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1 Introduction 

Three-coordinate organoboron compounds adopt a trigonal-planar structure in which the 

remaining, unoccupied p-orbital of the boron center (pink, Figure 1.1A) is perpendicular to 

the BC3 plane (green, Figure 1.1A). This empty p-orbital makes these compounds strong 

π-acceptors. Thus, they can be used as the accepting moiety in donor-acceptor (D-A) 

compounds which are, in general, highly efficient light absorbing and emitting compounds. 

This property is needed in several applications such as photovoltaics, light-emitting 

devices (e.g. OLEDs) or biological imaging and sensing. Due to the inherent electron-

deficiency, organoboron compounds can also be used in electronic devices as, e.g., 

electron-transport layers. However, for most of these potential applications, air- and 

moisture stable compounds are required. Thus, the Lewis acidity and tendency for 

hydrolysis must be inhibited. 

Figure 1.1: A) Electronic structure of three-coordinate boron. B) General structure of 

boronic acids and esters. C) General structure of borinic acids and esters. D) Structure of 

Bortezomib.[1] E) General structure of potassium aryl trifluoroborates. 

Two strategies for such stabilization employ steric or electronic factors. An example of the 

latter is the direct binding of oxygen atoms to the boron. The resulting compounds are 

called boronic acids and esters (RB(OR)2; Figure 1.1B) or borinic acids and esters 

(R2B(OR); Figure 1.1C). An example of a potential application of such compounds is 

Bortezomib (Figure 1.1D), which is used in the treatment of blood cancer,[1] although many 

boronic acids and esters were found to be mutagenic[2] according to the Ames assay.[3-4] 

Boronic acids and esters are of current interest as they are cleaved in the presence of 

H2O2.[5-8] A relationship between higher cellular concentrations of H2O2 and diseases such 

as diabetes, neurodegenerative disorders, and cancer was found.[9] Hence, boronic esters 

are being investigated for potential applications in H2O2 sensing and drug delivery. An 

example of such a system was investigated during this thesis research and is presented 

in Chapter 7. The work described in this chapter continues the preliminary studies reported 

in the Master’s Thesis of Wiebke Daul, which was carried out under the supervision of 

Sarina M. Berger.[10] Thus, some of these results are repeated for completeness and are 

cited herein. 
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Another possibility to obtain air- and moisture-stable, organoboron compounds, is the 

population of the empty p-orbital by binding a fourth atom such as oxygen, nitrogen or 

fluorine. The resulting four-coordinate compounds are negatively charged salts, called 

borates, which are tetrahedral. Potassium aryl trifluoroborates (Figure 1.1E) have found 

wide application in organic synthesis mainly with the loss of the boron motif in cross-

coupling reactions.[11-12] However, as Chapter 2 summarizes, previous work by different 

groups demonstrates that potassium aryl trifluoroborates can also be used as starting 

materials for the synthesis of triarylboranes. In this dissertation, triarylboranes bearing one 

or two different types of aromatic systems are called symmetrically-substituted. When 

there are three different arenes around the boron, the resulting compound is called an 

unsymmetrically-substituted triarylborane. A systematic synthetic approach to such 

compounds starting from potassium aryl trifluoroborates is presented in Chapter 3 and the 

dissertation of Matthias Ferger.[13] 

In triarylboranes, the empty p-orbital of the boron center is protected from nucleophilic 

attack mainly via sterical shielding (Figure 1.2A),[14] electronic stabilization (Figure 1.2B),[15] 

or planarization (Figure 1.2C).[16] The stabilization in the latter case results from the fact 

that the boron center cannot change its conformation to tetrahedral upon binding to 

another atom. For compound 1.2 (Figure 1.2B),[15] stabilization results, to a certain extent, 

from weak interactions with fluorine lone pairs, but predominantly from steric shielding. 

 

Figure 1.2: Stabilization of the empty p-orbital in three-coordinate organoboron 

compounds by A) steric constraint;[14] B) fluorinated groups in ortho position;[15] C) 

planarization.[16] 

The use of sterically demanding aryl groups was first discovered in 1957 (Figure 1.2A).[14] 

Typically, substituents such as mesityl (1,3,5-trimethylphenyl; Mes) or triisopropyphenyl 

(Tip), are used, resulting in a propeller-like structure.[17] Such sterically stabilized 

triarylboranes have found many potential applications,[18-25] especially as 

optoelectronics,[26-28] sensors for anions or small molecules,[29-34] and as bioimaging 

agents[8, 32, 35-49] due to the ease of their modification and their unique photophysical and 

electrochemical properties. For the latter potential applications, triarylboranes also have 

to be water-soluble. This can be achieved by incorporation into water-soluble polymers, 
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by attaching solubilizing groups containing either oxygen or nitrogen, which are able to 

undergo hydrogen bonding with water, or by introduction of anionic or cationic moieties. A 

detailed insight into these strategies, the reported structures, and their use in biological 

applications is presented in Chapter 5. 

However, in 2009, Gabbaï and coworkers reported derivatives of trimesitylborane bearing 

one, two or three trimethylammonium groups in positions para to the boron center instead 

of methyl groups,[50] and at least two trimethylammonium groups are required to achieve 

water-solubility. This concept was used by Marder and coworkers to synthesize a 

bithiophene-bridged, bis-triarylborane with four cationic charges (Cat4+; Figure 1.3).[43] This 

compound is not only water-soluble in concentrations of up to 1.0 mM, but also enters cells 

and stains different cell organelles therein,[43] most likely due to protein binding.[51] The 

same group reported additional tetra-cationic compounds in which the bithiophene bridge 

was exchanged by other, (hetero)aromatic systems.[44, 46, 52-53] All of these compounds are 

water-soluble and water-stable if they contain at least five ortho-methyl groups or other 

groups with similar steric demand, such as e.g. anthracene.[44] In addition, the localization 

of these compounds in cells was monitored not only by fluorescence spectroscopy but also 

by Raman spectroscopy in the case of 1.4f-1.4i. 

 

Figure 1.3: Overview of water-stable, tetra-cationic, bis-triarylborane-substituted 

chromophores by Marder and coworkers.[13, 43, 46, 52-53] 

From co-localization studies, most of the compounds 1.4a-1.4f were shown to localize at 

similar places in different cell lines, mainly in lysosomes. Thus, these studies show that 

the bridging unit of such bis-triarylborane chromophores has only a minor influence on 

their intra-cellular localization. However, the influence of the number and distribution of the 

cationic charges on these compounds remained uninvestigated. This issue was first 

examined in the Master’s Thesis of Domenic Schleier, who aimed to synthesize selectively 

charged compounds by selective methylation of the neutral precursor Neut4 using methyl 
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triflate.[54] The isolation of selectively charged compounds similar to Neut2Cat2+ and 

Neut2Cat(i)2+ (Figure 1.4A) using this approach was not possible as: a) stochiometric 

amounts of methylation agent yielded mixtures of differently charged compounds; and b) 

the two di-cationic compounds Neut2Cat2+ and Neut2Cat(i)2+ cannot be separated by 

various techniques including high performance liquid chromatography (HPLC). Thus, in 

the Master’s Thesis of Sarina M. Berger, the aim of synthesizing selectively charged 

compounds was approached via the synthesis of compounds Neut1-Neut4 that can only 

be methylated at the desired positions, hence leading to Cat1+-Cat3+ (Figure 1.4B).[55] 

 

Figure 1.4: A) Structures of Neut2Cat2+ and Neut2Cat(i)2+ which Schleier attempted to 

synthesize.[54] B) Target compounds of this work and the Master’s Thesis of Sarina M. 

Berger.[55] 

 

 



CHAPTER 1  Introduction 

7 

 

Figure 1.5: A) Synthetic route to Cat2+: a) Pd2(dba)3·CHCl3, SPhos, KOH, toluene/water 

2:1, 85 °C, 2d; b) NBS, DMF, 0 °C, 15 min then r.t., 2 h; c) MeOTf, CH2Cl2, r.t., 2 d.[55] B) 

Structures of borylated triarylboranes 3.1b and 3.3b. C) Structure of the new, 

unsymmetrically substituted triarylborane 3.2a. 

In course of Sarina M. Berger’s Master’s Thesis, only the synthesis of Cat2+ was achieved 

by sequential Suzuki-Miyaura cross-coupling reactions (Figure 1.5A) using the two known 

borylated triarylboranes 3.1b and 3.3b (Figure 1.5B).[43, 54, 56] For the synthesis of the 

remaining compounds, following the same synthetic strategy, triarylborane 3.2a (Figure 

1.5C), bearing three different aromatic systems, is required. Throughout this dissertation, 

such compounds are called ‘unsymmetrically-substituted triaryboranes’. As shown in 

Chapter 2 of this thesis, a synthetic route to such triarylboranes was not widely accessible 

at the beginning of the Master’s Thesis or this dissertation. Thus, development of such a 

methodology were initiated in 2018[55] and continued in the present thesis. For 

completeness, some of the previous results are cited herein. However, the final isolation 

of 3.2a (Chapter 3) and compounds Cat1+, Cat(i)2+ and Cat3+ (Chapter 4) was achieved 

during this dissertation research. After successful synthesis, the water-solubility, 

photophysical and electrochemical properties, and singlet oxygen sensitization efficiencies 

of the triarylboranes and bis-triarylboranes (Chapters 3 and 4) and the interaction of the 

latter with DNA and RNA in aqueous environments and cells (Chapter 6) was investigated. 
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2 Synthetic Approaches to Triarylboranes from 1885 to 2020 

The following chapter is slightly modified and reproduced from Chem. Eur. J. 2021, 27, 

7043-7058[57] with permission from Wiley-VCH. 

 

2.1 Introduction 

Within the last few decades, compounds containing three-coordinate boron motifs have 

found increasing applicability in various fields including optoelectronics,[26-28] selective 

sensors for anions[29, 31, 34] or small molecules,[32-33] and bioimaging agents[43-46, 48, 51] due to 

the empty p-orbital at the boron center. Whereas numerous compounds and their potential 

applications have been reviewed by several groups,[8, 18-25] synthetic methodology for the 

preparation of triarylboranes has been reviewed only rarely. In 1956, a summary by 

Lappert, et al. gave a very general overview of the syntheses of many different types of 

organoboron compounds.[58] Very recently, Melen and coworkers summarized synthetic 

pathways to halogenated triarylboranes as well as their use in catalysis and frustrated 

Lewis pair (FLP) chemistry.[59] This review presents developments in the synthesis of 

triarylboranes since their first report in 1885.[60] 

In theory, it is possible to synthesize 3-fold symmetric triarylboranes bearing one type of 

aromatic system (BAr3) as well as those containing two or three different aromatic systems 

(BAr2Ar’ or BArAr’Ar’’). Furthermore, their synthesis should be possible from all known 

boron trihalides. Recently, the synthesis of triarylboranes from potassium 

aryltrifluoroborates[61-65] and boronic esters[66] was reported. Dibenzoboroles[67] or boron-

containing poly-aromatic hydrocarbons (B-PAHs)[68-70] are not discussed herein as both 

topics have been reviewed recently. 

This review is divided into sections based on symmetrically- (BAr3, BAr2Ar’) and 

unsymmetrically-substituted (BArAr’Ar’’) triarylboranes depending on the starting material 

used as the boron source. In this context, the term unsymmetrically-substituted 

triarylboranes means that the boron center is bound to three different aromatic systems. 

Symmetrically-substituted triarylboranes bear one or two different types of aromatic groups 

as indicated in parentheses (vide infra) and, thus, have either (exact or approximate) 3-

fold or 2-fold symmetry, respectively. 

 



CHAPTER 2  Synthetic Approaches to Triarylboranes 

12 

2.2 Synthesis of Symmetrically-Substituted Triarylboranes 

2.2.1 Boron Trichloride, Tribromide and Boronic Esters as Boron Sources 

In 1880, Michaelis and coworkers began to investigate arylboranes to determine the 

valency of boron, which was, at the time, debated to be three or five.[71] They reacted 

gaseous BCl3 with diphenylmercury at elevated temperatures in a sealed tube and 

observed the formation of dichlorophenylborane 2.1 and HgCl2 (Scheme 2.1). Compound 

1 was isolated via distillation and was characterized by elemental analysis and conclusive 

follow-up chemistry.  

 

Scheme 2.1: Synthesis of dichlorophenylborane 2.1 from BCl3.[71] 

After addition of different aqueous solutions, they obtained phenylboronic acid, the 

respective ethyl ester and the sodium, calcium and silver salts of the acid, as well as their 

p-tolyl analogues.[72] On an interesting side note, phenylboronic acid, as well as its sodium 

salt, were also investigated for their antiseptic behavior, and were consumed by humans 

on a gram scale without causing any considerable complaints.[72] In 2015,[2] a series of 

boronic acids and esters were tested using the Ames assay,[3-4] and most of them were 

found to be mutagenic. Thus, this class of compounds should be treated with appropriate 

care and due testing should be performed prior to use in humans, although several boronic 

acids or related compounds have been approved for use as drugs.[2] 

In a different approach, Michaelis and coworkers developed a procedure to generate 

triphenyl derivatives of various main group elements (M), namely phosphorus, arsenic, 

antimony, and boron.[73-74] The respective MCl3 compound was reacted with a phenylhalide 

and elemental sodium at low temperature to generate the corresponding triphenyl 

compound according to Scheme 2.2. 

 

Scheme 2.2: Synthesis of triphenyl derivatives of main group elements.[60, 73-74] 

In 1885, Michaelis and coworkers mentioned that, via this general route, a small amount 

of triphenylborane 2.2 was obtained, but it was not discussed further.[60] To the best of the 
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authors’ knowledge, this was the first literature report of the synthesis of a triarylborane. 

Four years later, the synthesis of 2.2 was improved by reacting dichlorophenylborane 2.1 

with chlorobenzene and sodium.[75] This time, compound 2.2 was characterized by 

elemental analysis and the appearance of a green flame characteristic of boron[76] when 

burning the compound.  

In 1889, Gattermann and coworkers reported a convenient method for the synthesis of 

BCl3.[77] Thus, access to the starting material was facilitated. Therefore, Michaelis et al. 

synthesized more dichloroarylboranes and their respective boronic acids, namely the o-

tolyl, α-naphthyl, β-naphthyl, p-methoxyphenyl, o-methoxyphenyl and p-ethoxyphenyl 

derivatives.[78] For the latter three compounds, the reaction proceeded smoothly at room 

temperature. Furthermore, chlorodiphenylborane 2.3 and its borinic acid derivative were 

reported and characterized. Compound 2.3 was formed by reacting dichlorophenylborane 

with diphenylmercury at ca. 300 °C in a sealed tube (Scheme 2.3). It was noted that 

triphenylborane 2.2 was not obtained this way.  

 

Scheme 2.3: Synthesis of chlorodiphenylborane 2.3 under harsh conditions.[78] 

In 1901, Michaelis and coworkers reported an improved method for the synthesis of mono- 

and diarylboranes in which they replaced gaseous BCl3 with liquid and, thus, easier to 

handle BBr3 as the boron source.[79] For this purpose, they developed a convenient and 

large-scale synthesis of BBr3 from elemental boron and bromine. BBr3 was then reacted 

with diphenylmercury in dry benzene. The reaction was performed in a flask with a reflux 

condenser at 80 °C. Depending on the stoichiometry, dibromophenylborane 2.4 and 

bromodiphenylborane 2.5 were synthesized and isolated via distillation. Some derivatives, 

namely dibromo-p-tolylborane, dibromo-2,4-dimethylphenylborane, and dibromo-2,4,5-

trimethylphenylborane were synthesized and characterized, accordingly. The respective 

boronic and borinic acids were obtained and characterized after hydrolysis. Again, it was 

mentioned that, despite extensive studies in this direction, triphenylborane could not be 

isolated. They assumed that triphenylborane had been formed, but complete separation 

from diphenyl impurities could not be achieved. 
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Scheme 2.4: Synthesis of mono- and diarylboranes, starting from BBr3.[79] 

Another difficulty of arylborane syntheses were the often laborious and multi-step 

syntheses of the required diarylmercury compounds. With the discovery of the Grignard 

reagent in 1900, a powerful tool for the transfer of aryl groups became available.[80] The 

first to utilize this in arylborane chemistry, were Khotinsky and Melamed.[81] They reacted 

various alkylborate esters with an aryl Grignard reagent in a cold Et2O solution. The best 

results were obtained for the iso-butylborate ester. Furthermore, Khotinsky and Melamed 

characterized the phenylboronic iso-butyl ester and the m-tolylboronic iso-butyl ester, as 

well as the respective boronic acids after saponification. In an attempt to attach two arenes 

to the boron using Grignard reagents, Strecker reacted an excess of phenyl 

magnesiumbromide with BCl3, but obtained only phenylboronic acid after aqueous work 

up.[82] A more extensive study of the reactions of aryl Grignard reagents with the iso-

butylborate ester was carried out by König and Scharrnbeck in 1915. The results were 

reported in 1930.[83] They characterized several novel arylboronic acids and diarylborinic 

acids which were synthesized according to Scheme 2.5 and isolated after aqueous work-

up indicating that the organometallic reagent used was too unreactive to form the 

corresponding triarylborane. More than 70 years later, it was demonstrated by several 

groups that triarylboranes can also be synthesized using boronic esters as starting 

materials and more reactive organometallic reagents (vide infra).[2, 36, 84-88]  

 

Scheme 2.5: Synthesis of boronic acids and borinic acids, starting from iso-butylborate 

ester.[83] 

 

2.2.2 Boron Trifluoride as the Boron Source 

Despite reports of the synthesis of triphenylborane,[60, 75] reproducible synthetic access 

was only available for mono- and diarylboranes in the beginning of the 20th century. This 

changed with the studies of Krause, who made use of the synthesis of gaseous boron 
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trifluoride (BF3) from boric anhydride (B2O3), sulfuric acid (H2SO4) and potassium 

tetrafluoroborate (KBF4), reported by Schiff et al.[89] In 1921, Krause and coworkers used 

gaseous BF3 in combination with Grignard reagents to yield trialkylboranes as well as 

alkylboronic acids.[90] Subsequently, Krause et al. applied this method for the synthesis of 

triphenylborane 2.2.[91] 

 

Scheme 2.6: Synthesis of the first reported triarylborane 2.2 according to Krause et al.[91] 

They isolated BPh3 2.2 by distillation of the crude reaction mixture in ca. 50% yield. The 

product crystallized easily, but it was also mentioned that 2.2 decomposes in air. 

