grown by slow evaporation of a solution of Me4N-BNB-NMe4 in CH2Cl2/ MeOH.  

1H-NMR (700 MHz, CDCl3): δ = 2.03 (s, 6H, 19-H), 2.14 (s, 6H, 20-H), 2.36 (s, 3H, 12-H), 2.40 

(s, 6H, 7-H), 3.06 (s, 12H, 21-H), 6.59 (d, J = 2.3 Hz, 2H, 17-H), 6.66 (d, J = 2.3 Hz, 2H, 15-H), 

7.35 (dd, J = 8.8 Hz, 2.3 Hz, 2H, 2-H), 7.70 (d, J = 2.3 Hz, 2H, 5-H), 7.99 (s, 2H, 10-H), 8.14 (d, 

J = 8.5 Hz, 2H, 3-H) ppm. 

13C-NMR (176 MHz, CDCl3) δ = 20.8 (C-12), 20.9 (C-7), 24.0 (C-19), 24.2 (C-20), 40.8 (C-21), 

111.0 (C-15 and C-17), 122.9 (C-3), 127.8 (C-8), 130.0 (C-11), 130.4 (C-13), 132.2 (C-4), 132.3 

(C-6), 132.3 (C-2), 135.8 (C-5), 140.2 (C-14), 140.3 (C-18), 144.3 (C-10), 144.6 (C-1), 144.9 

(C-9), 150.4 (C-16) ppm. 

11B-NMR (225 MHz, CDCl3, 323 K) δ = 57.4 ppm. 

HRMS (ESI): Calculated for C41H46B2N3
+: 867.1586 found: 867.1577. 
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5,9-bis(4-(9H-carbazol-9-yl)-2,6-dimethylphenyl)-3,7,11-trimethyl-5,9-dihydro-13b-aza-5,9-

diboranaphtho[3,2,1-de]anthracene (CzAr-BNB-CzAr): 

 

Figure 38: Chemical structure, formula and molecular weight of CzAr-BNB-CzAr. 

The borinic acid 26b (220 mg, 392 µmol, 1.0 eq.) and BBr3 (491 mg, 1.96 µmol, 5.0 eq.) were 

dissolved in toluene (5 mL) in a sealed tube. The brown solution was stirred at 120 °C for 24 h. 

After cooling to ambient temperature, the volatiles were removed under reduced pressure. The 

arylhalide 41 (302 mg, 862 µmol, 2.2 eq.) were dissolved in Et2O (25 mL) in a second flask and 

cooled to -30 °C. tBuLi (110 mg, 1.72 µmol, 2.4 eq., 1.7 M in pentane) was added dropwise and 

the reaction was stirred at -30 °C for 20 min. The lithiated solution was then warmed up and stirred 

for 20 min at ambient temperature before it was cooled back to -30 °C. The lithiated species was 

added to the reaction mixture at -21 °C and the resulting yellow solution was stirred at ambient 

temperature for 12 h. Volatiles were removed under reduced pressure and the crude product was 

purified by column chromatography on silica (d = 1.5 cm, l = 40 cm, eluent: 

hexanes : EtOAc = 50 : 1) yielding CzAr-BNB-CzAr as yellow solid (192 mg, 227 µmol, 58 %).  

1H-NMR (700 MHz, CDCl3): δ = 2.19 (s, 6H, 19-H), 2.28 (s, 6H, 20-H), 2.52 (s, 6H, 7-H), 2.54 (s, 

3H, 12-H), 7.35 (t, J = 7.3 Hz, 4H, 24-H), 7.37 (s, 2H, 15-H), 7.44 (d, J = 1.9 Hz, 2H, 17-H), 7.48 

(dd, J = 8.6 Hz, 2.2 Hz, 2H, 2-H), 7.52 (d, J = 7.8 Hz, 4H, 23-H), 7.71 (d, J = 8.1 Hz, 4H, 22-H), 
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7.77 (d, J = 2.3 Hz, 2H, 5-H), 8.11 (s, 2H, 10-H), 8.22 (d, J = 7.7 Hz, 4H, 25-H), 8.27 (d, 

J = 8.6 Hz, 2H, 3-H) ppm. 

13C-NMR (176 MHz, CDCl3) δ = 21.1 (C-7 and C-12), 23.5 (C-19), 23.7 (C-20), 110.4 (C-22), 

119.8 (C-24), 120.4 (C-25), 123.2 (C-3), 123.5 (C-26), 124.6 (C-15 or C-17), 124.6 (C-15 or C-17), 

125.9 (C-23), 127.2 (C-9), 130.5 (C-11), 131.4 (C-6), 132.8 (C-4), 133.0 (C-2), 135.5 (C-5), 137.0 

(C-16), 140.8 (C-14), 140.9 (C-18), 141.3 (C-21), 142.5 (C-13), 144.4 (C-10), 144.8 (C-1), 145.1 

(C-8) ppm. 