Furthermore, Krause and coworkers observed the formation of phenyldifluoroborane 2.6 

as well as diphenylfluoroborane 2.7, but isolation of these two compounds was not 

possible by distillation. This indicates that the reactivity of the Grignard reagent is 

insufficient to generate only BPh3, as byproducts 2.6 and 2.7 were observed. However, 

with BPh3 2.2 in hand, the group investigated its reactivity with neat sodium[92] and the 

other alkali metals potassium, lithium, rubidium and cesium.[93] Krause and coworkers 

observed the formation of intensely colored solutions as well as the formation of, mostly, 

yellow crystals. Both solutions and solids were reported to be highly air sensitive, as the 

solutions turned colorless when exposed to air. The colorless solution was converted into 

the colored solution again if neat metal was still present in the solution. After Krause and 

coworkers had isolated the reaction product of BPh3 2.2 with neat sodium,[93] they titrated 

the reaction product under a nitrogen atmosphere with elemental iodine which regenerated 

BPh3 and sodium iodide. In the same study, the synthesis of tri-p-tolylborane 2.8 was 

mentioned. Its final synthesis and full characterization were reported two years later.[94] 

Again, the reactivity of 2.8 with sodium and potassium was investigated as well as its 

reaction with nitrogenous bases such as ammonia, pyridine, and piperidine. The reaction 

of 2.8 with neat sodium was described to be the same as for 2.2. During the reactions of 

2.8 with nitrogenous bases, the group observed a temperature increase of the reaction 

mixture as well as the formation of crystalline and more air-stable products, which were 

assigned to be addition products of the nitrogenous bases with 2.8. This assumption was 

confirmed by elemental analysis of the reaction products. In 1930, Krause and coworkers 

also reported the synthesis of tri-p-xylylborane 2.9 and tri-α-napthylborane 2.10, which 

were investigated similarly to the previous compounds 2.2 and 2.8.[95] For the isolation of 
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2.9 and 2.10, the work up was slightly modified. Thus, to quench the remaining Grignard 

reagent, water was added, and the resulting crude mixture was distilled with exclusion of 

air, as none of the previously synthesized triarylboranes are stable to air.  

 

Scheme 2.7: Structures of compounds 2.8-2.11.[94-96] 

Nevertheless, what they refer to as an “oxidation process” of compound 2.10 starts only 

after two weeks in air. Furthermore, Krause et al. reported that solutions of 2.10 in 

benzene, chloroform, tetrachloromethane, carbon disulfide, and diethyl ether show a light 

blueish fluorescence that was more clearly visible with a quartz lamp. They did not provide 

any further information regarding what kind of lamp or which wavelength they used for 

excitation. Furthermore, the observed fluorescence was not investigated in detail. In 1931, 

the same group reported another triarylborane, namely tri-p-anisylborane 2.11, which was 

found to be as air-sensitive as triphenylborane 2.2.[96] In addition, Krause et al. had to 

change their work up once again, as they could not isolate 2.11 in pure form from the crude 

reaction mixture. Therefore, they reacted a crude mixture of 2.11 with gaseous ammonia 

to form the corresponding tetra-coordinate Lewis acid-base adduct, which was then 

purified and subsequently reacted with sulfuric acid with exclusion of air to yield compound 

2.11. Similarly, 20 years later, the same group described the formation of BPh3 upon 

heating different tetraarylborate salts to at least 200°C.[97] Tetraarylborates are used on 

rare occasions to this day as valuable, alternative precursors to triarylboranes.[98-100] 

Based on this work, Brown et al. re-synthesized tri-α-naphthylborane 2.10 as a reference 

Lewis acid to estimate the Lewis base strength of primary, secondary, and tertiary 

amines,[101] having slightly modified the synthesis of the triarylborane. To make the 

synthesis safer, Brown and coworkers used boron trifluoride etherate (BF3·OEt2) instead 

of gaseous boron trifluoride. Furthermore, they found that the triarylborane they 

synthesized was stable to air for more than one year. As this finding was in contrast with 

the reports of Krause et al.,[95] Brown et al. had a closer look into the geometry of the 

compound. They assigned the discrepancy between their and the earlier results to the 

existence of two possible rotational conformers, i.e., steric hindrance resulted in restricted 

rotation around the B-C bonds. 
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In 1947, Wittig et al. investigated the possible application of triphenylborane 2.2 as a 

catalyst for the lithiation of hydrocarbons.[102] Instead of successful catalysis of the reaction, 

they found the formation of a stable complex which was later identified as lithium 

tetraphenylborate 2.12-Li.[103] Further investigations of such compounds, especially the 

reaction of sodium tetraphenylborate 2.12-Na with various mono-cationic elements in 

aqueous solution, led to the discovery of an almost insoluble complex 2.12-K formed after 

addition of potassium salts. Later on, compound 2.12-Na became commercially available 

as Kalignost® for the quantitative analysis of potassium in aqueous solution.[104] 

 

Scheme 2.8: Structures of compounds 2.12-2.16.[103-104] 

Wittig and coworkers found that triarylboranes such as 2 can also be synthesized from the 

corresponding, more reactive lithiated species instead of the Grignard reagent.[103] As long 

as it was possible to synthesize the desired compounds from Grignard reagents and BF3 

etherate, they did so. However, for tri-(o-diphenylyl)- 2.13 and tri-(4-(N,N-

dimethylamino)phenyl)borane 2.14, Wittig et al. used the corresponding aryllithium 

reagent.[104] Nevertheless, the synthesis of 2.14 was still challenging, as the amine formed 

complexes with excess BF3. Furthermore, this group reported a yellowish fluorescence 

from 2.14 in the solid state as well as a blue fluorescence in acetone upon irradiation with 

UV light. Compounds 2.15 and 2.16 were described as having a yellowish-white 

fluorescence upon UV-irradiation. None of these observations were further explained or 

investigated by Wittig et al. Very recently, Marder and coworkers reported that a sample 

of pure 2.16 showed only blue fluorescence, with no phosphorescence being observed at 

room temperature.[105]  

In 1956, Lappert summarized the preparation, chemical and physical properties, 

reactivities, etc. of almost all organoboranes that had been synthesized up to that date.[58] 

In this summary, several methods to synthesize monohaloboranes as well as 

unsymmetrically-substituted diaryl borinic esters were described. However, almost none 

of these syntheses were utilized for the formation of triarylboranes, especially not for the 

formation of boranes bearing three different aromatic systems. 
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One year later, Brown et al. reported the synthesis of the sterically-demanding 

trimesitylborane 2.17 from the corresponding Grignard reagent and BF3 etherate.[14] The 

group heated the reagents in toluene under reflux for 4 h which they described as forcing 

conditions. If the reaction was stopped after 2 h, only fluorodimesitylborane 2.18 was 

isolated showing once again that the formation of triarylboranes from Grignard reagents is 

possible but requires heat to achieve completion due to the lower reactivity of 

arylmagnesium reagents compared to, e.g., aryllithium reagents. Furthermore, Brown and 

coworkers examined the reactivity of 2.17 with amines as well as its decomposition with 

water and oxygen. It was found that 2.17 was less reactive than tri-α-naphthyl- 2.10 or 

triphenylborane 2.2 due to its greater steric hindrance. 

 

Scheme 2.9: A) Reaction sequences for the synthesis of compounds 2.17 and 2.18.[14] B) 

Structure of compound 2.19.[106] 

Subsequently, the syntheses of compounds 2.17 and 2.18 were further improved by 

Hawkins et al.[106] who changed the solvent for the formation of the Grignard reagent from 

diethyl ether to THF according to a general procedure reported by Ramsden et al.[107] This 

change resulted in a shorter reaction time for the formation of the Grignard reagent as well 

as an increased yield. In addition, this led to the isolation of fluorodimesitylborane 2.18 in 

96% yield. Due to its steric hinderance, the reaction of excess mesityl Grignard reagent 

with BF3 etherate at 55 °C stops at the fluorodimesitylborane stage as long as the reaction 

time is shorter than 2 h. Furthermore, Hawkins and coworkers were able to nitrate 2.17 to 

yield compound 2.19. 

In 1967, at Eastman Kodak, Grisdale and coworkers began to investigate the 

photophysical reactions of tetraarylborates and triarylboranes in solution.[108] They again 

found trimesitylborane 2.17 to be more stable than triphenylborane 2.2. To investigate 

further the influence of different substituents on the stability of triarylboranes, Grisdale et 

al. had a closer look at the influence of the para-substituent in various 

dimesitylphenylboranes.[109] To synthesize a variety of these new triarylboranes 2.20, this 

group was the first to combine the methods previously developed by different groups. First, 

Grisdale and coworkers isolated fluorodimesitylborane 2.18 as reported by Brown.[14] This 

fluoroborane was then added to a lithiated species prepared from the corresponding 
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halogenated aromatics yielding 2.20a-e in 40 - 90%, as Wittig et al. had found lithium 

reagents to be suitable to react with boronhalides.[103] This reaction sequence reflects the 

different reactivities of Grignard and organolithium reagents. Grisdale et al. also conducted 

one of the first systematic investigations of the photophysical properties of the new 

triarylboranes in various solvents, observing emission solvatochromism, suggesting the 

stabilization of charge transfer excited states in polar solvents. 

 

Scheme 2.10: Synthetic route to symmetrically-substituted triarylboranes 2.20a-e reported 

by Grisdale et al.[109] 

 

2.2.3 Metal-Boron Exchange Reactions for the Synthesis of Triarylboranes 

To date, the most widely used method for the synthesis of triarylboranes is the procedure 

developed by Grisdale and coworkers (Scheme 2.10)[109] i.e., reaction of BF3 with either 

Grignard reagents or lithium reagents as discovered by Krause et al.[91] and Wittig et al.,[103] 

respectively. However, mercury, zinc, copper, silicon, and tin reagents have also been 

employed in the synthesis of triarylboranes with different reactivities, solvent 

compatibilities, stabilities, and accessibilities of these organometallic reagents. 

Furthermore, while mercury and tin reagents are not widely used currently due to their 

toxicities, other safety aspects may dominate the choice of organometallic reagent, 

depending on the organic group to be transferred.  

Arylmercury compounds were the first ArM reagents to be used for the synthesis of 

arylboranes (vide supra), but apart from a few reports on arylboronic acid syntheses,[110-

111] they have generally been replaced by Grignard or organolithium reagents. However, in 

2001, Piers and coworkers obtained the diborylated ferrocene compound 2.21 by reacting 

1,1’-Fc(HgCl)2 with ClB(C6F5)2 (Scheme 2.11A).[112] The same group made use of Hg-B 

exchange to generate the diborylated compound 2.22, which was then converted into a 

triarylborane via Zn-B exchange (Scheme 2.11B).[113] A year before, they reported 

Zn(C6F5)2 as a potential C6F5 transfer agent, which reacted with BCl3 to generate 

inseparable mixtures of mono-, di- and triarylboranes.[114] 
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Scheme 2.11: A) Hg-B exchange reaction by Piers and coworkers.[112] B) Sequential Hg-B 

and Zn-B exchange reaction by Piers, Collins, Marder and coworkers.[113] 

In 2003, Jäkle et al. demonstrated the applicability of arylcopper reagents in Cu-B 

exchange reactions.[115] Using mesitylcopper, a maximum of two arenes were attached 

even when the reaction with BX3 (X = Cl, Br) was heated to 100 °C, or when 

dichlorophenylborane 2.1 was used as the starting material to decrease the steric demand 

around the boron. Reaction of C6F5Cu with BX3 at room temperature gave B(C6F5)3 2.23 

irrespective of stoichiometry (Scheme 2.12A). Pentafluorophenylcopper was also 

employed by Ashley, O’Hare and coworkers as an aryl transfer reagent for the synthesis 

of triarylboranes 2.24 and 2.25 (Scheme 2.12B, C) and, in one case, they made use of a 

Zn-B exchange to form the dibromoarylborane precursor (Scheme 2.12B).[116] 

 

Scheme 2.12: Triarylborane formation using CuC6F5 as an aryl transfer reagent by Jäkle 

and coworkers and O’Hare and coworkers, respectively.[115-116] 
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Later, Jäkle and coworkers demonstrated that 2,4,6-tri-iso-propylphenylcopper (CuTip) 

could also be employed in Cu-B exchange reactions. Thus, CuTip was reacted with 

sterically unhindered bromodiarylboranes to add the third arene to the boron center,[117-118] 

and these triarylborane precursors were used in the formation of organoborane 

macrocycles and borazine oligomers. 

Apart from Grignard and lithium reagents, the most widely used substrates for exchange 

reactions with boron are organosilanes and organotin reagents. Aryltin reagents were used 

in Sn–B exchange reactions in the 1960s. In a first approach by Burch et al., the phenyl 

groups of SnPh4 were transferred to BCl3 to give compound 2.1.[119] Reaction of SnPh4 

with BCl3 in CH2Cl2 transferred one of the four phenyl rings from tin to boron. Without the 

use of solvent, and under reflux conditions, all four rings were transferred (Scheme 2.13A). 

In 1970, a more selective method was reported by Chivers, who synthesized ortho-

substituted mono-arylboranes from the corresponding mono-aryltrimethylsilanes 

according to Scheme 2.13B.[120] Halogen exchange between BCl3 and the ortho-

trifluoromethylgroup was observed.  

 

Scheme 2.13: Formation of mono-arylboranes via Sn–B exchange by Burch et al. and 

Chivers, respectively.[119-120] 

In 2005, Jäkle and coworkers reported the synthesis of triarylborane-containing polymers 

via Sn–B exchange,[121] reacting a distannylated bithiophene precursor with different 

dibromoarylboranes to obtain the respective polymers (Scheme 2.14). 

 

Scheme 2.14: Formation of triarylborane-containing polymers via Sn–B exchange.[121] 

Based on this procedure, many different triarylborane-containing polymers and 

triarylborane model compounds were synthesized.[122-123] 



CHAPTER 2  Synthetic Approaches to Triarylboranes 

22 

In 1986, Haubold and coworkers reported the synthesis of several mono- and 

diarylboranes via Si-B exchange.[124] The exchange reaction was tolerant to some 

functional groups, and even an unsymmetrically-substituted ArAr’BBr compound was 

generated (Scheme 2.15). Starting from BBr3, 35% of triphenylborane 2.2 was formed 

under harsh reaction conditions, whereas starting from BCl3 gave the mono-arylboranes 

exclusively.  

 

Scheme 2.15: Si–B exchange reactions reported by Haubold and coworkers.[124] 

Further studies as well as potential applications were reported one year later by Kaufmann 

et al.[125-126] and Snieckus et al.[127] Jäkle and coworkers reported an efficient method for 

the introduction of a triarylborane moiety into the side chain of polystyrene.[128-129] The first 

step involved Si–B exchange and, in the next step, the triarylborane was formed via Sn–

B and Cu–B exchanges, respectively (Scheme 2.16). 

 

Scheme 2.16: Si–B exchange reaction followed by Sn–B or Cu–B exchange for 

triarylborane formation by Jäkle and coworkers.[128-129] 

More recently, Helten and coworkers improved the Si–B exchange reaction significantly 

by employing a catalytic amount of Me3SiNTf,[130] synthesizing three triarylboranes via Si–

B exchange and subsequent Li-B exchange reactions (Scheme 2.17). Helten and 

coworkers employed this method for the synthesis of triarylborane-containing 
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macromolecules and polymers. In each case, the third arene was attached to the boron 

using an aryl lithium reagent.[131-132] 

 

Scheme 2.17: Catalyzed Si-B exchange followed by Li–B exchange for triarylborane 

formation.[130] 

 

2.2.4 Potassium Aryltrifluoroborates as Boron Sources 

Potassium aryltrifluoroborates (ArBF3K salts) have been known since 1960.[133] Chambers 

et al. reported the synthesis of potassium (trifluoromethyl-)trifluoroborate from a boiling, 

aqueous solution of trimethyltin (trifluoromethyl-)trifluoroborate and potassium fluoride 

(Scheme 2.18A). In 1963, Stafford reported the synthesis of a potassium 

vinyltrifluoroborate that was isolated in a similar way to that previously described by 

Chambers.[134] Two years later, Chambers reported the synthesis of an aromatic potassium 

trifluoroborate 2.26 which was obtained from reaction of (pentafluorophenyl)difluoroborane 

and potassium fluoride (Scheme 2.18B).[135] In 1967, Thierig and Umland reported the 

synthesis of potassium phenyltrifluoroborate 2.27 from Flavognost® and potassium 

bifluoride (Scheme 2.18C).[136] 

 

Scheme 2.18: Synthetic pathways to potassium trifluoroborates by Chambers, Stafford, 

and Thierig, respectively.[133-136] 

About 20 years later, Kaufmann and coworkers made use of the solubility of potassium 

fluoride in acetonitrile to convert RBBr2 compounds into their RBF2 analogues or the 
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corresponding potassium trifluoroborates (Scheme 2.19A).[137] They also found BF3·OEt2 

to be a suitable reagent to convert the latter salts in situ into RBF2 compounds. 

 

Scheme 2.19: A) Conversion of aryldibromoboranes to potassium aryltrifluoroborates or 

aryldifluoroboranes.[137] B) A convenient route to potassium aryltrifluoroborates and their 

activation reactions.[138] 

Another way to activate potassium aryltrifluoroborates was reported by Vedejs in 1995,[138] 

who showed that potassium aryltrifluoroborates can be activated in situ to form 

aryldifluoroboranes by addition of trimethylsilyl chloride (TMSCl). Furthermore, they 

provided a convenient route to potassium aryltrifluoroborates from the corresponding 

boronic acids and potassium bifluoride, KHF2 (Scheme 2.19B). 

To date, BF3K salts are mostly employed in reactions in which the boron motif is lost, e.g. 

in coupling reactions.[139] However, such compounds can also be used as the boron source 

for the syntheses of triarylboranes. 

In 2004, Morrison et al. were the first to synthesize triarylboranes 2.28 from potassium 

aryltrifluoroborate reagents which were activated with BF3 etherate and then reacted with 

the Grignard reagent C6F5MgBr (Scheme 2.20).[61] 
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Scheme 2.20: First reported synthesis of triarylboranes from potassium 

aryltrifluoroborates.[61] 

Since then, a few other groups reported the synthesis of triarylboranes from these bench-

stable boron precursors. Especially for applications in frustrated Lewis pairs, this approach 

was used for the synthesis of triarylboranes bearing aromatic systems in which multiple 

fluoro- and chloro-substituents are desired. Soós and coworkers[62, 140-141] and Hoshimoto 

et al.[142] synthesized triarylboranes 2.29-2.35 from potassium aryltrifluoroborates and 

Grignard reagents without prior activation of the BF3K salt. The Grignard reagents in these 

cases were each prepared from the corresponding brominated precursor in combination 

with the so called ‘Turbo-Grignard’ iso-propyl magnesium chloride lithium chloride 

(iPrMgCl·LiCl) as summarized in Scheme 2.21A. A very similar strategy, without the use 

of the Turbo-Grignard, was used by Marder and coworkers to synthesize a push-pull 

system with a pyrene core 2.36 (Scheme 2.22A).[64] 
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Scheme 2.21: A) General reaction sequence for the synthesis of multi-halogenated 

triarylboranes.[62] B,[140] C,[141] D)[142] Structures of compounds 2.29-2.35 synthesized 

according to Scheme 2.21A. 

In contrast, Wagner and coworkers synthesized triarylboranes as precursors to polycyclic 

aromatic hydrocarbons[63] or quadruply annulated borepins.[143] In both cases, the required 

triarylboranes were synthesized from potassium aryltrifluoroborates which were reacted 

with various aryl lithium reagents yielding compounds 2.37-2.40 (Scheme 2.22B, C). 

 

Scheme 2.22: A) Structure of compound 2.36.[64] B) Structures of compounds 2.37-

2.39.[143] C) Synthetic route to planarized triarylboranes.[63]  

 

2.2.5 Direct Dimesitylborylation 

Ito and coworkers reported the direct dimesitylborylation of various aryl halides[144] by 

reaction of (diphenylmethylsilyl)dimesitylborane with aryl halides in the presence of a base 
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(Scheme 2.23A). The halide was replaced by boron or silicon in a ratio of ca. 9 to 1. 

Furthermore, the reaction was tolerant to several functional groups, and the resulting 

triarylboranes were isolated in moderate to good yields. In 2019, the same group reported 

an iridium-catalyzed C–H dimesitylborylation of benzofuran using a silyldimesitylborane 

reagent (Scheme 2.23B),[145] preparing several derivatives and isolating the triarylboranes 

in moderate to good yields. Under optimized conditions, they reported the formation of the 

silylated side product in ca. 29% yield. 

 

Scheme 2.23: A) Dimesitylborylation of aryl halides.[144] B) Dimesitylborylation of 

benzofuran derivatives.[145]  

 

2.3 Synthesis of Unsymmetrically-Substituted Triarylboranes 

Thus far, the syntheses of symmetrically-subsituted BAr3 and BAr2Ar’ triarylboranes was 

summarized. The synthesis of unsymmetrically-substituted BArAr’Ar’’ triarylboranes 

bearing three different aromatic rings bound to the boron center can be achieved by 

different routes, most of which use the same approaches used for the syntheses of 

symmetrically-substituted triarylboranes. However, other routes employed symmetrically-

substituted triarylboranes as precursors. 

One of the first unsymmetrically-substituted triarylboranes was reported in 1971 by 

Grisdale et al. at Eastman Kodak.[146] As mentioned above, this group investigated the 

photolysis of triarylboranes and tetraarylborates. During these studies, they observed an 

organoboron compound, formed after irradiation of potassium dimesityldiphenylborate, 

which contained three different aromatic systems bound to the boron center.  

 

2.3.1 Boronic Esters as Boron Sources  

In 1955, Letsinger and coworkers reported the synthesis of the first unsymmetrically-

substituted borinic acid starting from a boronic ester.[147] They reacted phenylboronic acid 

butyl ester with α-naphthylmagnesium bromide and isolated the borinic acid as its β-aminoethyl ester, 
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which was readily hydrolyzed to the borinic acid (Scheme 2.24). They also demonstrated 

that the synthesis works when the aryl starting materials are switched to α-naphthylboronic 

acid butyl ester and phenylmagnesium bromide, respectively, but the product was not used 

for the synthesis of a BArAr’Ar’’ triarylborane. 

 

Scheme 2.24: Synthesis of an unsymmetrical borinic acid by Letsinger and coworkers.[147] 

In 1958, Mikhailov et al. reported the sequential synthesis of unsymmetrically-substituted 

triarylboranes[148] (Scheme 2.25) starting from an iso-butyl borinic ester wherein the boron 

atom is additionally bound to one phenyl and one chlorine atom, respectively. In the first 

step, the chlorine atom was substituted by an o-tolyl group introduced from a Grignard 

reagent. In the second step, the iso-butyl substituent was converted to a chloride via 

reaction with PCl5. The chlorine atom was subsequently substituted by other arenes 

introduced from Grignard reagents yielding two different unsymmetrically-substituted 

triaryboranes (2.41 and 2.42). Mikhailov and coworkers reported the synthesis of two other 

borinic acids (2.43 and 2.44) but their conversion to unsymmetrically-substituted 

triarylboranes was not described. 

 

Scheme 2.25: Syntheses of unsymmetrically-substituted triarylboranes 2.41 and 2.42.[148] 
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Recently, Liu et al.[32, 39] synthesized the unsymmetrically-substituted triarylboranes 2.46a, 

b from BAr2Ar’ 2.45. Compound 2.45 was synthesized from the boronic ester TipB(OMe)2 

(Tip = Tri-iso-propyl), which was obtained from reaction of trimethoxyborane (B(OMe)3) 

with 2,4,6-tri-iso-propylphenyl magnesium bromide (TipMgBr).[149] This boronic ester was 

then converted to the symmetrically-substituted triarylborane 2.45 by reaction with a 

lithiated species (Scheme 2.26A). Stepwise substitution of the bromides then yielded the 

unsymmetrically-substituted triarylboranes 2.46a, b (Scheme 2.26A). 

 

Scheme 2.26: A) Synthesis of unsymmetrically-substituted triarylborane 2.46 from a 

symmetrically-substituted precursor.[32, 39] B) Synthesis of unsymmetrically-substituted 

triarylboranes 2.48a-d from a boronic ester.[66] 

Yamaguchi and coworkers reported the synthesis of a series of unsymmetrically-

substituted triarylboranes 2.48a-d from a boronic ester precursor (Scheme 2.26B).[66] This 

was then converted with TipMgBr to a dimeric intermediate 2.47, which was cleaved by 

the addition of a lithiated species yielding compounds 2.48a-d (Scheme 2.26B). In the 

same paper, Yamaguchi and coworkers reported the synthesis of a derivative of 

compound 2.48 bearing tert-butyl groups instead of the iso-propyl groups but it was not 

possible to synthesize 2.48e according to Scheme 2.26B. Therefore, they used a different 

approach starting from boron tribromide (vide infra, Scheme 2.30B). 
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2.3.2 Borane Dimethyl Sulfide as the Boron Source 

In 2016, Blagg et al. reported the synthesis of the ‘first 1:1:1 hetero-tri(aryl)borane’, by their 

own account.[150] In terms of investigating the Lewis acidity of such ‘hetero-

tri(aryl)boranes’, they substituted the hydrogen atoms of a borane dimethyl sulfide complex 

stepwise with arenes (Scheme 2.27). The first aromatic groups were introduced using aryl 

lithium reagents. The resulting intermediate was converted to a borinic ester with methanol 

and was then activated with BBr3 for reaction with an organozinc reagent yielding the 

unsymmetrically-substituted triarylborane 2.49. 

 

Scheme 2.27: Synthesis of unsymmetrically-substituted triarylborane 2.49 from borane 

dimethyl sulfide.[150] 

 

2.3.3 Boron Trifluoride as the Boron Source 

Liu et al. used the symmetrically-substituted compound 2.50, which was prepared from 

BF3·OEt2 and the respective aryl lithium reagent, to prepare unsymmetrically-substituted 

triarylborane 2.51 via sequential cross-coupling reactions.[40] 

 

Scheme 2.28: Synthesis of unsymmetrically-substituted triarylborane 2.51 by stepwise 

modification of a symmetrically-substituted precursor.[40] 
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2.3.4 Boron Tribromide as the Boron Source 

In 2005, Jäkle and coworkers reported the synthesis of different unsymmetrically-

substituted triarylboranes as reference compounds for their polymers.[121] Both monomeric 

and polymeric boron-containing systems were synthesized from aryldibromoboranes and 

organotin reagents (vide supra, Scheme 2.14; vide infra, Scheme 2.29). They 

subsequently used this strategy for similar applications with slight modifications of the 

synthetic procedure, the third aryl group being added via a tin,[121] a copper[151-153] or a 

Grignard reagent[154] (Scheme 2.29). 

 

Scheme 2.29: A) Synthetic route to unsymmetrically-substituted triarylboranes developed 

by Jäkle and coworkers.[121] B) Structure of compound 2.53.[155] C) Compounds 2.54-2.58 

synthesized according to Scheme 2.29A.[121, 151-155] 

The same group then reported the synthesis of an unsymmetrically-substituted 

triarylborane 2.53 (Scheme 2.29B) via stochiometric Stille coupling of a symmetric 

precursor[155] which had been obtained from boron tribromide and an excess of a tin 

reagent.[15] 

In 2014, Kelly et al. reported the synthesis of a ferrocene-containing triarylborane bearing 

three different aromatic systems by stepwise reaction of dibromoferrocenylborane with two 

different aryl lithium reagents (Scheme 2.30A).[156] 
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Scheme 2.30: A) Synthesis of unsymmetrically-substituted triarylborane 2.59 by Kelly et 

al.[156] B) Synthesis of sterically more demanding, unsymmetrically-substituted 

triarylborane 2.48e by Yamaguchi and coworkers.[66] 

As shown in Scheme 2.26B, Yamaguchi and coworkers reported a route to 

unsymmetrically-substituted triarylboranes from boronic esters[66] but for 2.48e, the route 

was not successful as the incorporated arene was sterically too demanding. Therefore, 

they used a route established by Jäkle and coworkers: after a boron-silicon exchange at 

the thiophene, the ArBBr2 system was reacted with a tin reagent followed by 2,4,6-tri-tert-

butylphenyllithium to give 2.48e (Scheme 2.30B). 

2.4 Summary and Outlook 

Over the years, the synthetic approaches to triarylboranes presented herein have led to 

the generation of countless compounds containing triarylborane motifs. Initially, 

examination of their properties was limited to their reactivity with other metals or as Lewis 

acids. Some of the early reaction sequences, such as those developed by Krause et al. 

and Grisdale et al., are still used. Today, the applications of these compounds are no 

longer limited to their reactivity. The photophysical and electronic properties of 

triarylboranes and compounds containing this structural motif remain under increasingly 

active investigation as such properties lead to numerous applications, e.g. in OLEDS,[27] 

optoelectronics,[25-26, 28] sensors for anions[29, 31, 34] or small molecules,[32-33], catalysts for 

e.g. hydrogenation or amination of carbonyls[62, 140-141] or bioimaging agents.[8, 43-44, 46, 48] 

With the further exploration of more general routes to unsymmetrically-substituted 

triarylboranes, the applicability of these compounds can be expected to continue to 

increase as this structural motif provides the possibility for fine tuning of the photophysical 

and electronical properties of the resulting small molecules and, therefore, also of potential 

macromolecules and polymers. 
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3 The Basis of This Work – An Unsymmetrically-Substituted, Amine-

Containing Triarylborane 

The synthesis and the crystal structures of 3.2a and 3.2b are published in Chem. Eur. J. 

2021, 27, 9094-9101.[157] The results are reproduced in a slightly modified form with the 

permission of Wiley VCH. The syntheses of 3.1a and 3.1b were reported previously,[54] but 

the synthesis and the resulting yields were improved significantly in the course of this work. 

 

3.1 Introduction 

The development of a synthetic route to the unsymmetrically-substituted triarylboranes 

3.2a, bearing one mesitylene, one ortho-xylene, and one N,N,2,6-tetramethylaniline, is 

described together with its crystal structure, rotational barriers around the B–C bonds, 

photophysical and electrochemical properties, singlet oxygen sensitizing efficiency, and 

follow-up reactions. To examine the influence of different numbers of dimethylamino- or 

trimethylammonium groups on these properties, the triarylboranes 3.3a[43], 3.3c,[56] and 

3.1a[54] (Figure 3.1A) were accordingly investigated herein. In previous studies, the 

isolation of only trace amounts of 3.2a was reported from the reaction of 4-(N,N-

dimethylamino)-2,6-dimethylphenyllithum and freshly isolated fluoroborane 3.6, which was 

obtained from the reaction of potassium 2,6-dimethylphenyltrifluoroborate and mesityl 

magnesiumbromide (Figure 3.1B).[55]  

 

Figure 3.1: A) Structures of compounds 3.1-3.3. B) Initial approach to 3.2.[55] 
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3.2 Results and Discussions 

3.2.1 Synthesis 

Influenced by the early syntheses of triarylboranes reported by Krause et al.[91] and Brown 

et al.,[14] the reaction temperature for the last step depicted in Figure 3.1B was increased 

to 70 °C giving 3.2a in 5% isolated yield. 

Ferger et al. showed that enhancement of the positive inductive (+I) effect of substituents 

in positions para to the boron atom of potassium aryltrifluoroborates increases the isolated 

yield of unsymmetrically-substituted triarylboranes.[13, 157] Thus, as an alternative to 3.4, 

synthesis of the more electron-rich potassium aryl trifluoroborate 3.10 was attempted via 

reaction of 4-N,N-dimethylamino-2,6-dimethylphenyl magnesium bromide 3.8 with 

trimethoxyborane and subsequent fluorination of the resulting boronic acid with potassium 

bifluoride (Scheme 3.1A). Complete formation of 3.8 was confirmed by GC-MS, while its 

conversion to 3.9 was confirmed by 11B NMR spectroscopy. However, fluorination at room 

temperature with KHF2 in a 2:1 mixture of THF and water for 30 min or 24 h gave N,N,3,5-

tetramethylaniline and trace amounts of the desired compound 3.10. Exchanging water for 

methanol gave only N,N,3,5-tetramethylaniline after stirring at room temperature for 24 h. 

Thus, it was not possible to isolate 3.10 due to proteoborylation of 3.9. 

 

Scheme 3.1: A) Attempted synthesis of 3.10. B) Optimized reaction sequence for 3.2a. 

Hence, a Grignard reagent was prepared of 4-bromo-N,N,3,5-tetramethylaniline and 

magnesium and was reacted with 3.4 to give fluoroborane 3.11 in situ, which was 

confirmed by 11B NMR spectroscopy. Subsequent addition of mesityl lithium (3.12) gave 

3.2a in 10% yield. When changing the one-pot approach to a sequential reaction by 

separation of 3.11 from purely inorganic salts, the yield of 3.2a increased to 51% (Scheme 

3.1B). Similar yields of 47% and 30% were obtained for the sequential synthesis when the 

reaction time of the last step was decreased from 3 d to 18 h and when 3.4 was activated 

with trimethylsilyl chloride (TMSCl) prior to the first step, respectively. Usually, addition of 
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the latter is known to increase the reactivity of potassium aryltrifluoroborates,[138] but, in 

this case, no increased reactivity was observed. 

Using the basic approach developed by Grisdale and co-workers,[108] 3.1a was 

synthesized from mesityl magnesium bromide 3.5, boron trifluoride etherate (BF3·OEt2), 

and dimethylphenyl lithium 3.14. Isolation of fluoroborane 3.13 and subsequent reaction 

with 3.14 gave the triarylborane 3.1a in 76% yield over two steps (Scheme 3.2A). 

Previously, Schleier reported a yield of 25% who used Et2O instead of THF for the second 

step.[54] 

 

Scheme 3.2: A) Synthetic route to 3.1a. B) One pot synthesis of 3.3a. 

The synthesis of 3.3a was reported in the literature with a yield of 33% over two steps.[43] 

This yield was improved to up to 63% in a one-pot synthesis using potassium 2,6-

dimethylphenyltrifluoroborate 3.4 and 4-(N,N-dimethylamino)-2,6-dimethylphenyl lithum 

3.7 (Scheme 3.2B). The latter was isolated from reaction of n-buthyl lithium and 4-bromo-

3,5,N,N-tetramethylaniline in diethyl ether according to a literature procedure.[50] For 

similar syntheses, it was observed that activation of the potassium salt with trimethylsilyl 

chloride prior to reaction with lithium reagents improves the yield.[13, 157] This was not 

observed for the synthesis of 3.3a, potentially due to the already increased reactivity of 3.7 

compared to non-donor-substituted aryl lithium reagents. 

To make 3.1a and 3.3a applicable in Suzuki-Miyaura cross-coupling reactions, a 

pinacolato-borane (Bpin) group was introduced via iridium catalyzed C–H borylation at the 

xylene moiety at the position para to the boron center.[158-159] Hence, 3.3b was synthesized 

according to the literature procedure.[43-44, 46] Using similar reaction conditions (Scheme 

3.3), 3.2a was borylated giving 3.2b in 97% yield and, for 3.1b, the yield was increased 

from 66%[54] to 90%.  
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Scheme 3.3: Borylation of triarylboranes 3.1a and 3.2a. 

Methylation of 3.3a with methyl triflate in dichloromethane gave 3.3c.[56] Similarly, from a 

reaction of 3.2a and methyltriflate in dichloromethane, 3.2c was obtained in 89% yield by 

precipitation upon addition of hexane. Despite washing 3.2c multiple times with pure 

hexane, it was not possible to remove ca. 0.5% of 3.2a, as shown in Figure 3.2, 1H NMR 

spectra measured at 500 MHz in very high concentrations. Thus, the results of the 

photophysical and electrochemical measurements of 3.2c and 3.3c should be treated with 

caution. 

 

Figure 3.2: Enlarged extract of the 500 MHz 1H NMR spectrum of 3.2c in CD3OD 

measured at room temperature. 
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3.2.2 Crystal Structures and Rotational Barriers 

Crystals suitable for single crystal X-ray diffraction of 3.2a were obtained from saturated 

CH2Cl2 solutions at −20 °C and of 3.2b from slow evaporation of saturated 1:1 

hexane/ethyl acetate solutions at room temperature. The bond lengths and torsion angles 

obtained are summarized in Table 3.1. The sum of the C–B–C angles in the BC3 plane is 

360° for both triarylboranes and both adopt a propeller-like structure. 

 

Figure 3.3: Molecular structure of 3.2a in the solid state at 100 K. Atomic displacement 

ellipsoids are drawn at the 50% probability level and hydrogen atoms are omitted for clarity. 

There are two crystallographically independent molecules in the unit cell. 
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Figure 3.4: Molecular structure of 3.2b in the solid state at 296 K. Atomic displacement 

ellipsoids are drawn at the 50% probability level and hydrogen atoms are omitted for clarity. 

 

Table 3.1: Selected bond lengths and angles of 3.2a, 3.2b, 3.1a,[54] 3.3a,[43] and 3.3b[43] 

determined by single-crystal X-ray diffractions. 

  3.2a 3.1a[54] 3.3a[43] 3.2b 3.3b[43] 

Bond 

Length 

[Å] 

B1a–C3a  

B1b–C3b 

1.574(3) 

1.594(3) 
1.573(8) - 1.577(2) - 

B1a–C2a  

B1b–C2b 

1.586(3) 

1.587(3) 
1.586(8) 1.595(3) 1.589(2) 1.592(2) 

B1a–C4a  

B1b–C4b 

1.570(3) 

1.562(3) 
- 1.573(2) 1.568(2) 

1.571(2) 

1.567(2) 

Torsion 

Angle 

[°] 

NMes – BC3 

48.00(5) 

41.12(6) 
- 53.0(1) 43.23(5) 

42.4(1) 

45.8(1) 

Mes – BC3 
50.80(6) 

57.17(7) 

51.8(8) 

51.3(9) 
- 52.94(6) - 

xylyl – BC3 
52.67(5) 

55.66(5) 
47.2(8) 56.7(1) 55.65(6) 58.9(1) 

 

For 3.2a, the B–C bond lengths are 1.574(3) Å, 1.586(3) Å, and 1.570(3) Å for the mesityl, 

2,6-dimethylphenyl, and 4-(N,N-dimethylamino)-2,6-dimethylphenyl groups, respectively. 