11B-NMR (225 MHz, CDCl3, 323 K) δ = 58.1 ppm. 

HRMS (EI): Calculated for C61H49B2N3
+: 845.4131 found: 845.4142. 
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7. Appendices 

7.1. Density Functional Theory Calculations: 

Table 9: Excitation energy for the first excited triplet (T1) or singlet (S1) state, oscillator strength, 

transition energy, transition configuration and singlet triplet energy gap (ΔEST) for compounds 

Mes-BNB-Mes – CzAr-BNB-CzAr. H = HOMO, H-1 = HOMO-1, H-2 = HOMO-2, 

H-3 = HOMO-3, L = LUMO, determined via TDDFT (B3LYP/ 6-31G(d) level). 

Compound 
Excited 

state 

Oscillator 

strength 

[a.u.] 

Transition 

energy 

Transition 

configuration 

ΔEST 

[eV] 

Mes-BNB-Mes 

S0 – T1 0.0000 
2.447 eV 

(507 nm) 
H→L (97 %) 

0.502 

S0 – S1 0.2430 
2.949 eV 

(420 nm) 
H→L (98 %) 

Mes-BNB-MesF 

S0 – T1 0.0000 
2.422 eV 

(512 nm) 
H→L (97 %) 

0.502 

S0 – S1 0.2369 
2.923 eV 

(424 nm) 
H→L (98 %) 

MesF-BNB-MesF 

S0 – T1 0.0000 
2.410 eV 

(515 nm) 
H→L (97 %) 

0.505 

S0 – S1 0.2492 
2.915 eV 

(425 nm) 
H→L (98 %) 

Mes-BNB-NMe4 

S0 – T1 0.0000 
2.399 eV 

(517 nm) 

H-1→L (7 %) 

H→L (89 %) 
0.020 

S0 – S1 0.0006 
2.419 eV 

(512 nm) 
H→L (97 %) 

Me4N-BNB-NMe4 

S0 – T1 0.0000 
2.413 eV 

(514 nm) 

H-2→L (21 %) 

H→L (76 %) 
0.031 

S0 – S1 0.0026 
2.444 eV 

(507 nm) 
H→L (97 %) 

Mes-BNB-CzAr 

S0 – T1 0.0000 
2.435 eV 

(509 nm) 
H-1→L (97 %) 

0.305 

S0 – S1 0.0007 
2.740 eV 

(453 nm) 
H→L (98 %) 

CzAr-BNB-CzAr 

S0 – T1 0.0000 
2.423 eV 

(512 nm) 
H-4→L (97 %) 

0.229 

S0 – S1 0.0006 
2.653 eV 

(467 nm) 

H-2→L (3 %) 

H-3→L (96 %) 
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Table 10: First 5 excited singlet states for Mes-BNB-Mes calculated via TDDFT on B3LYP/ 

6-31G(d) level of theory. 

Spin 

State 

Transition 

energy [eV] 

Transition 

energy [nm] 
Transition configuration 

Oscillator 

strength [a.u.] 

S1 2.949 420 HOMO → LUMO (98%) 0.243 

S2 3.285 377 
HOMO-2 → LUMO+1 (3%) 

0.0017 
HOMO-1 → LUMO (96%) 

S3 3.333 372 
HOMO-2 → LUMO+1 (96%) 

0.0002 
HOMO-1 → LUMO (3 %) 

S4 3.590 345 
HOMO-4 → LUMO (6%) 

0.0003 
HOMO-3 → LUMO (92%) 

S5 3.591 345 
HOMO-4 → LUMO 

0.0001 
HOMO-3 → LUMO 

 

Table 11: Orbitals that contribute to the first five excited states of Mes-BNB-Mes (iso = 0.03). 

    
LUMO+1 LUMO HOMO HOMO-1 

   

 

HOMO-2 HOMO-3 HOMO-4  
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Figure 39: a) Predicted UV-VIS spectrum and b) NICS(0) values determined on GIAO B3LYP/ 

6-31+G(d) level for Mes-BNB-Mes. 

Table 12: First 5 excited singlet states for Mes-BNB-MesF calculated via TDDFT on B3LYP/ 

6-31G(d) level of theory. 

Spin 

State 

Transition 

energy [eV] 

Transition 

energy [nm] 
Transition configuration 

Oscillator 

strength [a.u.] 