These values are very similar to those in 3.2b, 3.1a,[54] 3.3a,[43] 3.3b,[43] the triduryl 

compound 3.15 (1.589(3) Å, 1.583(5) Å; Figure 3.5A)[160] and BMes3 (2.17; 1.580(4) Å, 

1.573(4) Å; 1.579(2) Å; Figure 3.5B).[161-162] 
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Figure 3.5: Previously reported compounds 3.15[160] and 2.17.[161-162] 

Due to the steric constraints around the boron center, rotation around the B–C bonds is 

hindered. In the late 1960s and early 1970s, possible rotation mechanisms in BMes3 were 

investigated in detail by Mislow and coworkers using 1H NMR spectroscopy.[161, 163-164] They 

concluded that a two-ring flip mechanism is most likely, wherein two aromatic systems 

rotate in the same direction around their B–C bonds, while the third ring rotates in the 

opposite direction. Furthermore, via temperature-dependent 1H NMR spectroscopy they 

determined the rotational barrier to be ca. 11-16 kcal/mol and that it increases with 

increasing numbers of substituents ortho to the boron center.[161] Similar results were 

obtained by Wang and co-workers[165] and by Griesbeck et al.[44] In the latter study, an 

increase of the rotational barrier of dimethylamino-substituted bis-triarylborane 

chromophores from 11.0 kcal/mol and 13.9 kcal/mol to 15.5 kcal/mol and 15.3 kcal/mol, 

respectively, upon methylation of the four dimethylamino groups was reported. 

In the room temperature 1H NMR spectra of 3.2a and 3.2b, one broad and two sharp 

signals were observed at ca. 2 ppm for the ortho methyl groups (Figure 3.6A, B). In 

contrast, for 3.2c, six sharp signals were found in this region (Figure 3.6C). 

A  

 

B 

 

C 

 
Figure 3.6: 500 MHz 1H NMR spectra of A) 3.2b, B) 3.2a, and C) 3.2c at ca. 2 ppm 

recorded in CD2Cl2 at room temperature. 
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The rotational barriers ΔG≠ of 3.2a and 3.2c were calculated for each aromatic system 

from temperature-dependent 1H NMR spectroscopy using the Eyring equation (Equation 

3.2) with kc being the equilibrium constant at the coalescence temperature Tc, Δν being 

the peak separation in Hz at the low temperature limit, the ideal gas constant R, 

Boltzmann’s constant kB, and Planck’s constant h. 

Equation 3.1: kc = 
𝜋

√2
 |Δν| = 2.22 |Δν|  

Equation 3.2: Δ G≠ = RTc ln(
𝑘𝐵𝑇𝑐

ℎ𝑘𝑐
) 

The resulting values are summarized in Table 3.2. 1H NMR spectra below room 

temperature (25 °C) were recorded in CD2Cl2 and at higher temperatures in C2D2Cl4.  

 

Table 3.2: Rotational barriers ΔG≠ of 3.2a and 3.2c determined for each aromatic system 

in the aromatic (7.5 ppm-6.3 ppm) and aliphatic (2.2 ppm-1.9 ppm) regions from 

temperature dependent 1H NMR spectra and the Eyring equation. 

Aromatic system 
3.2a 3.2c 

Aromatic Aliphatic Aromatic Aliphatic 

4-(N,N-Dimethylamino-)/ 

4-Trimethylammonium-

2,6-dimethylphenyl 

[a] 13.9 kcal/mol 16.5 kcal/mol 16.0 kcal/mol 

2,6-Dimethylphenyl 14.3 kcal/mol 15.2 kcal/mol 16.7 kcal/mol 16.4 kcal/mol 

Mesityl 14.2 kcal/mol 15.0 kcal/mol 17.7 kcal/mol 17.1 kcal/mol 

[a] Cannot be determined as corresponding 1H NMR signal does not split until −90 °C. 

 

The minor differences obtained between the values obtained from the aliphatic and 

aromatic regions are within the error of the measurement. In 3.2a, the rotational barrier of 

the 4-N,N-dimethylamino-2,6-dimethylphenyl group is slightly lower than those of the 2,6-

dimethylphenyl and mesityl groups, with values of ca. 14-15 kcal/mol. In contrast, in 3.2c, 

the mesityl rotational barrier is slightly higher than those of the other two aromatic systems. 

However, for 3.2c, all three values are increased by ca. 2 kcal/mol compared to 3.2a, 

which is in accordance with the trend observed by Griesbeck et al.[44] 
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3.2.3 Photophysical Properties 

3.2.3.1 Neutral Triarylboranes 

The photophysical properties of 3.1a, 3.2a, 3.3a, 3.2c, and 3.3c were investigated in 

solvents of different polarity to examine the influence of increasing numbers of 

dimethylamino- and trimethylammonium groups, respectively. The absorption and 

emission spectra and the corresponding data for the neutral compounds 3.1a, 3.2a, and 

3.3a are summarized in Figure 3.7 and Table 3.3. Hexane (dielectric constant: εr = 

1.9 F m-1), toluene (εr = 2.4 F m-1), Et2O (εr = 4.3 F m-1), CH2Cl2 (εr = 9.1 F m-1), and 

acetonitrile (εr = 38 F m-1) were chosen as solvents.[166] 
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Figure 3.7: Absorption (solid lines) and emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥

𝑎𝑏𝑠 ) spectra 

of A) 3.1a B) 3.2a and C) 3.3a in solvents of different polarity; D) Absorption (solid lines) 

and emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 ) spectra of 3.1a, 3.2a, and 3.3a in hexane. 

The absorption spectra of these compounds show no solvatochromic behavior while the 

emission spectra show positive solvatochromism. When comparing 3.1a, 3.2a, and 3.3a 

in the same solvent, the shape of their absorption and emission spectra are similar (Figure 

3.7D), while the molar extinction coefficient increases almost linearly with increasing 
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number of dimethylamino groups from 15 000 L mol-1 cm-1 over 22 000 L mol-1 cm-1 to 

30 000 L mol-1 cm-1. The solvatochromic behavior is more pronounced for the amine-

substituted compounds 3.2a and 3.3a than for 3.1a because of significant charge-transfer 

from the dimethylamino donor groups. 

Table 3.3: Photophysical data of 3.1a, 3.2a, and 3.3a in solvents of different polarity. 

  
𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  

[nm] 

𝜆𝑚𝑎𝑥
𝑓𝑙

 

[nm] 

Apparent 

Stokes 

shift 

[cm-1] 

τ 

[ns] 

Φf 

 

ε 

[103 L 

mol-1 

cm-1] 

τ0 

[ns] 

knr 

[109 s-1] 

kr 

[109 s-1] 

3.1a 

Hexane 326 367 3 400 1.48 0.10 15 14.8 0.61 0.07 

Toluene 326 374 3 900 1.40 0.06 15 23.3 0.67 0.04 

Et2O 325 371 3 800 1.50 0.08 - 18.7 0.61 0.05 

CH2Cl2 326 381 4 400 1.40 0.07 - 20.0 0.66 0.05 

MeCN 326 388 4 900 1.56 0.07 - 22.3 0.60 0.04 

3.2a 

Hexane 383 440 3 400 5.17 0.34 22 15.2 0.13 0.07 

Toluene 388 486 5 200 8.53 0.48 - 17.8 0.06 0.06 

Et2O 383 492 5 800 10.2 0.48 - 21.3 0.05 0.05 

CH2Cl2 385 520 6 700 15.4 0.58 - 26.5 0.03 0.04 

MeCN 387 567 8 200 11.5 0.25 - 45.9 0.07 0.02 

3.3a 

Hexane 390 424 2 100 1.55 0.13 30 11.9 0.56 0.08 

Toluene 398 462 3 500 3.32 0.25 27 13.3 0.23 0.08 

Et2O 394 474 4 300 5.24 0.24 - 21.8 0.14 0.05 

CH2Cl2 397 501 5 200 12.0 0.41 - 29.3 0.05 0.03 

MeCN 395 546 7 000 9.50 0.28 - 33.9 0.08 0.03 
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 3.1a 3.2a 3.3a 
LUMO 

   

HOMO 

   
Figure 3.8: HOMOs and LUMOs of 3.1a, 3.2a, and 3.3a from DFT calculations (B3LYP, 6-

31G(d,p), gas phase). 

A 

 

B 

 
C 

 

 
 

Figure 3.9: Calculated absorption spectra (CAM-B3LYP 6-31G(d,p), gas phase) of A) 3.1a, 

B) 3.2a, and C) 3.3a. 
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For all three triarylboranes, TD-DFT calculations identified the transition between the 

HOMO and LUMO to be the main transition of lowest energy. The LUMO of each 

triarylborane is located at the boron center and the HOMO is located at the most electron-

rich aromatic systems, which are mesityl for 3.1aand 4-(N,N-dimethylamino)-2,6-

dimethylphenyl for 3.2a and 3.3a (Figure 3.8). When there is more than one electron-rich 

aromatic system, the HOMO is distributed equally over both. The calculated absorption 

spectra (Figure 3.9) of each neutral triarylborane fit the corresponding experimental 

spectra very well considering that the calculations were performed in the gas phase and 

the experiments in solution. 

From the calculations, the orbital overlap parameter Λ was obtained, which is defined as 

 =  
∑ 𝑐𝑖,𝑎

2 ⟨∣ 𝜑𝑎 ∣|∣ 𝜑𝑖 ∣⟩𝑖,𝑎

∑ 𝑐𝑖,𝑎
2

𝑖,𝑎
 with 𝜑𝑎 and 𝜑𝑖 representing the occupied and unoccupied one-

electron wavefunctions, respectively, |⟨𝜑𝑎|||𝜑𝑎⟩| representing the norm of the one-electron 

wavefunction centroid and 𝑐𝑖,𝑎 representing the weight of the one-electron excitation. Λ 

takes values between 0 and 1, with 0 corresponding to no spatial overlap and 1 to complete 

overlap between the orbitals participating in the respective transition.[167] As Λ is 0.58, 0.49, 

and 0.52 for 3.1a, 3.2a, and 3.3a, respectively, localized orbitals are suggested for each 

compound which indicates increasing charge-transfer (CT) character of the transitions in 

the order 3.1a < 3.3a < 3.2a.[167] As the apparent Stokes shifts increase in the same order, 

it is suggested that the introduction of a second dimethylamino group does not further 

increase the CT character of the transition.  

The quantum yield is the largest for 3.2a and the smallest for 3.1a in all solvents examined. 

The fluorescence lifetimes of 3.1a do not change with solvent polarity whereas for 3.2a 

and 3.3a the lifetimes increase with increasing solvent polarity but decrease in acetonitrile. 

This indicates more polarized excited states of 3.2a and 3.3a compared to 3.1a which are 

better stabilized in more polar solvents (CH2Cl2) than in non-polar solvents (hexane). The 

natural lifetime (τ0) of 3.2a and 3.3a increases, thus, the non-radiative rate constant (knr) 

decreases with increasing solvent polarity, as does the radiative rate constant (kr) (Table 

3.3). Such behavior was previously observed for a similar donor-acceptor compound 

containing carbazole as donor and dimesitylborane as acceptor.[168] This is often not the 

case for very strong CT systems, and tuning of the relative donor and acceptor strength is 

required to obtain high Φf values in polar solvents.[169]  
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3.2.3.2 Cationic Triarylboranes 

The absorption and emission spectra and the corresponding data of the cationic 

compounds 3.2c, and 3.3c are summarized in Figure 3.10 and Table 3.4, respectively. 

Ethanol (εr = 25 F m-1), acetonitrile (εr = 38 F m-1), and water (εr = 80 F m-1) were chosen 

as solvents.[166] As both compounds do not dissolve well in pure water, concentrated 

acetonitrile solutions were diluted with water to less than 1% acetonitrile. 

The absorption spectra of 3.2c (Figure 3.10A) and 3.3c (Figure 3.10B) do not show any 

solvatochromism. The low-energy transition bands at ca. 400 nm result from minor 

impurities of the neutral compounds 3.2a and 3.3a as discussed above. The emission 

spectra of both compounds display a small, positive solvatochromism, which is more 

pronounced for 3.2c than for 3.3c. In the latter, two strong electron-donating functionalities 

are replaced with strong electron-withdrawing trimethylammonium groups upon 

methylation while the first retains the mesityl group as a weaker electron-donor. Thus, the 

boron centers in 3.2c and 3.3c are expected to be more electron-deficient than in the 

neutral analogues 3.2a and 3.3a. TD-DFT calculations demonstrate that the HOMO to 

LUMO transitions are the transitions of lowest energy. The LUMOs remain at the boron 

moiety with some contribution of the trimethylammonium moiety for 3.2c, while the 

HOMOs are localized at the more electron-rich mesityl and 2,6-dimethylphenyl moieties 

(Figure 3.11). For 3.3c, the contribution of the trimethylammonium moieties to the LUMO 

is distributed over two aromatic systems. The calculated absorption spectra (Figure 3.12) 

of both cationic triarylboranes fit the experimental spectra well considering that the 

calculations were performed in the gas phase without ion-ion interactions while 

experiments were conducted in solutions. 
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Figure 3.10: Absorption (solid lines) and emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 ) spectra 

of A) 3.2c and B) 3.3c in solvents of different polarity; Absorption (solid lines) and emission 

(dotted lines; excitation at 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 ) spectra of 3.2c and 3.3c in C) ethanol and D) 1% 

acetonitrile in water. 

The molar extinction coefficients of both cationic triarylboranes are slightly lower in an 

aqueous environment compared to pure acetonitrile while the absorption and emission 

spectra of 3.2c and 3.3c are at very similar positions and have almost identical shapes in 

the same solvents (Figure 3.10C, Figure 3.10D). The fluorescence quantum yields (ca. 

0.10) are very similar for both compounds in all solvents, only for 3.2c in aqueous solution 

does this increase to 0.19. The fluorescence lifetimes of both compounds increase with 

increasing solvent polarity, thus reflecting polarized excited states. Similarly to the neutral 

triarylboranes, the natural lifetimes increase with increasing solvent polarity while the 

radiative and non-radiative decay constants decrease (Table 3.4). 
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Table 3.4: Photophysical data of 3.2c and 3.3c in ethanol, acetonitrile, and 1% acetonitrile 

in water. 

  
𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  

[nm] 

𝜆𝑚𝑎𝑥
𝑓𝑙

 

[nm] 

Apparent 

Stokes 

shift 

[cm-1] 

τ 

[ns] 

Φf 

 

ε 

[103 L 

mol-1 

cm-1] 

τ0 

[ns] 

knr 

[109 s-1] 

kr 

[109 s-1] 

3.2c 

EtOH 315 410 7 400 2.39 0.08 - 29.9 0.38 0.03 

MeCN 314 420 8 000 3.37 0.11 10 30.6 0.26 0.03 

1% 

MeCN 

in H2O 

313 437 9 100 7.49 0.19 7 39.4 0.11 0.02 

3.3c 

EtOH 308 412 8 200 3.76 0.09 - 41.8 0.24 0.02 

MeCN 309 416 8 300 4.40 0.10 11 44.0 0.20 0.02 

1% 

MeCN 

in H2O 

308 425 8 900 6.65 0.11 10 60.4 0.13 0.02 

 

 

 3.2c 3.3c 
LUMO 

 

 
HOMO 

  
 

Figure 3.11: HOMOs and LUMOs of 3.2c and 3.3c received from DFT calculations 

(B3LYP, 6-31G(d,p), gas phase). 
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A 

 

B 

 
Figure 3.12: Calculated absorption spectra (CAM-B3LYP 6-31G(d,p), gas phase) of A) 

3.2c and B) 3.3c. 

 

In summary, the absorption and emission spectra of the triarylboranes shift 

bathochromically in the order 3.3c < 3.2c < 3.1a < 3.2a < 3.3a, which correlates well with 

the electron density at the boron center induced by electron-withdrawing and electron-

donating moieties. For the neutral triarylboranes, the molar extinction coefficients increase 

almost linearly by ca. 7 000 L mol-1 cm-1 per dimethylamino group. In contrast, for the 

trimethylammonium-substituted triarylboranes 3.2c and 3.3c, the molar extinction 

coefficient does not change significantly with the number of electron-withdrawing moieties. 

 

3.2.4 Electrochemical Properties 

The electrochemical properties of the neutral (Figure 3.13A-C) and cationic (Figure 3.13D) 

triarylboranes were examined in THF and acetonitrile, respectively, with [nBu4N][PF6] as 

the electrolyte and a scan rate of 250 mV s-1. The cyclic voltammograms of 3.3c were 

reported before.[170] Each measurement is referenced to the Fc/Fc+ ion couple and the 

results are summarized in Table 3.5. No oxidation potentials are expected to be observed 

for 3.1a, 3.2c and 3.3c, within the electrochemical windows of the solvents used. In the 

case of 3.2c and 3.3c, 1H NMR and absorption spectra confirmed minor impurities caused 

by non- or partially methylated starting material which results in minor oxidation waves in 

the corresponding cyclic voltammograms.  
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Figure 3.13: Cyclic voltammogram of A) 3.1a, B3.2a, and C) 3.3a in THF. D) Cyclic 

voltammogram of 3.2c in MeCN. 

 

Table 3.5: Reduction and oxidation potentials of 3.1a, 3.2a, and 3.3a determined in THF, 

and of 3.2c and 3.3c determined in MeCN and referenced to the Fc/Fc+ redox couple. 

 E1/2 (red) 
[V] 

E1/2 (ox1) 
[V] 

E1/2 (ox2) 
[V] 

3.1a −2.67 - - 

3.2a −2.78 0.34 - 

3.3a −2.86 0.28 0.51 (irrev.) 

3.2c −2.24 - - 

3.3c[170] −2.02 - - 

 

For 3.1a, 3.2a, and 3.3a, one partially reversible 1e- reduction potential was found at 

−2.67 V, −2.78 V, and −2.86 V (Table 3.5), respectively, resulting from the reduction of the 

boron center. These values decrease by ca. 0.1 V with each additional dimethylamino 
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group. In the case of 3.2a, one 1e- oxidation potential at 0.34 V was found. For 3.3a, two 

oxidation potentials were found at 0.28 V and 0.51 V, the second being irreversible. For 

3.2c, one partially reversible 1e- reduction potential at -2.24 V was observed which 

increases by 0.22 V upon addition of a second trimethylammonium group in 3.3c. In 

summary, the reduction potentials decrease with increasing electron density at the boron 

center in the order 3.3c > 3.2c > 3.1a > 3.2a > 3.3a due to the more pronounced electron-

donating effect of the amino-group NMe2 compared to the methyl group, and to the 

electron-withdrawing effect of the NMe3
+ groups. Thus, the HOMO and LUMO energies 

calculated according to Equation 3.3 and Equation 3.4, respectively, decrease upon 

methylation of the amine (Table 3.6).  

 

Table 3.6: HOMO and LUMO energies of 3.1a, 3.2a, 3.2c, 3.3a, and 3.3c determined from 

cyclic voltammograms calculated according to Equation 3.3 and Equation 3.4. 

 3.3c 3.2c 3.1a 3.2a 3.3a 

E(HOMO) 

[eV] 
-6.55 -6.28 -6.08 -5.60 -5.54 

E(LUMO) 

[eV] 
-3.08 -2.86 -2.59 -2.48 -2.40 

 

Equation 3.3: E(HOMO) = solvent correction – E1/2
ox 

Equation 3.4: E(LUMO) = solvent correction – E1/2
red 

The solvent corrections are defined as -5.16 eV for CH2Cl2, -5.10 eV for MeCN, and -

5.26 eV for THF. These values result from the summary of different influences such as the 

different oxidation potentials of the Fc/Fc+ couple in different solvents when measured 

against the standard calomel electrode (SCE; E(Fc/Fc+, CH2Cl2, [NBu4][PF6]) = 0.46 eV; 

E(Fc/Fc+, MeCN, [NBu4][PF6]) = 0.40 eV; E(Fc/Fc+, THF, [NBu4][PF6]) = 0.56 eV),[171] the 

referencing of these values against the standard hydrogen electrode (SHE; +4.46 eV),[172] 

and finally, the referencing to the absolute value of the SHE (0.244 eV).[173] As a result, the 

HOMO and LUMO energies in the gas phase can be calculated from experimental 

results.[174] 

Whenever no oxidation potential was detectable, the HOMO was calculated using the 

onset potential of the absorption according to Equation 3.5. 

Equation 3.5: E(HOMO) = E(LUMO) − E(onset absorption)  
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Thus, for 3.1a, 3.2c, and 3.3c, the same values for the optical (ΔEopt) and electrochemical 

bandgap (ΔECV) are obtained (vide infra). 

Very similar energy values were reported by Gabbaï and coworkers[50] who examined the 

reduction potentials of triarylboranes 3.16a-c and BMes3 (2.17; Figure 3.14) in THF and 

acetonitrile using a glassy carbon electrode, 0.1 M [Bu4N][PF6] as electrolyte and the 

Fc/Fc+ couple as internal standard (Table 3.7). They reported a stepwise decrease of the 

reduction potential from the neutral triarylborane 2.17 to the tri-cationic derivative 3.16c by 

0.26 eV in acetonitrile and of 0.36 eV in THF with increasing number of 

trimethylammonium groups. Herein, this trend was confirmed, but the distinct values are 

lower most likely due to the slightly decreased electron density at the boron center of 3.1a, 

3.2c, and 3.3c resulting from the (partial) substitution of the mesityl group(s) of 2.17, 3.16a, 

and 3.16b with less electron-rich 2,6-dimethylphenyl groups.  

 

Figure 3.14: BMes3 (2.17) and compounds 3.16a-c reported by Gabbaï and coworkers.[50] 

 

Table 3.7: Reduction potentials of 3.16a-c and 2.17 determined by Gabbaï and 

coworkers.[50] 

 
E1/2 (red) in MeCN 

[V] 

E1/2 (red) in THF 

[V] 

2.17 -2.57 -2.9 

3.16a -2.33 -2.55 

3.16b -2.09 -2.19 

3.16c -1.86 (irrev.) insoluble 

 

3.2.5 HOMO-LUMO Gaps 

HOMO-LUMO gaps were obtained from DFT calculations (ΔEcalc), absorption spectra 

(ΔEopt)[175] and cyclic voltammograms (ΔECV)[171-174] according to literature known 

procedures. As shown in Equation 3.5, the onset energy of the absorption spectrum was 

used for the calculation of ΔECV in case no oxidation potential was obtained. The results 

are summarized in Table 3.8. 
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Table 3.8: Comparison of HOMO-LUMO gap energies obtained from DFT calculations 

(B3LYP, 6-31G(d,p), gas phase; ΔEcalc), absorption (ΔEopt) and CV (ΔECV) measurements. 

 ΔEcalc 

[eV] 

ΔEopt 

[eV] 

ΔECV 

[eV] 

3.1a 4.34 3.49 

3.2a 3.66 2.92 3.12 

3.3a 3.63 2.92 3.14 

3.2c 3.87 3.42 

3.3c 3.72 3.47 

 

The values of ΔEopt and ΔECV are very similar and decrease with increasing electron-

density at the boron center. The same trend can be observed for ΔEcalc although these gas 

phase values are generally ca. 0.7 eV higher than the experimental values. Nonetheless, 

comparison of the values in Table 3.8 show that the DFT calculations predict the trend in 

the HOMO-LUMO gaps well even for the cationic compounds although the triflate ion was 

not included in the calculations. 

 

3.2.6 Singlet Oxygen Sensitization 

Thus far, singlet oxygen sensitization by triarylboranes is rare, and typically attributed to 

moieties other than the boron center. Merz et al.[65] observed a singlet oxygen sensitizing 

efficiency of 0.6 for a tetra-(di-(4-methoxyphenyl)amino)-substituted perylene (3.17a), but 

not for the tetra-(dimesitylboryl)-substituted analogue 3.17b (Figure 3.15A).  

 

Figure 3.15: Singlet oxygen sensitizing compounds 3.17,[65] 3.18,[176] 3.19,[177] and 3.20.[178] 

Porcel et al. reported the interaction of the triarylborane-phosphine compound 3.18 with 

1O2 but this interaction was attributed to the phosphine substituent and not to the boron.[176] 

Similarly, other groups attributed the sensitization of 3.19[177] and 3.20[178] to the attached 

polycyclic aromatic hydrocarbon (PAH) and porphyrin motifs, respectively, rather than to 

the boranes.  
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Very recently, triarylboranes have been reported to be phosphorescent in the solid state, 

even at room temperature, which demonstrates the population of their triplet states.[105] 

Efficiently populated triplet states can also be used for the sensitization of singlet oxygen 

in solution and, thus, might be good candidates for biological applications such as 

photodynamic therapy (PDT) in, e. g., photoinduced treatment of cancer cells.[179] Hence, 

the ability to sensitize singlet oxygen in O2-saturated acetonitrile solutions was investigated 

for 3.1a, 3.2c, and 3.3c, and referenced to that obtained from a solution of the known 1O2 

sensitizer perinaphthenone.[180] The signal-to-noise ratio of all recorded spectra is low due 

to the small radiative rate constant (kr = 0.45 s-1) of singlet oxygen in acetonitrile.[181] 

Therefore, all values given have an estimated error of ±0.1. 

From these spectra, 3.1a, 3.2c, and 3.3c are found to sensitize singlet oxygen with an 

efficiency (ΦΔ) of 0.3, 0.5, and 0.6, respectively (Figure 3.16). Thus, their sensitizing ability 

increases with increasing number of trimethylammonium substituents (Table 3.9). The 

corresponding fluorescence quantum yields in acetonitrile decrease in the same order 

from 0.34 to 0.11 and 0.10. Thus, the sum of singlet oxygen efficiencies ΦΔ and 

fluorescence quantum yields Φf for these compounds is ca. 0.6-0.7 (Table 3.9). Hence, 

30-40% of the excited states decay by processes other than fluorescence or ISC, 

assuming that the efficiency of 1O2 sensitization by the triplet states is 100%. 
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Figure 3.16: Emission spectra of A) 3.1a, B) 3.2c, and C) 3.3c relative to perinaphthenone 

determined in acetonitrile. 

 

Table 3.9: Singlet oxygen sensitizing quantum yields (ΦΔ) of 3.1a, 3.2c, and 3.3c in relation 

to perinaphthenone and fluorescence quantum yields (Φf) determined in acetonitrile. 

 ΦΔ Φf
 

3.1a 0.3 0.34 

3.2c 0.5 0.11 

3.3c 0.6  0.10 
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3.3 Conclusions 

A synthetic route to an unsymmetrically-substituted triarylborane bearing three different 

aromatic systems, namely mesityl, 2,6-dimethylphenyl, and 4-(N,N-dimethylamino)-2,6-

dimethylphenyl was developed. It is shown that the order of introduction as well as the 

choice of organo-metalate significantly influences the isolated yield of triaryborane 3.2a. 

Crystal structures of 3.2a and 3.2b were analyzed, revealing the expected propeller-like 

structures and typical B–C bond lengths and angles. Investigation of the rotational barriers 

of 3.2a and 3.2c show an increase by 2 kcal/mol upon methylation, which is in accordance 

with the literature.[44] 

Investigation of the photophysical properties shows that substitution of the methyl groups 

of 3.1a with dimethylamino groups results in more pronounced solvatochromic behavior of 

the emission, which is typical for charge-transfer compounds. The CT character of the 

transitions was confirmed by TD-DFT calculations. However, these effects are lost when 

the dimethylamino moieties are methylated leading to trimethylammonium groups. The 

absorption and emission maxima are found to shift bathochromically with increasing 

strength and number of donor substituents in the order 3.3c < 3.2c < 3.1a < 3.2a < 3.3a. 

The molar extinction coefficients of the neutral triarylboranes increase by ca. 

7 000 L mol-1 cm-1 per amino substituent, but are similar for both charged compounds. The 

influence of the second amino group on the photophysical properties is generally smaller 

than that of the first. 

From cyclic voltammograms, the reduction potentials are found to decrease with 

increasing electron density at the boron center in the order 3.3c > 3.2c > 3.1a > 3.2a > 

3.3a due to the increasing electron density at the boron center. 

In acetonitrile solutions, 3.1a, 3.2c, and 3.3c are shown to sensitize singlet oxygen. The 

efficiency increases with increasing number of trimethylammonium groups in the order 

3.1a < 3.2c < 3.3c from 0.3 to 0.6. 

These investigations show that, using the methodology reported herein, new molecules 

can be designed whose photophysical and electrochemical properties can be fine-tuned 

by the choice of the aromatic systems. After borylation, such compounds can be 

incorporated by, e.g., Suzuki-Miyaura cross-coupling reactions, into larger systems with 

very similar properties as shown in the following Chapter 4. 
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4 Synthesis and Selected Properties of Bithiophene-Cored, Mono-, 

Bis-, and Tris-(Trimethylammonium)-Substituted, Bis-Triarylborane 

Chromophores 

The synthesis of Cat2+ and preliminary investigations of its photophysical properties were 

reported in the Master’s Thesis of Sarina M. Berger.[55] The synthesis is shown here for 

completeness. The previously reported photophysical properties and water-solubility are 

corrected herein. 

 

4.1 Introduction 

Griesbeck et al. reported the synthesis and the photophysical properties of the neutral, 

bithiophene-bridged bis-triarylborane Neut4 and its tetra-cationic analogue Cat4+ (Figure 

4.1).[43, 56] Subsequently, the influence of different bridging units on the stability of such 

compounds[44] and of other bridges on the photophysical properties and potential biological 

applications were reported.[46, 52-53] A more detailed summary of the previous results is 

given in Chapter 1. However, the influence of different numbers and distributions of the 

charge on the properties of such bis-triarylboranes remained uninvestigated. Thus, the 

aim of this work was to synthesize the selectively dimethylamino- (Neut1, Neut2, Neut(i)2, 

Neut3) and trimethylammonium-substituted compounds (Cat1+, Cat2+, Cat(i)2+, Cat3+; 

Figure 4.1) and to investigate their influence on selected properties such as water-

solubility, singlet oxygen sensitizing efficiency, HOMO-LUMO gaps, photophysics, and 

electrochemistry. 

To provide a solid foundation for discussion, the incompletely reported properties of 

Neut0[54] were re-investigated herein. For completeness, the synthesis of Cat2+, previously 

reported in the Master’s Thesis of Sarina M. Berger,[55] is shown again and the previously 

reported photophysical properties are corrected as they resulted from dispersed particles 

rather than dissolved molecules. 
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Figure 4.1: Structures of the compounds discussed herein. 

 

4.2 Results and Discussion 

4.2.1 Synthesis 

The synthesis of Cat2+ was reported previously (Figure 4.2A)[55] by an approach similar to 

the Suzuki-Miyaura-type cross-coupling strategy demonstrated by Griesbeck et al.[43-44, 46, 

56] In that reaction sequence, 5-bromo-2,2’-bithiophene is first reacted with 3.1b (Figure 

4.2B) under Suzuki-Miyaura cross-coupling conditions using Pd2(dba)3·CHCl3 (dba = 

(1E,4E)-1,5-diphenylpenta-1,4-dien-3-one) as the pre-catalyst, 2-dicyclohexylphosphino-

2',6'-dimethoxybiphenyl (SPhos) as the ligand, and potassium hydroxide as the base in a 

2:1 mixture of toluene and water giving 4.2 in 71% yield. The 5’-position of the bithiophene 

of 4.2 was then brominated using N-bromosuccinimide (NBS) in DMF in 93% yield. In the 

next step, 4.3 was used in a second Suzuki-Miyaura cross-coupling reaction with 3.3b 

under the same conditions giving Neut2 in 59% yield. Finally, this compound was 

methylated using methyl triflate in dichloromethane solution yielding Cat2+ in 69%. 

Using the same conditions for Suzuki-Miyaura cross-coupling, the non-amino-substituted 

bis-triarylborane Neut0 was synthesized from 5,5’-dibromo-2,2’-bithiophene 4.4 and 

3.1b.[54] Analogously, after successful synthesis of the borylated triarylborane 3.2b (Figure 

4.2B; Chapter 3), Neut(i)2 was synthesized from 4.4 and 3.2b in 53% yield (Figure 4.2C).  

The previously reported compound 4.3[55] was reacted with 3.2b under the Suzuki-Miyaura 

cross-coupling reaction conditions described above giving Neut1 in 43% yield (Figure 

4.2D). 
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Figure 4.2: A) Synthesis of Cat2+ reported previously.[55] B) Molecular structures of 3.1-

3.3. C) Synthesis of Neut(i)2. D) Synthesis of Neut1 and Neut3; a) Pd2(dba)3·CHCl3, 

SPhos, KOH, toluene/water 2:1, 85 °C, 2d; b) NBS, DMF, 0 °C, 15 min then r.t., 2 h; c) 

nBuLi, THF, −78 °C, 1.5 h, then I2, −78 °C -> r.t., 18 h. 
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For the synthesis of Neut3, 5-bromo-2,2’-bithiophene 4.1 was reacted with 3.2b and 3.3b 

giving 4.5 and 4.7 in 93% and 80% yields, respectively (Figure 4.2D). These compounds 

were halogenated at the 5’-position of the bithiophene moiety to react in a second Suzuki-

Miyaura cross-coupling reaction. It was found previously that bromination of 4.7 with NBS 

in DMF leads to selective bromination of one of the protons in position ortho to the 

dimethylamino moiety due to the stronger electron-donating effect of nitrogen compared 

to sulfur.[55] Thus, inactivation of the dimethylamino groups was attempted by protonation 

with HCl prior to the reaction with NBS. This resulted in incomplete conversion and 

inseparable mixtures of multiply brominated and chlorinated compounds as indicated by 

HRMS. Similar results were obtained when using N-chlorosuccinimide (NCS) instead of 

NBS. Hence, the halogenation strategy was changed. Upon addition of iodine to mixtures 

of nBuLi and 4.5 or 4.7 in THF under an argon atmosphere, inseparable mixtures of 4.6 or 

4.8 with their respective starting materials were obtained as indicated by 1H NMR 

spectroscopy and HRMS. As only the iodinated compounds can react with borylated 

triarylboranes in Suzuki-Miyaura cross-coupling reactions, the mixtures of 4.5 and 4.6 or 

4.7 and 4.8, containing ca. 80% iodinated compounds, were used after minor purifications 

for the synthesis of Neut3, which was obtained in 6% and 60% yield, respectively (Figure 

4.2D). 

With Neut1, Neut(i)2, and Neut3 in hand, methylation of the amino functionality using 

methyl triflate in dichloromethane gave the corresponding cationic compounds Cat1+, 

Cat(i)2+, and Cat3+ in 88%, 49%, and 57% yields, respectively. Thus, together with the 

previously reported compounds Neut0,[54] Cat2+,[55] Cat4+,[43, 56] and the neutral precursors 

of the latter two, the influence of different numbers of dimethylamino- and 

trimethylammonium groups on water-solubility, singlet oxygen sensitizing efficiency, 

HOMO-LUMO gaps, and the photophysical and electrochemical properties were 

investigated. 
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4.2.2 Solubility in Water 

In 2018, Cat2+ was reported to be soluble in pure water at concentrations suitable for 

photophysical measurements (10-5 mol L-1) but the reported absorption spectrum clearly 

shows that aggregation or precipitation must have taken place as absorption was detected 

between 200 nm and 1100 nm although the compound and its solutions were reported to 

be yellow.[55] Thus, the determination of the molar extinction coefficient of Cat1+, Cat2+, 

Cat(i)2+, and Cat3+ in pure water was attempted. Hence, solutions with concentrations of 

ca. 3  10-6 mol L-1 were shaken for 3 d in the dark leading to a colorless solution of Cat1+ 

and slightly yellowish solutions of Cat2+, Cat(i)2+, and Cat3+. Each solution became 

colorless upon filtration (Nylon, 45 µm) indicating that the color of the solutions resulted 

from dispersed but undissolved particles. This was confirmed by measuring the very weak 

absorbance of the filtered solutions at ca. 410 nm (Figure 4.3). 
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Figure 4.3: Absorption spectra of filtered solutions of Cat1+, Cat2+, Cat(i)2+, and Cat3+in 

pure water. 