S1 2.923 424 HOMO → LUMO (98%) 0.2369 

S2 3.239 383 
HOMO-1 → LUMO (96%) 

0.0012 
HOMO-1 → LUMO+3 (3%) 

S3 3.511 353 HOMO-2 → LUMO (97%) 0.0001 

S4 3.530 351 HOMO → LUMO+1 (98%) 0.0022 

S5 3.624 342 HOMO → LUMO+1 (98%) 0.0031 

 

Table 13: Orbitals that contribute to the first five excited states of Mes-BNB-MesF (iso = 0.03). 

    
LUMO+3 LUMO+2 LUMO+1 LUMO 
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HOMO HOMO-1 HOMO-2  

 

Figure 40: a) Predicted UV-VIS spectrum and b) NICS(0) values determined on GIAO B3LYP/ 

6-31+G(d) level for Mes-BNB-MesF. 

Table 14: First 5 excited singlet states for MesF-BNB-MesF calculated via TDDFT on B3LYP/ 

6-31G(d) level of theory. 

Spin 

State 

Transition 

energy [eV] 

Transition 

energy [nm] 
Transition configuration 

Oscillator 

strength [a.u.] 

S1 2.915 425 HOMO → LUMO (98%) 0.2492 

S2 3.525 352 HOMO → LUMO+1 (98%) 0.0123 

S3 3.584 346 HOMO → LUMO+2 (99%) 0.0002 

S4 3.671 338 HOMO → LUMO (99%) 0.0018 

S5 3.680 337 HOMO → LUMO (99%) 0.0002 
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Table 15: Orbitals that contribute to the first five excited states of MesF-BNB-MesF (iso = 0.03). 

    

LUMO+4 LUMO+3 LUMO+2 LUMO+1 

  

  

LUMO HOMO   
 

 
Figure 41: a) Predicted UV-VIS spectrum and b) NICS(0) values determined on GIAO B3LYP/ 

6-31+G(d) level for MesF-BNB-MesF. 
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Table 16: First 5 excited singlet states for Mes-BNB-NMe4 calculated via TDDFT on B3LYP/ 

6-31G(d) level of theory. 

Spin 

State 

Transition 

energy [eV] 

Transition 

energy [nm] 
Transition configuration 

Oscillator 

strength [a.u.] 

S1 2.419 512 HOMO → LUMO (97%) 0.0006 

S2 2.957 419 HOMO-1 → LUMO (98%) 0.2555 

S3 3.329 372 
HOMO-2 → LUMO (18%) 

0.0016 
HOMO → LUMO+1 (78%) 

S4 3.343 371 

HOMO-2 → LUMO (78%) 

0.0003 HOMO-2 → LUMO+1 (2%) 

HOMO → LUMO+1 (19%) 

S5 3.568 348 HOMO-3 → LUMO (98%) 0.0002 

 

Table 17: Orbitals that contribute to the first five excited states of Mes-BNB-NMe4 (iso = 0.03). 

    
LUMO+1 LUMO HOMO HOMO-1 

  

  

HOMO-2 HOMO-3   
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Figure 42: a) Predicted UV-VIS spectrum and b) NICS(0) values determined on GIAO B3LYP/ 

6-31+G(d) level for Mes-BNB-NMe4. 

Table 18: First 5 excited singlet states for Me4N-BNB-NMe4 calculated via TDDFT on B3LYP/ 

6-31G(d) level of theory. 

Spin 

State 

Transition 

energy [eV] 

Transition 

energy [nm] 
Transition configuration 

Oscillator 

strength [a.u.] 

S1 2.444 507 HOMO → LUMO (97%) 0.0026 

S2 2.478 500 
HOMO-1 → LUMO (98%) 

0.0000 
HOMO → LUMO+1 (2%) 

S3 2.965 418 HOMO-2 → LUMO (98%) 0.2696 

S4 3.355 370 
HOMO-1 → LUMO (2%) 

0.0008 
HOMO → LUMO (97%) 

S5 3.387 366 HOMO-1 → LUMO+1 (97%) 0.0030 
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Table 19: Orbitals that contribute to the first five excited states of Me4N-BNB-NMe4 (iso = 0.03). 

    

LUMO+1 LUMO HOMO HOMO-1 

 

   

HOMO-2    

 

Figure 43: a) Predicted UV-VIS spectrum and b) NICS(0) values determined on GIAO B3LYP/ 

6-31+G(d) level for Me4N-BNB-NMe4. 
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Table 20: First 5 excited singlet states for Mes-BNB-CzAr calculated via TDDFT on B3LYP/ 

6-31G(d) level of theory. 

Spin 

State 

Transition 

energy [eV] 

Transition 

energy [nm] 
Transition configuration 

Oscillator 

strength [a.u.] 