Thus, the selectively charged bis-triarylboranes Cat1+, Cat2+, Cat(i)2+, and Cat3+ are 

insoluble in pure water, but concentrated solutions in acetonitrile can be diluted with water 

until the solution contains ≤1% acetonitrile.  
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4.2.3 Photophysical Properties 

4.2.3.1 Neutral bis-Triarylboranes 

The absorption and emission spectra and the corresponding data of Neut0, Neut1, 

Neut2,[55] Neut(i)2, Neut3, and Neut4[56] are summarized in Figure 4.5A-E and Table 4.2, 

respectively. Hexane (dielectric constant: εr = 1.9 F m-1), toluene (εr = 2.4 F m-1), diethyl 

ether (Et2O; εr = 4.3 F m-1), and CH2Cl2 (εr = 9.1 F m-1) were chosen as solvents.[166] 

The absorption of the non-amino-substituted compound Neut0 does not show 

solvatochromic behavior while its emission slightly shifts bathochromically by 587 cm-1 with 

increasing solvent polarity from hexane to CH2Cl2. The fluorescence lifetimes, quantum 

yields, natural lifetime τ0, the radiative (kr) and non-radiative rate constants (knr) do not 

change significantly with solvent polarity (Table 4.3). Thus, the absorption and emission 

processes of Neut0 can be considered to result from locally excited states rather than 

charge-transfer processes. This was confirmed by DFT calculations giving a Λ value of 

0.69 which is an indication of locally excited states.[167] According to TD-DFT calculations, 

the transition of lowest energy is from HOMO to LUMO. The resulting calculated 

absorption spectra (Figure 4.4) fit the experimental results very well when considering that 

the calculations were performed in the gas phase while the experiments were done in 

solution. The HOMO of Neut0 is located at the π-bonding orbitals of the xylene-

bithiophene-xylene bridge while the LUMO is expanded from the empty p-orbital of one 

boron center over the antibonding π-orbitals of the bridge to the empty p-orbital of the 

second boron center (Table 4.1). Hence, the transitions in Neut0 are of π-π* nature and 

are localized at the conjugated bridge connecting the two boron centers. For the other four 

compounds Neut1, Neut2, Neut(i)2, and Neut3, Λ was calculated to be 0.68, 0.66, 0.70, 

and 0.70, respectively. The transitions of lowest energy are also from HOMO to LUMO, 

and the corresponding HOMOs and LUMOs are mainly located at the π-bridges while the 

LUMOs of Neut1, Neut2 and Neut3 are more pronounced at the more electron-deficient 

boron centers of the 3.1a and 3.2a moieties, respectively (Table 4.1). These results were 

obtained irrespective of the orientation of the sulfur atoms of the bithiophene bridge 

(pointing in the same or opposite directions). As in the solid state of similar compounds[43, 

53] the sulfur points in opposite directions, which was also shown to be energetically 

favorable by potential energy surface calculations,[51] only this conformation is depicted in 

Table 4.1. In summary, the transitions of lowest energy in Neut0, Neut1, Neut2, Neut(i)2, 

Neut3, and Neut4 are calculated to be of π-π* nature despite the presence of one to three 

strong electron-donating dimethylamino groups (Table 4.1). 
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A 
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Figure 4.4: Calculated absorption spectra (CAM-B3LYP 6-31G(d,p), gas phase) of A) 

Neut0, B) Neut1, C) Neut2, D) Neut(i)2, E) Neut3, and F) Neut4. 
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Figure 4.5: Absorption (solid lines) and emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥

𝑎𝑏𝑠 ) spectra 

of A) Neut0; B) Neut1; C) Neut2;[55] D) Neut(i)2; E) Neut3 in solvents of different polarity. 

F) Absorption (solid lines) and emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 ) spectra of Neut0, 

Neut1, Neut2, Neut(i)2, and Neut3 in hexane. 
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Table 4.1: HOMO and LUMO of Neut0, Neut1, Neut2, Neut(i)2, Neut3, and Neut4 

obtained from DFT-calculations (B3LYP, 6-31G(d,p), gas phase). 

 HOMO LUMO 

Neut0 

 
 

 

Neut1 

  

Neut2 

  

Neut(i)2 

  

Neut3 

  

Neut4 
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Table 4.2: Photophysical data of Neut0, Neut1, Neut2, Neut(i)2, Neut3, and Neut4. 

 Solvent 
𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  

[nm] 

𝜆𝑚𝑎𝑥
𝑓𝑙

 

[nm] 

Apparent 

Stokes 

shift 

[cm-1] 

τ 

[ns] 
Φf 

ε 

[103 L 

mol-1 

cm-1] 

Neut0 

Hexane 410 464 2 800 0.52 0.31 66 

Toluene 416 474 2 900 0.56 0.35 52 

Et2O 410 470 3 100 0.58 0.33 - 

CH2Cl2 414 477 3 200 0.55 0.31 - 

Neut1 

Hexane 412 464 2 700 0.54 0.38 75 

Toluene 418 507 4 200 
0.33 (13%) 

1.61 (87%) 
0.36 

- 

Et2O 412 507 4 500 
0.61 (19%) 

4.35 (81%) 
0.33 

- 

CH2Cl2 416 568 6 400 
0.69 (21%) 

4.67 (79%) 
0.21 

- 

Neut2 [55] 

Hexane 405 464 3 100 0.54 0.32 76 

Toluene 412 474 3 200 0.89 0.33 - 

Et2O 408 499 4 400 2.57 0.33 - 

CH2Cl2 411 576 7 000 3.92 0.13 - 

Neut(i)2 

Hexane 408 464 2 900 0.54 0.39 103 

Toluene 416 505 4 200 
0.47 (8%) 

2.11 (92%) 
0.38 

- 

Et2O 410 534 5 700 5.15 0.37 - 

CH2Cl2 413 583 7 100 4.96 0.20 - 

Neut3 

Hexane 404 463 3 100 0.52 0.39 129 

Toluene 411 504 4 500 1.60 0.38 - 

Et2O 406 530 5 800 4.58 0.35 - 

CH2Cl2 413 583 7 100 4.77 0.20 - 

Neut4 [56] 

Hexane 403 462 3 200 0.53 0.31 133 

Toluene 410 472 3 200 - - - 

Et2O 407 501 4 600 - - - 

CH2Cl2 410 572 6 900 - - - 
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The emission spectra of Neut1, Neut2, Neut(i)2, and Neut3 display positive 

solvatochromism, which increases with the number of dimethylamino groups and thus 

reflects the increasing electron-donating effect of the latter. In addition, the fine structure 

of the emission spectra of Neut1, Neut2, Neut(i)2, and Neut3 is lost with increasing 

solvent polarity. The fluorescence quantum yield slightly decreases with increasing solvent 

polarity and is drastically lowered in CH2Cl2, the solvent with the highest polarity tested. 

Similar findings were reported for donor-acceptor compounds designed to increase the 

efficiency of blue light emitting OLEDs.[182-184] From Lippert-Mataga plots containing at least 

10 solvents, Ma, Yang, and coworkers obtained not only one linear correlation between 

the (apparent) Stokes shift and the solvents of low polarity, but a second correlation for 

solvents of high polarity. In combination with extensive DFT- and TD-DFT calculations, 

they showed that the experimental results can be explained by a combination of a locally 

excited (LE) and a CT state in the ground state. The solvent used for the measurement 

stabilizes the excited states differently and, thus, leads to a dependence of the localization 

of low-lying HOMOs and higher LUMOs from the polarity of the solvent. Ma, Yang, and 

coworkers call this phenomenon hybrid localized charge transfer (HLCT). As very similar 

data were obtained for Neut1, Neut2, Neut(i)2, and Neut3, HLCT character of their 

transitions can be assumed as well.  

The natural lifetime τ0 of Neut1, Neut2, Neut(i)2, and Neut3 tends to increase with 

increasing solvent polarity while kr and knr tend to decrease (Table 4.3), which was 

observed for the mono-triarylboranes as well (Chapter 3). In contrast, the same values do 

not change significantly for Neut0. 

The molar extinction coefficient in hexane increases in the order Neut0 < Neut1 ≈ Neut2 

< Neut(i)2 < Neut3 < Neut4[56] from 66 000 L mol-1 cm-1 over 75 000 L mol-1 cm-1, 

76 000 L mol-1 cm-1, 103 000 L mol-1 cm-1, and 129 000 L mol-1 cm-1 to 

133 000 L mol-1 cm-1 but no linear correlation with the number of dimethylamino groups is 

observed. When comparing the absorption and emission spectra of Neut0, Neut1, Neut2, 

Neut(i)2, and Neut3 in hexane, very similar shape and location is found for the respective 

spectra (Figure 4.5F), but the molar extinction coefficient increases non-linearly with 

increasing number of dimethylamino groups. 
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Table 4.3: Natural lifetimes (τ0) and the radiative and non-radiative rate constants (kr, knr) 

of Neut0, Neut1, Neut2, Neut(i)2, Neut3, and Neut4 in solvents of different polarity. 

 Solvent τ0 [ns] knr [109 s-1] kr [109 s-1] 

Neut0 

Hexane 1.68 1.33 0.60 

Toluene 1.60 1.16 0.62 

Et2O 1.76 1.16 0.57 

CH2Cl2 1.77 1.25 0.56 

Neut1 

Hexane 1.42 1.15 0.70 

Toluene [a] [a] [a] 

Et2O [a] [a] [a] 

CH2Cl2 [a] [a] [a] 

Neut2 [55] 

Hexane 1.69 1.26 0.59 

Toluene 2.70 0.75 0.37 

Et2O 7.79 0.26 0.19 

CH2Cl2 30.1 0.22 0.03 

Neut(i)2 

Hexane 1.38 1.13 0.72 

Toluene [a] [a] [a] 

Et2O 13.9 0.12 0.07 

CH2Cl2 24.8 0.16 0.04 

Neut3 

Hexane 1.33 1.17 0.75 

Toluene 4.21 0.39 0.24 

Et2O 13.1 0.14 0.08 

CH2Cl2 21.7 0.16 0.05 

Neut4 [56] Hexane 1.71 - - 

[a] Not determined due to multiple fluorescence lifetimes. 
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4.2.3.2 Cationic bis-Triarylboranes 

The absorption and emission spectra and the corresponding data of the cationic 

compounds Cat1+-Cat3+ are summarized in Figure 4.6A-D and Table 4.4, respectively. As 

solvents, ethanol (dielectric constant: εr = 25 F m-1), acetonitrile (εr = 38 F m-1), and 

dilutions of 1% acetonitrile in water were chosen, with pure water having a εr of 80 F m-1.[166] 

The absorption spectra of Cat1+, Cat2+, Cat(i)2+, and Cat3+ show no solvatochromic 

behavior, while for the emission spectra small bathochromic shifts of ca. 520 cm-1, 

1060 cm-1, 229 cm-1, and 316 cm-1 are observed, respectively, upon increasing the solvent 

polarity from ethanol to ≤1% acetonitrile in water. Thus, the transition processes are not 

of charge-transfer character. In contrast the orbital overlap parameter Λ, which is obtained 

from DFT calculations (B3LYP, 6-31G(d,p), gas phase), has values of 0.36, 0.30, and 0.35 

for Cat1+, Cat2+, and Cat3+, respectively. Hence, the corresponding transitions, calculated 

by TD-DFT calculations (CAM-B3LYP 6-31G(d,p), gas phase), are of charge transfer 

character. In addition, the calculations indicate the transitions of lowest energy to be from 

HOMO to LUMO, with the HOMO being located at the bithiophene bridge and the LUMO 

being located at the most electron-deficient boron moieties 3.2c and 3.3c for Cat1+, and 

Cat2+, Cat3+, respectively (Table 4.5).  

In contrast, the Λ value of Cat(i)2+ (0.53) is similar to the values obtained for the neutral 

compounds and, thus, suggests π-π* nature of the transition. This is due to Cat(i)2+ having 

the same electron-deficient triarylborane motif 3.2c at both sides of the bithiophene bridge. 

Similar results were reported for Cat4+.[43] As a result, the calculated absorption spectrum 

of Cat(i)2+ (Figure 4.7C) fits the experimental spectrum well, while the corresponding 

spectra of Cat1+, Cat2+, and Cat3+ do not fit each other well. Most likely, this is because the 

counterions of the cationic compounds and the resulting ion-ion interactions were not 

considered during the calculations. Thus, the resulting values have to be treated with 

caution and only qualitative statements can be made.  
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Figure 4.6: Absorption (solid lines) and emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥

𝑎𝑏𝑠 ) spectra 

of A) Cat1+; B) Cat2+; C) Cat(i)2+; D) Cat3+; in solvents of different polarity. Absorption (solid 

lines) and emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 ) spectra of Cat1+, Cat2+, Cat(i)2+, and 

Cat3+ in E) acetonitrile and F) 1% acetonitrile in water. 
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Table 4.4: Photophysical data of Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+. 

 Solvent 
𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  

[nm] 

𝜆𝑚𝑎𝑥
𝑓𝑙

 

[nm] 

Apparent 

Stokes 

shift 

[cm-1] 

τ 

[ns] 
Φf 

ε 

[103 L 

mol-1 

cm-1] 

Cat1+ 

EtOH 417 513 4 500 0.70 0.28 - 

MeCN 414 519 4 900 0.82 0.34 52 

1% MeCN 

in water  
415 527 5 100 

0.54 (89%) 

1.93 (11%) 
0.07 29 

Cat2+ 

EtOH 428 582 6 200 3.09 0.49 - 

MeCN 420 584 6 700 2.98 0.48 51 

1% MeCN 

in water 
424 550 5 400 

0.76 (52%) 

2.74 (48%) 
0.15 31 

Cat(i)2+ 

EtOH 423 509 4 000 0.70 0.35 - 

MeCN 418 515 4 500 0.75 0.35 51 

1% MeCN 

in water 
424 530 4 700 

0.63 (89%) 

1.79 (11%) 
0.15 34 

Cat3+ 

EtOH 431 564 5 500 
0.92 (16%) 

2.44 (84%) 
0.46 - 

MeCN 424 568 6 000 2.41 0.46 51 

1% MeCN 

in water 
423 558 5 700 

0.24 

(80%) 

1.98 

(20%) 

0.08 36 

Cat4+ [43] 

EtOH 435 545 4 600 - 0.50 - 

MeCN 428 554 5 300 1.9 0.41 51 

water 425 570 6 000 - 0.10 - 
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Table 4.5: HOMO and LUMO orbitals of Cat1+, Cat2+, Cat(i)2+, and Cat3+ obtained from 

DFT-calculations (B3LYP, 6-31G(d,p), gas phase). 

 HOMO LUMO 

Cat1+ 

  

Cat2+ 

  

Cat(i)2+ 

  

Cat3+ 

  
 

The fluorescent quantum yields of Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+ are very similar 

in ethanol and acetonitrile but significantly lower in aqueous solution. The fluorescence 

lifetime was found to be biexponential in aqueous solution for Cat1+, Cat2+, Cat(i)2+, Cat3+, 

while no value was reported for Cat4+.[43] For Cat3+, in ethanol a biexponential lifetime was 

found. Thus, no natural lifetimes or radiative and non-radiative rate constants (Table 4.6) 

were calculated for these solvents and compounds. 

The absorption spectra of Cat1+, Cat2+, Cat(i)2+, and Cat3+ in acetonitrile (Figure 4.6E) 

have the same shape and similar wavelengths. In addition, the molar extinction coefficient 

is almost the same for Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+, being ca. 

51 000 L mol-1 cm-1. Thus, different numbers of trimethylammonium groups in such bis-

triarylborane chromophores barely influence the absorption spectra or the molar extinction 

coefficient. The emission spectra are found to shift bathochromically in the order Cat(i)2+ 

≈ Cat1+ << Cat4+ < Cat3+ < Cat2+ upon changing the solvent from ethanol to water. This 

order is not dependent on the number of trimethylammonium groups but on the increasing 
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dipole moment of the bis-triarylboranes, which results from the uneven distribution of 

electron-deficient and electron-rich boron centers over the molecule. It must be noted that 

the dipole moment of charged compounds is defined relative to its origin. Thus, it is not an 

observable quantity.[185-186] However, the term dipole moment will be used herein to 

describe the distribution of the electron density over the molecules for convenience. A 

similar but slightly modified order (Cat1+ ≈ Cat(i)2+ < Cat2+ < Cat3+ < Cat4+) is observed for 

the bathochromic shift (ca. 1 400 cm-1) of the emission spectra of Cat1+, Cat2+, Cat(i)2+, 

Cat3+, and Cat4+ in aqueous solution, with respect to each other. The shape of the 

absorption and emission spectra in this solvent is very similar for all four compounds. The 

absorption maxima do not shift significantly while the molar extinction coefficient increases 

with increasing number of trimethylammonium groups in the order Cat1+ < Cat2+ < Cat(i)2+ 

< Cat3+ being 29 000, 31 000 L, 34 000, and 36 000 L mol-1 cm-1, respectively.  

A 

 

B 

 
C 

 

D 

 
Figure 4.7: Calculated absorption spectra (CAM-B3LYP 6-31G(d,p), gas phase) of A) 

Cat1+, B) Cat2+, C) Cat(i)2+, D) Cat3+. 
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Table 4.6: Natural lifetimes (τ0) and the radiative and non-radiative rate constants (kr, knr) 

of Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+ in solvents of different polarity. 

 Solvent τ0 [ns] knr [109 s-1] kr [109 s-1] 

Cat1+ 

Ethanol  2.50 1.03 0.40 

Acetonitrile  2.41 0.80 0.41 

1% MeCN in 

water 
[a] [a] [a] 

Cat2+ 

Ethanol  6.33 0.16 0.16 

Acetonitrile  6.21 0.17 0.16 

1% MeCN in 

water 
[a] [a] [a] 

Cat(i)2+  

Ethanol  2.00 0.93 0.50  

Acetonitrile  2.14 0.87 0.47 

1% MeCN in 

water 
[a] [a] [a] 

Cat3+ 

Ethanol  [a] [a] [a] 

Acetonitrile  5.24 3.83 0.33 

1% MeCN in 

water 
[a] [a] [a] 

Cat4+ [43] Acetonitrile 4.6 0.31 0.21 

[a] Not determined due to multiple fluorescence lifetimes. 
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4.2.4 Electrochemical Properties 

4.2.4.1 Neutral bis-Triarylboranes 

Cyclic voltammograms of the neutral bis-triarylboranes Neut0, Neut1, Neut2, Neut(i)2, 

Neut3, and Neut4 were recorded in THF with [nBu4N][PF6] as the electrolyte and with a 

scan rate of 250 mV s-1 to examine the influence of different numbers of dimethylamino 

groups on their reduction and oxidation potentials. THF (ca. −3.5 V to +0.6 V)[187] was 

chosen as the solvent due to the lower solubility of Neut0, Neut1, Neut2, Neut(i)2, Neut3, 

and Neut4 in acetonitrile and the positively shifted CV window of the latter (ca. −3 V to 

+1.5 V.[188] The spectra are shown in Figure 4.8 and the resulting potentials are 

summarized in Table 4.7.  

The cyclic voltammograms show one irreversible reduction potential at −2.95 V, −3.03 V, 

−2.96 V, −3.09 V, −3.11 V, and −3.03 V and one reversible reduction at −2.31 V, −2.34 V, 

−2.33 V, −2.39 V, −2.40 V, and −2.40 V for Neut0, Neut1, Neut2, Neut(i)2, Neut3, and 

Neut4, respectively. Peak-to-peak splitting analyses in comparison with the internal 

standard Fc/Fc+ showed each reversible process to be a one electron process. As the 

reduction potentials of Neut0, Neut1, Neut2, Neut(i)2, Neut3, and Neut4 are very similar, 

the reduction of a boron atom in such neutral bis-triarylboranes is independent of the 

number or distribution of dimethylamino groups. For Neut1, Neut2, Neut(i)2, Neut3, and 

Neut4, an irreversible 1e- oxidation potential at 0.39 V, 0.32 V, 0.34 V, 0.40 V, and 0.32 V 

was observed, while for Neut0, no oxidation was observed within the solvent window. For 

Neut3, a second irreversible oxidation potential was found at 0.49 V. Each oxidation 

potential can be interpreted as the removal of one electron from the non-bonding orbital of 

one nitrogen atom. Thus, the voltage required for reversible oxidation are very similar for 

these five bis-triarylboranes. The oxidation of the bithiophene moiety was not observed for 

any of the compounds as higher voltages would have been required which would have 

oxidized THF as well.[187] 

 

  



CHAPTER 4  Bis-Triarylborane Chromophores 

80 

A 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

i 
[m

A
]

E (vs. Fc/Fc+) [V]

 

B 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

-1.0

-0.8

-0.6

-0.4

-0.2

0.0

0.2

0.4

0.6

0.8

i 
[m

A
]

E (vs. Fc/Fc+) [V]

 
C 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

-0.015

-0.010

-0.005

0.000

0.005

0.010

i 
[m

A
]

E (vs. Fc/Fc+) [V]

 

D 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

i 
[m

A
]

E (vs. Fc/Fc+) [V]

 
E 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5 1.0

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

i 
[m

A
]

E (vs. Fc/Fc+) [V]

 

F 

-3.5 -3.0 -2.5 -2.0 -1.5 -1.0 -0.5 0.0 0.5

-0.03

-0.02

-0.01

0.00

0.01

0.02

0.03

i 
[m

A
]

E (vs. Fc/Fc+) [V]

 
Figure 4.8: Cyclic voltammograms of A) Neut0, B) Neut1, C) Neut2, D) Neut(i)2, E) 

Neut3, and F) Neut4 measured in THF vs. Fc/Fc+ (scan rate: 250 mV s-1). 
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Table 4.7: Electrochemical potentials of Neut0, Neut1, Neut2, Neut(i)2, Neut3, Neut4, 

3.1a, 3.2a, and 3.3a determined in THF. 