S1 2.740 453 HOMO → LUMO (98%) 0.0007 

S2 2.938 422 HOMO-1 → LUMO (98%) 0.2711 

S3 3.241 383 HOMO-2 → LUMO (100%) 0 

S4 
3.257 

381 

HOMO-3 → LUMO (3%) 
0.0013 

HOMO-3 → LUMO+1 (96%) 

S5 3.533 351 HOMO-4 → LUMO (98%) 0.0002 

 

Table 21: Orbitals that contribute to the first five excited states of Mes-BNB-CzAr (iso = 0.03). 

    

LUMO+1 LUMO HOMO HOMO-1 

   

 

HOMO-2 HOMO-3 HOMO-4  
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Figure 44: a) Predicted UV-VIS spectrum and b) NICS(0) values determined on GIAO B3LYP/ 

6-31+G(d) level for Mes-BNB-CzAr. 

Table 22: First 5 excited singlet states for CzAr-BNB-CzAr calculated via TDDFT on B3LYP/ 

6-31G(d) level of theory. 

Spin 

State 

Transition 

energy [eV] 

Transition 

energy [nm] 
Transition configuration 

Oscillator 

strength [a.u.] 

S1 2.653 467 
HOMO-1 → LUMO (3%) 

0.0006 
HOMO → LUMO (96%) 

S2 2.662 466 
HOMO-1 → LUMO (96%) 

0.0000 
HOMO → LUMO (3%) 

S3 2.926 424 HOMO-4 → LUMO (98%) 0.3012 

S4 3.147 394 HOMO-2 → LUMO (100%) 0.0000 

S5 3.149 394 HOMO-3 → LUMO (100%) 0.0000 
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Table 23: Orbitals that contribute to the first five excited states of CzAr-BNB-CzAr (iso = 0.03). 

   
LUMO HOMO HOMO-1 

   
HOMO-2 HOMO-3 HOMO-4 

 

 

Figure 45: a) Predicted UV-VIS spectrum and b) NICS(0) values determined on GIAO B3LYP/ 

6-31+G(d) level for CzAr-BNB-CzAr. 
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7.2. Photophysical Data 

7.2.1. Absorption and Fluorescence Spectra for Mes-BNB-Mes – CzAr-BNB-CzAr 

 

Figure 46: Absorption spectra of the B, N, B-doped helicenes Mes-BNB-Mes - CzAr-BNB-CzAr 

in CH2Cl2 (c = 2 ‧ 10-5 mol ‧ L-1). 

 

Figure 47: Fluorescence spectra of the B, N, B-doped helicenes 

Mes-BNB-Mes - CzAr-BNB-CzAr in CH2Cl2 (c = 2 ‧ 10-5 mol ‧ L-1), λex = 435 nm. 



 

103 

 

 

Figure 48: Fluorescence  spectra of the B, N, B-doped helicenes Mes-BNB-MesF in toluene (blue), 

CHCl3 (red), CH2Cl2 (green) and CH3CN (black), insets show emission (λex = 435 nm). 

 

Figure 49: Fluorescence spectra of the B, N, B-doped helicenes MesF-BNB-MesF in toluene 

(blue), CHCl3 (red), CH2Cl2 (green) and CH3CN (black), insets show emission (λex = 435 nm). 
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Figure 50 Fluorescence spectra of the B, N, B-doped helicenes Me4N-BNB-NMe4 in toluene 

(blue), CHCl3 (red), CH2Cl2 (green) and CH3CN (black), insets show emission (λex = 435 nm). 

 

Figure 51: Fluorescence spectra of the B, N, B-doped helicenes Mes-BNB-CzAr in toluene (blue), 

CHCl3 (red), CH2Cl2 (green) and CH3CN (black), insets show emission (λex = 435 nm). 
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Figure 52: Fluorescence spectra of the B, N, B-doped helicenes CzAr-BNB-CzAr in toluene 

(blue), CHCl3 (red), CH2Cl2 (green) and CH3CN (black), insets show emission at (λex = 435 nm). 

Table 24: PLQY of Mes-BNB-Mes – CzAr-BNB-CzAr in air and N2 saturated toluene, CHCl3, 

CH2Cl2 and CH3CN determined using an integration sphere. 

compound 

Toluene CHCl3 CH2Cl2 CH3CN 

PLQY 

air 

[a.u.] 

PLQY 

N2 

[a.u.] 

PLQY 

air 

[a.u.] 

PLQY 

N2 

[a.u.] 

PLQY 

air 

[a.u.] 

PLQY 

N2 

[a.u.] 

PLQY 

air 

[a.u.] 

PLQY 

N2 

[a.u.] 