 E1/2 (red1) 
[V] 

E1/2 (red2) 
[V] 

E1/2 (ox1) 
[V] 

E1/2 (ox2) 
[V] 

Neut0 −2.31 −2.95 (irrev.)   

Neut1 −2.34 −3.03 (irrev.) 0.39 (irrev.)  

Neut2 −2.33 −2.96 (irrev.) 0.32 (irrev.)  

Neut(i)2 −2.39 −3.09 (irrev.) 0.34 (irrev.)  

Neut3 −2.40 −3.11 (irrev.) 0.40 (irrev.) 0.49 (irrev.) 

Neut4 −2.40 −3.03 (irrev.) 0.32 (irrev.)  

3.1a −2.67    

3.2a −2.78  0.34  

3.3a −2.86  0.28 0.51 (irrev.) 

 

Comparison of the reduction potentials of Neut0, Neut1, Neut2, Neut(i)2, Neut3, and 

Neut4 and the mono-triarylboranes 3.1a, 3.2a, and 3.3a (Table 4.7; Chapter 3) reveals an 

increase of the potential of the latter upon connection via a bithiophene bridge. Hence, the 

electron density at the boron center of such bis-triarylboranes is lower than in the mono-

triarylboranes while the oxidation potentials of the amines is barely influenced. 
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Figure 4.9: Comparison of cyclic voltammograms of A) Neut0, Neut1, Neut2, and B) 

Neut(i)2, Neut3, Neut4 measured in THF vs. Fc/Fc+ (scan rate: 250 mV s-1). 

Comparison of the CV spectra of Neut0, Neut1, and Neut2 (Figure 4.9A) reveals almost 

identical shapes and positions of the reduction waves while the amplitude of the oxidation 

waves increases with increasing number of dimethylamino groups. In contrast, the shape 
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and position of Neut(i)2, Neut3, and Neut4 (Figure 4.9B) is almost identical for reduction 

and oxidation. 

 

4.2.4.2 Cationic bis-Triarylboranes 

Cyclic voltammograms of the cationic bis-triarylboranes Cat1+, Cat2+, Cat(i)2+, and Cat3+ 

were recorded in acetonitrile with [nBu4N][PF6] as the electrolyte and a scan rate of 

250 mV s-1 to examine the influence of different numbers of trimethylammonium groups 

on the reduction and oxidation potentials. Acetonitrile was chosen as the solvent as the 

cationic compounds are insoluble in THF. The spectra are shown in Figure 4.10 and the 

resulting potentials are summarized in Table 4.8. 
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Figure 4.10: Cyclic voltammograms of A) Cat1+, B) Cat2+, C) Cat(i)2+, and D) Cat3+ 

measured in MeCN vs. Fc/Fc+ (scan rate: 250 mV s-1). 

 

  



CHAPTER 4  Bis-Triarylborane Chromophores 

83 

Table 4.8: Electrochemical potentials of Cat1+-Cat4+ determined in MeCN. 

MeCN E1/2 (red1) 
[V] 

E1/2 (red2) 
[V] 

E1/2 (red3) 
[V] 

E1/2 (ox1) 
[V] 

E1/2 (ox2) 
[V] 

Cat1+ −2.13   0.64 0.98 

Cat2+ −1.94 −2.18  0.66 0.99 

Cat(i)2+ −2.07 −2.76 (irrev.)  0.66 0.98 

Cat3+ −1.94 −2.07 −2.80 (irrev.) 0.67 1.01 

Cat4+ [13] −1.93 −2.78 (irrev.)  0.68 1.10 

3.2c −2.24     

3.3c [170] −2.02     

 

For the cationic bis-triarylboranes Cat1+, Cat2+, Cat(i)2+, and Cat3+, two reversible 1e- 

oxidation potentials at 0.64 V, 0.66 V, 0.66 V, 0.67 V and at 0.98 V, 0.99 V, 0.98 V, 1.01 V 

were obtained, respectively. These oxidation potentials are higher than those observed for 

the neutral compounds and reflect the oxidation of the bithiophene moiety. For the same 

compounds, a reversible 1e- reduction potential was found at −2.13 V, −1.94 V, −2.07 V, 

and −1.94 V, respectively. For Cat2+ and Cat3+, a second reversible reduction potential at 

−2.18 V and −2.07 V was determined, while the second reduction potential of Cat(i)2+ and 

the third of Cat3+ at −2.76 V and −2.80 V, respectively, were found to be irreversible. These 

values are ca. 0.3-0.5 V higher than those of the corresponding neutral compounds. 
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Figure 4.11: Comparison of cyclic voltammograms of A) Cat1+ and Cat3+ and B) Cat2+ and 

Cat(i)2+ measured in MeCN vs. Fc/Fc+. 

Comparison of the oxidation potentials of all cationic compounds (Figure 4.11) reveals the 

same shape and location for all four compounds. In contrast, the reduction wave of Cat(i)2+ 

is sharp while that of Cat1+ is slightly broader and for Cat2+ and Cat3+, two reduction waves 
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are observed. When comparing the location of the corresponding reduction potentials, the 

same value of −2.07 V is found for Cat(i)2+ and for Cat3+. Thus, this value likely reflects 

the reduction of the 3.2c moiety present in both systems. Hence, the second reduction 

potential of Cat3+ at −1.94 V for the 3.3c moiety is expected to be found for Cat2+ as well. 

Indeed, Cat2+ has one reduction potential at −1.94 V and a second at −2.18 V which might 

be the reduction potentials of 3.3c and 3.1a, respectively. Assuming the reduction 

potentials of 3.1a and 3.2c bound to a bithiophene bridge are −2.18 V and −2.07 V, 

respectively, Cat1+ is expected to display a split reduction wave with potentials at these 

values, but only one reduction potential of −2.13 V is found. However, the difference 

between the expected values is 0.11 V and the width of all recorded waves is 0.1 V. Thus, 

the expected splitting of Cat1+ cannot be resolved with the experimental settings and leads 

to a broadening of the reduction wave of Cat1+ instead. It was not possible to improve the 

resolution of this wave by pulse voltammetry experiments (Figure 11.12D). 

In summary, reduction potentials of −2.18 V, −2.07 V, and −1.94 V were found for the 

triarylborane motifs 3.1a, 3.2c, and 3.3c bound to a bithiophene moiety while values of 

−2.67 V (in THF), −2.24 V, and −2.02 V[170] were found for the mono-triarylboranes, 

respectively. Comparison of these values reveals an increase of the reduction potential 

upon connecting two triarylboranes via a bithiophene bridge, thus indicating a lower 

electron-density at the boron centers of the bis-triarylboranes compared to the mono-

triarylboranes. 

Very recently, the electrochemical data of Cat4+ were reported to be very similar to the 

values expected from the measurements of the selectively charged compounds 

investigated herein (Table 4.8).[13] Thus, the present study shows that different numbers 

of trimethylammonium groups or their distribution over a bis-triarylborane chromophore do 

not significantly influence the reduction potentials as they are predominantly influenced by 

the electronic situation at the boron center. If this situation is changed, the reduction 

potentials of bis-triarylboranes increase by ca. 0.45 V when replacing the xylene moiety of 

Cat4+ by an unsubstituted thiophene moiety in 4.9b, as demonstrated by Ferger (Table 

4.9).[13] 
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Table 4.9: Compounds and corresponding reduction potentials reported by Ferger.[13]  

 E1/2 (red1) [V]  E1/2 (red1) [V] 

 

−1.59 

 

−1.46 

 

−1.78 

 

−1.71 

 

−1.97 

 

−1.92 

 

4.2.5 HOMO-LUMO Gaps 

Analogously to the investigation of the HOMO-LUMO gaps of mono-triarylboranes shown 

in Chapter 3, the HOMO-LUMO gaps of the neutral and cationic triarylboranes Neut0, 

Neut1, Neut2, Neut(i)2, Neut3, and Neut4 and Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+ 

were examined by DFT calculations (ΔEcalc), absorption spectra (ΔEopt)[175] and cyclic 

voltammograms (ΔECV)[171-174] according to literature procedures. As shown in Equation 

3.5, the onset energy of the absorption spectrum was used for the calculation of ΔECV in 

case no oxidation potential was obtained. The results are summarized in Table 4.10. 

The HOMO-LUMO gap of Neut0, Neut1, Neut2, Neut(i)2, Neut3, and Neut4 determined 

from absorption or CV spectra is very similar for all compounds and do not show any 

significant changes while ΔEcalc is slightly higher than the experimental values. The 

experimental values obtained for Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+ are very similar to 

each other and to the values obtained for the neutral compounds but the calculated 

HOMO-LUMO gaps are significantly lower, especially for Cat2+ and Cat3+. Most likely, this 

results from underestimated ion-ion interactions which take place in solutions but were not 

taken into account during the calculations as only the cationic compound without its anionic 

counterion was included. Thus, ΔEcalc of Cat1+, Cat2+, Cat(i)2+, and Cat3+ must be treated 

with caution. 
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Table 4.10: Comparison of HOMO-LUMO gap energies obtained from DFT calculations 

(ΔEcalc; B3LYP, 6-31G(d,p), gas phase), absorption (ΔEopt) and CV (ΔECV) measurements. 

 ΔEcalc 
[eV] 

ΔEopt 

[eV] 
ΔECV 
[eV] 

Neut0 3.01 2.65 

Neut1 2.99 2.65 2.73 

Neut2 2.99 2.67 2.65 

Neut(i)2 3.07 2.66 2.73 

Neut3 3.07 2.66 2.80 

Neut4 3.10 - [a] 2.72 

Cat1+ 2.09 2.62 2.77 

Cat2+ 1.32 2.56 2.60 

Cat(i)2+ 2.58 2.58 2.73 

Cat3+ 1.83 2.56 2.61 

Cat4+ - [b] 2.55 [c] 2.60 

3.1a 4.34 3.49 

3.2a 3.66 2.92 3.12 

3.3a 3.63 2.92 3.14 

3.2c 3.87 3.42 

3.3c 3.72 3.47 

[a] No data were reported for this compound.[43] [b] Different basis set was used for 

calculations in the literature.[43] [c] Calculated from absorption spectra reported in the 

literature.[43] 

In summary, no dependency of the HOMO-LUMO gap of such bis-triarylborane 

compounds on the number or distribution of dimethylamino- and trimethylammonium 

groups over the chromophore was found. However, in comparison with the values of the 

HOMO-LUMO gaps found for the mono-triarylboranes, a significant decrease of the gap 

by ca. 0.3 – 0.9 eV is observed. 
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4.2.6 Singlet Oxygen Sensitization 

The singlet oxygen sensitization efficiency ΦΔ of Cat1+, Cat2+, Cat(i)2+, and Cat3+ was 

determined by fluorescence spectroscopy between ca. 1230 nm and 1330 nm in 

acetonitrile solutions relative to perinaphthenone (Figure 4.12), which is known to sensitize 

singlet oxygen with an efficiency of 1.[180] The signal-to-noise ratio of all recorded spectra 

is limited due to the small radiative rate constant (kr = 0.45 s-1) of singlet oxygen in 

acetonitrile.[181] Therefore, all values given have an estimated error of ±0.1. 
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Figure 4.12: Emission spectra of A) Cat1+, B) Cat2+, C) Cat(i)2+, and D) Cat3+ relative to 

perinaphthenone determined in acetonitrile. 

From these measurements, singlet oxygen sensitization efficiencies of 0.6, 0.8, 0.7, and 

0.6 was determined for Cat1+, Cat2+, Cat(i)2+, and Cat3+, respectively (Table 4.11). As the 

emission spectrum of Cat2+ tails into the region monitored (Figure 11.16 and between 1230 

and 1260 nm in Figure 4.12B), the corresponding efficiency is overestimated. In the case 

of Cat3+, an insignificant tailing of the emission spectrum is observed (Figure 11.16 and 

between 1230 and 1260 nm in Figure 4.12D), which can be considered minor, taking the 

general error of the measurement into account. Thus, ΦΔ is assumed to be ca. 0.6 for 
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Cat1+, Cat2+, Cat(i)2+, and Cat3+. The same value was reported very recently for Cat4+.[13] 

Hence, the singlet oxygen sensitization efficiency for bithiophene bridged, bis-triarylborane 

chromophores does not change significantly with the number or distribution of 

trimethylammonium groups. In contrast, the efficiency obtained for the mono-

triarylboranes 3.1a, 3.2c, and 3.3c (Chapter 3) increases from 0.3 to 0.5 and 0.6 with 

increasing number of trimethylammonium groups while the corresponding fluorescence 

quantum yields (Φf) decrease from 0.34 to 0.11 and 0.10, respectively. Thus, 30-40% of 

the excited states of the mono-triarylboranes decay by processes other than fluorescence 

or inter system crossing (ISC). This is not observed for Cat1+, Cat2+, Cat(i)2+, Cat3+, and 

Cat4+ for which ΦΔ = 0.6 and Φf ≈ 0.4 (Table 4.11). Hence, it is suggested that 40% of the 

excited singlet states of these bis-triarylboranes decay via fluorescence while the 

remaining 60% undergo ISC to a dark triplet state from which interaction with 3O2 results 

in the formation of 1O2. 

Table 4.11: Singlet oxygen sensitization efficiencies relative to perinaphthenone and 

fluorescence quantum yields of Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+ in acetonitrile. 

 ΦΔ Φf 

Cat1+ 0.6 0.34 

Cat2+ 0.8 [a] 0.48 

Cat(i)2+ 0.7  0.35 

Cat3+ 0.6 [a] 0.46 

Cat4+ 0.6 [13] 0.41 [43] 

[a] Values obtained from singlet oxygen sensitizing measurements overestimate the actual 

value of the respective compound due to tailing of the respective emission spectrum of the 

compound between 1230 nm and 1330 nm. 

 

As outlined in Chapter 3, singlet oxygen sensitization was rarely reported for (tri)arylborane 

compounds or the efficiency was attributed to other moieties such as phosphine, polycyclic 

hydrocarbon (PAH), or porphyrin.[176-178] For thiophene containing compounds 4.12a and 

4.13a (Figure 4.13), singlet oxygen sensitization efficiencies of 0.14[189] and 0.63[190] were 

reported, respectively. The efficiency of 4.12a was reported to increase to 0.54 upon 

introduction of arsenic to the backbone of the polymer (4.12b) due to the heavy atom effect 

and the resulting improvement of ISC.[189] The same explanation was used for the lower 

efficiency of 4.13b compared to 4.13a due to missing bromine.[190] The fluorescence 

quantum yield of 4.13a was reported to be 0.03 in CH2Cl2 which indicates a less efficient 

radiative decay of the excited states than observed for Cat1+, Cat2+, Cat(i)2+, Cat3+, and 
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Cat4+. Thus, the cationic bis-triarylboranes reported herein are highly efficient singlet 

oxygen sensitizing compounds which might be interesting for anti-proliferate applications. 

 

Figure 4.13: Molecular structures of 4.12[190] and 4.13.[189] 

 

4.3 Conclusions 

To examine the influence of different numbers and distributions of dimethylamino- and 

trimethylammonium groups on selected properties of bithiophene-bridged bis-

triarylboranes, Neut1, Neut2, Neut(i)2, and Neut3 and the resulting cationic compounds 

Cat1+, Cat2+, Cat(i)2+, and Cat3+ were synthesized. For the synthesis of the 

unsymmetrically-substituted precursors Neut1, Neut2, and Neut3, different halogenation 

strategies of intermediates 4.2, 4.5, and 4.7 had to be pursued due to the amine 

substituent. Thus, 4.5 and 4.7 were halogenated via lithiation and subsequent addition of 

I2 whereas 4.2 was brominated with NBS. The selectively charged compounds Cat1+, 

Cat2+, Cat(i)2+, and Cat3+ were obtained in good to excellent yields of ca. 50-90%. 

The absorption spectra of Neut0, Neut1, Neut2, Neut(i)2, Neut3, and Neut4[56] display no 

solvatochromism and are very similar for the different compounds dissolved in the same 

solvent. In contrast, the corresponding emission spectra shift bathochromically with 

increasing solvent polarity. The apparent Stokes shift increases with increasing number of 

dimethylamino groups. The same is true for the molar extinction coefficient, which 

increases non-linearly from 66 000 L mol-1 cm-1 to 133 000 L mol-1 cm-1 in the order Neut0 

< Neut1 < Neut2 < Neut(i)2 < Neut3 < Neut4. TD-DFT calculations demonstrated the 

transition of lowest energy to be of π-π* nature with the HOMOs and LUMOs involved 

being located at the bridging unit between the two boron centers and the LUMO being 

extended to the most electron-deficient boron center.  



CHAPTER 4  Bis-Triarylborane Chromophores 

90 

For Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+, the absorption spectra display no 

solvatochromism and the emission spectra only weak solvatochromic behavior. When 

comparing the emission spectra of Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+ dissolved in the 

same solvent, a bathochromic shift with increasing dipole moment of the bis-triarylboranes 

is observed but the order is slightly different in acetonitrile (Cat(i)2+ ≈ Cat1+ << Cat4+ [43] < 

Cat3+ < Cat2+) and aqueous solutions (Cat1+ ≈ Cat(i)2+ < Cat2+ < Cat3+ < Cat4+ [43]). Similarly 

to what was observed for the mono-triarylboranes, the molar extinction coefficient is almost 

independent of the number of trimethylammonium groups in acetonitrile solutions but 

increases slightly by ca. 2 000 L mol-1 cm-1 with increasing number of cationic charges in 

aqueous solution. 

Hence, the number and distribution of trimethyamino- or trimethylammonium groups in bis-

triarylborane chromophores influence the photophysical properties. In contrast, the singlet 

oxygen sensitizing efficiency of the cationic bis-triarylboranes is ca. 0.6, irrespective of the 

number or distribution of the trimethylammonium groups. In combination with their 

quantum yields of ca. 0.4, the excited states of Cat1+, Cat2+, Cat(i)2+, and Cat3+ are 

demonstrated to decay highly efficiently by a combination of fluorescence and singlet 

oxygen sensitization. 