Mes-BNB-Mes 0.56 0.71 0.57 0.81 0.59 0.71 0.47 0.79 

Mes-BNB-MesF 0.61 0.78 0.62 0.85 0.66 0.88 0.52 0.82 

MesF-BNB-MesF 0.63 0.86 0.64 0.88 0.64 0.85 0.52 0.85 

Mes-BNB-NMe4 0.17 0.79 0.19 0.68 0.12 0.19 0.01 0.02 

Me4N-BNB-NMe4 0.18 0.81 0.19 0.70 0.12 0.18 0.01 0.02 

Mes-BNB-CzAr 0.56 0.80 0.56 0.77 0.56 0.82 0.50 0.73 

CzAr-BNB-CzAr 0.56 0.82 0.56 0.86 0.58 0.81 0.51 0.72 
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7.2.2. Transient Decay spectra, Fluorescence and Phosphorescence Spectra for 

Mes-BNB-Mes – CzAr-BNB-CzAr 

Table 25: Measured fluorescence and phosphorescence emission maxima λem with fluorescence 

lifetimes τF and phosphorescence lifetimes τP , corresponding singlet and triplet energies ES and ET 

as well as the singlet triplet energy gap ΔEST for Mes-BNB-Mes – CzAr-BNB-CzAr. 

Compound 

 
T 

[K] 

fluorescence phosphorescence 

 
λem 

[nm] 

τF 

[eV] 

ES 

[eV] 

λem 

[nm] 
τP [s] 

ET 

[eV] 

ΔEST 

[eV] 

Mes-BNB-Mes 

CH2Cl2 

298 486 8.2 2.55 - - - - 

77 477 7.7 - 515 1.85 2.41 0.14 

PMMA 
298 485 - 2.56 - - - - 

77 483 - - 521 1.88 2.38 0.18 

Mes-BNB-MesF 

CH2Cl2 

298 489 9.4 2.54 - - - - 

77 479 8.1 - 521 1.69 2.38 0.16 

PMMA 
298 488 - 2.54 - - - - 

77 488 - - 527 1.71 2.35 0.19 

MesF-BNB-MesF 

CH2Cl2 

298 491 9.6 2.53 - - - - 

77 475 6.4 - 520 1.44 2.38 0.14 

PMMA 
298 491 - 2.53 - - - - 

77 492 - - 530 1.57 2.34 0.19 

Mes-BNB-NMe4 

CH2Cl2 

298 
488  

634 

11  

37 
2.56 - - -- - 

77 522 8.9 - 530 1.13 2.34 -* 

PMMA 
298 487 - 2.55 - - - - 

77 485 - - 522 1.57 2.38 0.17 

Me4N-BNB-NMe4 

CH2Cl2 

298 630 42 1.97 - - - - 

77 512 3.6 - 512 0.64 2.42 -* 

PMMA 
298 495 - 2.51 - - - - 

77 522 - - 522 1.28 2.38 0.13 

Mes-BNB-CzAr 

CH2Cl2 

298 490 7.8 2.53 - - - - 

77 484 6.3 - 522 1.26 2.38 0.16 

PMMA 
298 485 - 2.56 - - - - 

77 485 - - 521 1.98 2.38 0.18 
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Compound 

 
T 

[K] 

fluorescence phosphorescence 

 
λem 

[nm] 

τF 

[eV] 

ES 

[eV] 

λem 

[nm] 
τP [s] 

ET 

[eV] 

ΔEST 

[eV] 

CzAr-BNB-CzAr 

CH2Cl2 

298 491 7.5 2.53 - - - - 

77 486 5.8 - 524 1.48 2.37 0.16 

PMMA 
298 487 - 2.55 - - - - 

77 488 - - 522 1.74 2.38 0.17 

 

 

Figure 53: Transient decay spectrum for Mes-BNB-Mes in CH2Cl2 at 298 K. 
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Figure 54: Emission spectra without delay at 298 K (blue) and 77 K (red) and with 100 µs delay 

at 77 K (green) for Mes-BNB-Mes in a) CH2Cl2 and b) PMMA. 

 

Figure 55: Transient phosphorescence (100 µs delay) spectra (blue) and fit (red) at 77 K for 

Mes-BNB-Mes in a) CH2Cl2 and b) PMMA. 
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Figure 56: Transient decay spectrum for Mes-BNB-MesF in CH2Cl2 at 298 K. 

 

 

Figure 57: Emission spectra without delay at 298 K (blue) and 77 K (red) and with 100 µs delay 

at 77 K (green) for Mes-BNB-MesF in a) CH2Cl2 and b) PMMA. 
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Figure 58: Transient phosphorescence (100 µs delay) spectra (blue) and fit (red) at 77 K for 

Mes-BNB-MesF in a) CH2Cl2 and b) PMMA. 

 

Figure 59: Transient decay spectrum for MesF-BNB-MesF in CH2Cl2 at 298 K. 
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Figure 60: Emission spectra without delay at 298 K (blue) and 77 K (red) and with 100 µs delay 

at 77 K (green) for MesF-BNB-MesF in a) CH2Cl2 and b) PMMA. 

 

Figure 61: Transient phosphorescence (100 µs delay) spectra (blue) and fit (red) at 77 K for 

MesF-BNB-MesF in a) CH2Cl2 and b) PMMA. 
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Figure 62: Transient decay spectrum for Mes-BNB-NMe4 in CH2Cl2 at 298 K. 

 

 

Figure 63: Emission spectra without delay at 298 K (blue) and 77 K (red) and with 100 µs delay 

at 77 K (green) for Mes-BNB-NMe4 in a) CH2Cl2 and b) PMMA. 
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Figure 64: Transient phosphorescence (100 µs delay) spectra (blue) and fit (red) at 77 K for 

Mes-BNB-NMe4 in a) CH2Cl2 and b) PMMA. 

 

Figure 65: Transient decay spectrum for Me4N-BNB-NMe4 in CH2Cl2 at 298 K. 
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Figure 66: Emission spectra without delay at 298 K (blue) and 77 K (red) and with 100 µs delay 

at 77 K (green) for Me4N-BNB-NMe4 in a) CH2Cl2 and b) PMMA. 

 

 

Figure 67: Transient phosphorescence (100 µs delay) spectra (blue) and fit (red) at 77 K for 

Me4N-BNB-NMe4 in a) CH2Cl2 and b) PMMA. 
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Figure 68: Transient decay spectrum for Mes-BNB-CzAr in CH2Cl2 at 298 K. 

 

 

Figure 69: Emission spectra without delay at 298 K (blue) and 77 K (red) and with 100 µs delay 

at 77 K (green) for Mes-BNB-CzAr in a) CH2Cl2 and b) PMMA.  
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Figure 70: Transient phosphorescence (100 µs delay) spectra (blue) and fit (red) at 77 K for 

Mes-BNB-CzAr in a) CH2Cl2 and b) PMMA. 

 

Figure 71: Transient decay spectrum for CzAr-BNB-CzAr in CH2Cl2 at 298 K. 
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Figure 72: Emission spectra without delay at 298 K (blue) and 77 K (red) and with 100 µs delay 

at 77 K (green) for CzAr-BNB-CzAr in a) CH2Cl2 and b) PMMA. 

 

Figure 73: Transient phosphorescence (100 µs delay) spectra (blue) and fit (red) at 77 K for 

CzAr-BNB-CzAr in a) CH2Cl2 and b) PMMA. 
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Figure 74: Variable temperature fluorescence measurements for  CzAr-BNB-CzAr 

(80 K – 310 K). 
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7.3. Electrochemical Data 

 

Figure 75: DPV plots for Mes-BNB-Mes – CzAr-BNB-CzAr. Reduction/ oxidation parts 

measured in dry and N2 saturated THF/ CH2Cl2 except for Me4N-BNB-NMe4 and 

Mes-BNB-NMe4 where both reduction and oxidation were measured in dry and N2 saturated THF. 

Supporting electrolyte: nBu4NPF6 (c = 0.1 mM), scan rate 100 mV ‧ s-1, potential referenced vs. 

Fc/ Fc+. 
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7.4. NMR spectra 

7.4.3. NMR Experiments 

 

Figure 76: 1H NMR (700 MHz) spectrum of the reaction of 26b with BBr3 (5 eq.) in C6D6 for 24 h 

at 120 °C. The structure of the main product X-BNB-X as well as the magnified aromatic region 

are shown in the insets. 

 

 

Figure 77: 13C NMR (176 MHz) spectrum of the reaction of 26b with BBr3 (5 eq.) in C6D6 for 

24 h at 120 °C. The structure of the main product X-BNB-X is shown in the inset. 
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Figure 78: 11B NMR (225 MHz) spectrum of the reaction of 26b with BBr3 (5 eq.) in C6D6 for 

24 h at 120 °C. The structure of the main product X-BNB-X is shown in the inset. 

 

Figure 79: 1H NMR (700 MHz) spectrum of the reaction of 26b with BBr3 (1 eq.) in C6D6 for 1 h 

at 120 °C. The structure of the main product Mes-BNB-X as well as the magnified aromatic region 

are shown in the insets. 
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Figure 80: 13C NMR (176 MHz) spectrum of the reaction of 26b with BBr3 (1 eq.) in C6D6 for 1 h 

at 120 °C. The structure of the main product Mes-BNB-X is shown in the inset. 

 

Figure 81: 11B NMR (225 MHz) spectrum of the reaction of 26b with BBr3 (1 eq.) in C6D6 for 1 h 

at 120 °C. The structure of the main product Mes-BNB-X is shown in the inset. 
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7.4.4. NMR spectra of the Isolated products 

 

Figure 82: 1H NMR (700 MHz) spectrum of 26b in CDCl3, inset showing the aromatic region. 

 

Figure 83: 13C NMR (176 MHz) spectrum of 26b in CDCl3. 
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Figure 84: 11B NMR (225 MHz) spectrum of 26b in CDCl3. 

 

Figure 85: 1H NMR (700 MHz) spectrum of Mes-BNB-Mes in CDCl3, inset showing the aromatic 

region. 

 

Figure 86: 13C NMR (176 MHz) spectrum of Mes-BNB-Mes in CDCl3. 
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Figure 87: 11B NMR (225 MHz) spectrum of Mes-BNB-Mes in CDCl3. 

 

 

Figure 88: 1H NMR (700 MHz) spectrum of Mes-BNB-MesF in CDCl3, inset showing the 

aromatic region. 

 

Figure 89: 13C NMR (176 MHz) spectrum of Mes-BNB-MesF in CDCl3. 
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Figure 90: 11B NMR (225 MHz) spectrum of Mes-BNB-MesF in CDCl3. 

 

Figure 91: 19F NMR (376 MHz) spectrum of Mes-BNB-MesF in CDCl3. 

 

Figure 92: 1H NMR (700 MHz) spectrum of MesF-BNB-MesF in CDCl3, inset showing the 

aromatic region. 
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Figure 93: 13C NMR (176 MHz) spectrum of MesF-BNB-MesF in CDCl3. 

 

Figure 94: 11B NMR (225 MHz) spectrum of MesF-BNB-MesF in CDCl3. 

 

Figure 95: 19F NMR (376 MHz) spectrum of MesF-BNB-MesF in CDCl3. 
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Figure 96: 1H NMR (700 MHz) spectrum of Me4N-BNB-NMe4 in CDCl3, inset showing the 

aromatic region. 

 

Figure 97: 13C NMR (176 MHz) spectrum of Me4N-BNB-NMe4 in CDCl3. 

 

Figure 98: 11B NMR (225 MHz) spectrum of Me4N-BNB-NMe4 in CDCl3. 
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Figure 99: 1H NMR (700 MHz) spectrum of Mes-BNB-NMe4 in CDCl3, inset showing the 

aromatic region. 

 

Figure 100: 13C NMR (176 MHz) spectrum of Mes-BNB-NMe4 in CDCl3. 

 

Figure 101: 11B NMR (225 MHz) spectrum of Mes-BNB-NMe4 in CDCl3. 
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Figure 102: 1H NMR (700 MHz) spectrum of Mes-BNB-CzAr in CDCl3, inset showing the 

aromatic region. 

 

Figure 103: 13C NMR (176 MHz) spectrum of Mes-BNB-CzAr in CDCl3. 

 

Figure 104: 11B NMR (225 MHz) spectrum of Mes-BNB-CzAr in CDCl3. 
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Figure 105: 1H NMR (700 MHz) spectrum of CzAr-BNB-CzAr in CDCl3, inset showing the 

aromatic region. 

 

Figure 106: 13C NMR (176 MHz) spectrum of CzAr-BNB-CzAr in CDCl3. 
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Figure 107: 11B NMR (225 MHz) spectrum of CzAr-BNB-CzAr in CDCl3. 
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7.5. Crystallographic Data 

 

Figure 108: Crystal structure of 26b with labeled atoms. 

Table 26: Selected bond lengths [Å] and bond angles [°] for 26b. 

B(1)-C(7) 1.522(3) N(1)-C(12) 1.398(3) 

B(1)-C(1) 1.525(3) N(1)-C(24) 1.450(3) 

B(1)-C(15) 1.580(3) C(1)-C(6) 1.411(3) 

B(2)-O(1) 1.358(3) C(7)-C(12) 1.409(3) 

B(2)-C(31) 1.571(3) C(7)-B(1)-C(1) 115.07(19) 

B(2)-C(29) 1.578(3) C(7)-B(1)-C(15) 122.86(19) 

N(1)-C(6) 1.398(3) C(1)-B(1)-C(15) 122.06(19) 
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Figure 109: Crystal structure of the enantiomers of Mes-BNB-Mes with labeled atoms. 

Table 27: Selected bond lengths [Å] and bond angles [°] for Mes-BNB-Mes. 

B(1)-C(8) 1.532(15) C(5)-C(6) 1.423(13) 

B(1)-C(22) 1.534(13) C(8)-C(13) 1.461(11) 

B(1)-C(1) 1.572(12) C(15)-C(20) 1.411(13) 

B(2)-C(15) 1.539(17) C(8)-B(1)-C(22) 124.7(8) 

B(2)-C(5) 1.562(13) C(8)-B(1)-C(1) 113.2(8) 

B(2)-C(31) 1.566(14) C(22)-B(1)-C(1) 122.1(8) 

N(1)-C(6) 1.414(12) C(15)-B(2)-C(5) 111.9(8) 

N(1)-C(20) 1.417(11) C(15)-B(2)-C(31) 122.1(8) 

N(1)-C(13) 1.422(12) C(5)-B(2)-C(31) 125.6(10) 

C(1)-C(6) 1.396(12)   
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Figure 110: Crystal structure of the enantiomers of Mes-BNB-MesF with labeled atoms. 

Table 28: Selected bond lengths [Å] and bond angles [°] for Mes-BNB-MesF. 

B(1)-C(1) 1.530(3) C(8)-C(13) 1.408(2) 

B(1)-C(8) 1.534(3) C(15)-C(20) 1.405(2) 

B(1)-C(22) 1.578(3) B(2)-F(3) 2.655(2) 

B(2)-C(5) 1.525(3) B(2)-F(9) 2.551(7) 

B(2)-C(15) 1.529(3) B(2)-F(9B) 2.539(5) 

B(2)-C(31) 1.597(3) C(1)-B(1)-C(8) 113.73(15) 

C(6)-N(1) 1.405(2) C(1)-B(1)-C(22) 123.94(16) 

C(13)-N(1) 1.425(2) C(8)-B(1)-C(22) 122.26(15) 

C(20)-N(1) 1.423(2) C(5)-B(2)-C(15) 115.48(15) 

C(1)-C(6) 1.420(2) C(5)-B(2)-C(31) 124.47(17) 

C(5)-C(6) 1.422(2) C(15)-B(2)-C(31) 119.98(16) 
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Figure 111: Crystal structure of  the enantiomers of MesF-BNB-MesF with labeled atoms. 

Table 29: Selected bond lengths [Å] and bond angles [°] for MesF-BNB-MesF. 

B(1)-C(6) 1.521(3) C(13)-C(18) 1.414(2) 

B(1)-C(7) 1.524(2) B(2)-F(17) 2.711(3) 

B(1)-C(22) 1.595(2) B(2)-F(10) 2.585(2) 

B(2)-C(11) 1.524(3) B1-F(7A) 2.54(2) 

B(2)-C(13) 1.526(3) B(1)-F(9) 2.626(6) 

B(2)-C(31) 1.599(2) B(1)-F(3) 2.23(3) 

N(1)-C(12) 1.403(2) C(6)-B(1)-C(7) 115.21(15) 

N(1)-C(18) 1.425(2) C(6)-B(1)-C(22) 123.26(15) 

N(1)-C(1) 1.426(2) C(7)-B(1)-C(22) 121.44(15) 

C(1)-C(6) 1.410(2) C(11)-B(2)-C(13) 115.36(15) 

C(7)-C(12) 1.419(2) C(11)-B(2)-C(31) 119.61(15) 

C(11)-C(12) 1.421(2) C(13)-B(2)-C(31) 124.95(15) 
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Figure 112: Crystal structure of the enantiomers of Me4N-BNB-NMe4 with labeled atoms. 

Table 30: Selected bond lengths [Å] and bond angles [°] for Me4N-BNB-NMe4. 

B(1)-C(8) 1.529(4) C(5)-C(6) 1.423(3) 

B(1)-C(1) 1.537(3) C(8)-C(9) 1.408(3) 

B(1)-C(22) 1.577(3) C(15)-C(16) 1.412(3) 

B(2)-C(16) 1.535(3) C(8)-B(1)-C(1) 113.1(2) 

B(2)-C(5) 1.536(3) C(8)-B(1)-C(22) 125.4(2) 

B(2)-C(32) 1.584(3) C(1)-B(1)-C(22) 121.4(2) 

N(1)-C(6) 1.396(3) C(16)-B(2)-C(5) 113.20(19) 

N(1)-C(15) 1.423(3) C(16)-B(2)-C(32) 125.3(2) 

N(1)-C(9) 1.431(3) C(5)-B(2)-C(32) 121.3(2) 

C(1)-C(6) 1.420(3)   

 