For each of the neutral bis-triarylboranes, one reversible and one irreversible reduction 

potential was found, which are very similar to each other and, thus, are independent of the 

number of dimethylamino groups. In addition, for compounds containing a dimethylamino 

group, at least one irreversible oxidation was found. Comparing these values with the 

potentials obtained for the mono-triarylboranes 3.1a, 3.2a, and 3.3a, an increase by ca. 

0.3-0.5 V is observed. The same phenomenon is observed when comparing the values of 

3.2c and 3.3c with the reduction potentials of Cat1+, Cat2+, Cat(i)2+, and Cat3+ from which 

distinct values for each triarylborane moiety were obtained. In combination with literature 

values it is shown that the electronic situation of each boron center influences the reduction 

potential of cationic bis-triarylboranes more than number or distribution of 

trimethylammonium groups. 

The HOMO-LUMO gaps obtained from absorption spectra and CV spectra are very similar 

for all neutral and cationic bis-triarylboranes examined. While for Neut0, Neut1, Neut2, 

Neut(i)2, Neut3, and Neut4, the calculated HOMO-LUMO gaps resemble the 

experimental values, for the cationic compounds, the calculated values must be treated 

with caution as ion-ion interactions were not taken into account. However, the HOMO-

LUMO gap of bithiophene-bridged, bis-triarylborane compounds is shown to be 

independent of the number or distribution of dimethylamino- or trimethylammonium groups 
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over the chromophore and increases by ca. 0.3-0.9 eV compared to the mono-

triarylboranes. 

Although Cat1+, Cat2+, Cat(i)2+, and Cat3+ are not soluble in pure water, concentrated 

acetonitrile solutions thereof can be diluted with water until the solution contains ≤1% 

acetonitrile. By exchanging acetonitrile with DMSO, the interactions of Cat1+, Cat2+, 

Cat(i)2+, and Cat3+ with cells or with biomacromolecules, such as DNA and RNA, was 

investigated in aqueous solutions, as summarized in Chapter 6. The cationic bis-

triarylboranes might be applicable as light-induced anti-proliferative drugs due to their high 

singlet oxygen sensitization efficiencies. 
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5 Applications of Triarylborane Materials in Cell Imaging and Sensing 

of Bio-relevant Molecules such as DNA, RNA, and Proteins 

The following chapter is slightly modified and reproduced from Mater. Horiz. 2021[191] with 

permission from The Royal Society of Chemistry. 

 

5.1 Introduction 

For more than 100 years, many different types of organoboron compounds have been 

synthesized and their potential for applications in various fields[18-19, 21] such as anion 

sensors,[29-30, 34, 192-193] light emitting layers in organic light-emitting devices (OLEDs)[27, 194] 

and electron conducting layers in organic solar cells has been clearly demonstrated.[26, 28, 

195] Some types of organoboron compounds, especially boronic acids, have also been 

investigated for biological applications such as bioimaging agents,[32, 35-49, 51-52, 196] or anti-

cancer drugs.[197-198] However, for applications as anion sensors and bioimaging and 

sensing agents, organoboron compounds must be air- and moisture-stable. Therefore, 

their empty boron p-orbital in 3-coordinate boron compounds, which makes them good 

Lewis acids and susceptible to B–C bond hydrolysis, has to be stabilized. In addition, these 

compounds should be highly luminescent so that their localization in tissues or in specific 

cell organelles can be visualized by, e. g., confocal fluorescence microscopy for imaging 

purposes. For sensing, upon interaction with the molecule to be detected, a change in 

emission is required. This can include a quenching of the emission, known as a ‘turn-off’ 

sensor, or a significant change in the emission wavelength. If compounds which are not 

inherently emissive are used, they should respond to a biological trigger resulting in a 

luminescence signal, which is known as a ‘turn-on’ sensor. In addition, it is useful to employ 

compounds which have large two-photon absorption cross-sections (σ2) which allow the 

use of lower energy near infrared (NIR) excitation. As biological systems are relatively 

transparent in the NIR region of the spectrum, such systems provide deeper tissue 

penetration and lower background emission from biomolecules. This approach also 

provides a higher degree of 3D spatial resolution as the simultaneous absorption of two 

lower energy photons is proportional to the square of the excitation light intensity, which in 

turn is proportional to the square of the distance from the focal plane. 

Several strategies have been developed to stabilize boron compounds for applications in 

aqueous media. One possibility is to bind a Lewis base to the empty p-orbital which results 

in 4-coordinate boron-containing compounds, for example, boranophosphates (5.1, Figure 

5.1), 4-bora-3α,4α-diaza-s-indacene cored compounds (BODIPYs, 5.2) or amine-boranes 

(5.3). Boranophosphates have been synthesized as mimics of nucleotides, DNA, and RNA 
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and their biological activity has been investigated as summarized by Shaw et al.[197] 

Furthermore, some derivatives of amine-boranes have shown potential application as 

anticancer agents.[198] In addition to the possible applications of BODIPYs in OLEDs,[194, 

199-201] their biological applicability has been investigated more recently, especially as 

compounds for positron emission tomography (PET),[202] as fluorescence indicators[203] 

and, more generally, in medical diagnostics and treatment.[204-205] 

 

 

Figure 5.1: Exemplary structures of boranophosphates (5.1),[197] BODIPYs (5.2),[202] 

amine-boranes (5.3),[198] boron clusters (5.4),[206] boronic acids and esters (5.5) and their 

reaction with hydrogen peroxide (H2O2),[1] and triarylboranes (5.6)[21] investigated for their 

potential in biological applications. 

Another set of air- and moisture-stable boron compounds are polyhedral clusters (5.4). 

For more than 30 years, different clusters have been attached to various natural 

compounds such as nucleosides, peptides, antibodies, etc., for applications of the 

resulting compounds in boron-neutron capture therapy (BNCT) for cancer treatment.[206-

209] 

However, for 3-coordinate organoboron compounds, the empty p-orbital of the boron 

center can be stabilized, e.g., by using π-electron-donating atoms such as oxygen in 

boronic acids and esters (5.5). One of the most prominent examples of boronic acids in 

biological applications is Bortezomib (Figure 5.1), sold as Valcade® since 2003 for the 

treatment of different types of cancer.[1] Other compounds containing a boronic ester motif 

are of current interest as they react with hydrogen peroxide (H2O2) to yield the 

corresponding alcohol (Figure 5.1)[5-8] which might be useful for the treatment of diabetes, 

neurodegenerative disorders, or cancer.[9]  

Triarylboranes (5.6) can be stabilized by sterically demanding aryl groups such as 2,6-

xylyl, mesityl or tri-iso-propylphenyl (Tip),[29, 35, 38, 40, 42-44, 46, 49-50, 52, 210-211] which shield the 

empty p-orbital from nucleophilic attack by, e.g., water. This general approach was used 
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for all triarylboranes presented in the following sections. Attaching 2,6-xylyl, pyrenyl, 9-

anthracenyl, or similar sterically-demanding substituents can yield compounds which are 

not only air- and moisture-stable but also water-soluble by incorporation of water-insoluble 

triarylboranes into water-soluble polymers or attachment of hydrophilic moieties such as 

biomolecules or cationic moieties. Selected examples of such triarylboranes which were 

investigated in cells were mentioned in reviews,[212-214] but the subject has not yet been 

summarized. As this is a very young and promising field which may lead to applications of 

triarylboranes in bioimaging (or maybe even cancer treatment), we summarize and discuss 

results that have been obtained to date and provide a perspective on directions this field 

might take. 

 

5.2 Triarylborane-Loaded Nanogels 

Triarylboranes that are not water-soluble can be incorporated into polymeric structures by 

either covalent bonding between the triarylborane and the polymer (5.7, Figure 5.2) or by 

hydrophilic and hydrophobic interactions between the host (polymer) and the guest 

(triarylborane; 5.8, 5.9, 5.10), which leads to water-soluble and cell permeable structures. 

Yang and co-workers, in cooperation with Hu, S. Li, Y. Li, Zhu, Zhang, and Shen, showed 

that this approach can lead to cell permeable polymers which stain the cytoplasm and give 

a fluorometric response to biothiols (5.8),[36] to changes of temperature (5.7)[37] or pH (5.10-

OH),[32] and to H2O2 (5.10),[32] depending on the structure of the triarylborane. Furthermore, 

they showed that such nanogels are non-toxic to mouse fibroblast (NIH/3T3) cells up to 

concentrations of 0.4 µg/mL. 

 

Figure 5.2: Molecular structures of compounds 5.7,[37] 5.8,[36] 5.9,[39] and 5.10.[32] Coloured 

picture depicts localization of NG-10 in NIH/3T3 cells. Picture is reproduced from ref. 32 
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with permission from the Centre National de la Recherche Scientifique (CNRS) and The 

Royal Society of Chemistry. 

Triarylborane 5.8 bears a maleimide functionality which reacts selectively with biothiols, 

namely cysteine, homocysteine and glutathione, resulting in a turn-on fluorescence 

response within 10, 30 or 120 min, respectively.[36] To monitor temperature changes inside 

NIH/3T3 cells, compound 5.7 consists of a triarylborane motif covalently bound to a 

polymeric backbone which changes its structure from coiled to globular upon increasing 

temperature.[37] To obtain a stronger fluorometric response, 5.7 was mixed with the 

commercially available chromophore Nile red, which leads to a nanogel with a reversible 

color change in the stained cells from red at 25 °C to greenish at 37 °C. Donor-π-acceptor 

compound 5.9 was incorporated into a polymeric structure to provide a fluorometric 

response to changes of polarity (solvatochromism) and viscosity inside cells.[39] Although 

the triarylborane itself was reported to show aggregation induced emission (AIE), inside 

the cell no differences in fluorescence were observed. However, from the staining pattern 

obtained, the authors concluded that, inside NIH/3T3 cells, the water-insoluble 

triarylborane 5.9 leaves the nanogel and aggregates in the cytoplasm, which leads to 

bright dots. Furthermore, they assumed that 5.9 enters the cell nucleus as single 

molecules. Similar behavior was reported for NG-5.10, a nanogel loaded with compound 

5.10, which gives a fluorometric response to H2O2 due to cleavage of its boronic ester 

moiety (Figure 5.2),[32] and subsequent formation of a C–O bond yielding NG-5.10-OH, 

which changes the emission color from yellow to blue. In turn, NG-5.10-OH was shown to 

respond to cellular pH. 

 

5.3 Neutral Triarylboranes 

Another way to obtain triarylboranes which are water-soluble at concentrations required 

for biological applications is by attaching hydrophilic groups such as secondary amines or 

amides. The groups of Thilagar and Yang showed that specifically designed triarylboranes 

can stain different parts of cells selectively depending on the nature of their periphery. 

Thus, Thilagar and co-workers prepared a thiophenol sensor (5.11a and 5.11b) by 

attaching a 2,4-dinitrobenzenesulfonyl (DNBS) moiety to a triarylborane resulting in a turn-

on fluorescence sensor for thiophenol in human cervical cancer (HeLa) cells (Figure 

5.3A).[41] Compounds 5.11a and 5.12a were reported to have low cytotoxicity. 

Yang, Zhu, Zhang, Liu, Leng, Xu, Fu, Li, Li and co-workers reported a series of cyclen-

substituted triarylboranes (5.13a-d, 5.13a+3M2+, 5.13b+2M2+) that sense H2S 

(5.13b+2Cu2+),[38] RNA (5.13b+2Zn2+,[48] 5.13b)[40] or monoamine oxidase (MAO) at the 
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surface of mitochondria (5.13b)[196] in, e.g., human breast cancer (MCF-7) and human liver 

carcinoma (HepG2) cells. Compound 5.13b was reported to enter NIH/3T3 cells within 

5 min and to stain the cytoplasm and nucleoli, the latter most likely due to RNA binding 

which was indicated by co-localization experiments with SYTO™ RNAselect™.[40] Low 

cytotoxicity was reported for the water-soluble compound 5.13b.[196] With an incubation 

time of over 1 h, 5.13a and 5.13c give rise to weak fluorescence in NIH/3T3 cells, but the 

staining pattern was not investigated further.[38] The same compounds 5.13a-13d were 

reported by Leng, Liu and co-workers for the selective sensing of monoamine oxidases 

(MAOs).[196] In this more recent study, the low cytotoxicity of 5.13b as well as its ability to 

enter cells was confirmed, whereas the staining pattern reported in NIH/3T3 cells was not. 

Complexation of 5.13b with Cu2+ gives 5.13b+2Cu2+, which enters NIH/3T3 cells, is non-

cytotoxic, and stains the cytoplasm and the mitochondria as indicated by co-localization 

experiments with MTDF.[38] It was proposed that the latter results most likely from the 

presence of H2S in the mitochondria. Using Zn2+ instead of Cu2+ gives 5.13b+2Zn2+ which 

enters NIH/3T3 cells within 30 min and stains the nucleolus, the cell membrane, 

lysosomes, mitochondria, and the endoplasmic reticulum,[48] as indicated by extensive co-

localization studies. Localization in the nucleoli, cell membrane, and endoplasmic 

reticulum of NIH/3T3 cells was attributed to the ability of 5.13b+2Zn2+ to bind to RNA in 

the cell nucleus and to localize in hydrophobic regions of the cells. A similar staining 

pattern was reported for the compound in HeLa cells whereas slightly different staining 

patterns were observed in HepG2 cells, which Yang and co-workers attributed to higher 

viscosity and therefore slower distribution of 5.13b+2Zn2+ in the latter cell line. The 

compound is non-cytotoxic to any of the cell lines tested. 

With a series of piperazine-modified triarylboranes (5.14, 5.15, 5.16 and 5.17a-d), Yang, 

Zhu, Zhang, Liu and co-workers showed that biomolecules such as cyclic pentapeptides, 

namely cRGD, can be attached to the triarylborane core (5.16, 5.17a-d). These 

compounds are able to enter the cell nucleus (5.15)[42] and to differentiate between healthy 

cells and cancer cells by binding to integrin αVβ3 (5.16)[47] or by reacting with γ-

glutamyltranspeptidase (GGT; 5.17b).[49] In aqueous solution, 5.14 and 5.15 were found 

to bind RNA preferentially over DNA.[42] Without reporting the cytotoxicity of these 

compounds, NIH/3T3 cells were incubated with 5.14 and 5.15 and staining of the 

cytoplasm and the nucleoli was observed, the latter indicated by co-localization 

experiments with SYTO™ RNAselect™. For 5.15, staining of the nuclear matrix, the nuclear 

membrane and the nuclear pore was indicated by confocal microscopy. From fluorescence 

lifetime microscopy (FLIM) measurements, Yang, Zhu, Zhang and co-workers concluded 

that the polarity in the centre of the nucleolus is lower than at its border. However, in 



CHAPTER 5  Triarylboranes in Cells 

100 

another report by Zhang, Liu, Yang and co-workers, no specific binding to the nucleoli, the 

nuclear membrane or matrix was mentioned for 5.15.[47] 

 

 

Figure 5.3: A) Structures of compounds 5.11 and 5.12 reported by Thilagar and co-

workers. The colored picture shows the turn-on fluorescence sensing of thiophenol in 

HeLa cells. The picture is reprinted with permission from ref. 41. © 2018 American 

Chemical Society.[41] B) Cyclen-substituted triarylboranes 5.13a-d, 5.13a+3M2+, 

5.13b+2M2+ (M = Zn, Cu) reported by Yang and co-workers.[38, 40, 48, 196]  

 

Triarylborane 5.16 (Figure 5.4) was designed to distinguish tumor cells from healthy cells 

by not staining the latter ones as they do not overexpress integrin αVβ3.[47] This was 

demonstrated by selective staining of human umbilical vein endothelial (HUVEC-1) and 

human primary glioblastoma (U87MG) cells over NIH/3T3 cells and pre-incubation studies 

with free cRGD. In contrast, all three cell lines were stained by the unmodified triarylborane 

5.15. As no cytotoxicity of compound 5.16 was observed, in vivo tests to image a tumor 

selectively in mice showed that the triarylborane stains the tumor within 60 min and 

exhibits bright fluorescence for another 30 min. 
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Figure 5.4: Piperazine-substituted triarylboranes 5.14, 5.15, 5.16 and 5.17a-d reported by 

Yang and co-workers.[42, 47, 49]  

To obtain a fluorescent probe for the detection of GGT, 5.15 was modified with a peptide 

yielding 5.17b (Figure 5.4), which can be hydrolyzed by GGT in two steps leading to 5.17c 

and 5.15, and enhancement of the fluorescence was observed.[49] Compound 5.17b does 

not enter HUVEC or NIH/3T3 cells but does enter ovarian tumor (SKOV-3) cells due to the 

presence of GGT. After 60 min of incubation with 5.17b, an increasing fluorescence signal 

of a SKOV-3 tumor in mice was observed and, after 90 min, the tumor was clearly 

detectable. 

Very recently, Yamaguchi and co-workers reported that the neutral, NIR-emissive D-A-A 

compound 5.18 (Figure 5.4) can be injected in DMSO solution or in 18% DMSO in PBS 

with 1.6% BSA, respectively, to observe blood vessels in Japanese medaka larvae by 

confocal microscopy and in mice brains by two-photon excitation microscopy.[215]  
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5.4 Cationic Triarylboranes 

The attachment of cationic groups to a sterically-stabilized boron core can lead to water-

soluble triarylboranes. The groups of Yang, in cooperation with S. Li and Y. Li, as well as 

of Marder, in cooperation with Blanchard-Desce, Meinel, Yamaguchi, Lambert, and 

Piantanida, showed that triarylborane (5.19, Figure 5.5) and bis-triarylborane 

chromophores (5.20-5.21) equipped with cationic charges are all soluble in aqueous 

environments and cell permeable, as long as they are stable in water, and almost non-

cytotoxic. The specifically designed triarylborane 5.19 selectively stains adenosine 

triphosphate (ATP) at the surface of mitochondria.[35, 216] To the best of our knowledge, this 

was the first triarylborane applied in a cellular environment. Compound 5.19 bears two 

di(1H-imidazol-1-yl)methane dicationic groups, which account for its water-solubility, 

resulting in a detector that is selective for intracellular ATP, non-cytotoxic and stains 

cytoplasm and mitochondria. This was demonstrated by co-localization experiments in 

NIH/3T3 cells, as was binding to the mitochondria due to ATP production by mitochondrial 

oxidative phosphorylation in eukaryotic cells, by pre-incubation experiments and FLIM 

measurements. 

Marder and co-workers reported a series of tetracationic bis-triarylborane chromophores 

that selectively stain lysosomes (5.20b-f, 5.21a-c, 5.23, Figure 5.5),[44-46] localize in protein 

environments in cells (5.19a),[43, 51] the endoplasmic reticulum (5.20g)[52] or lysosomes and 

mitochondria simultaneously (5.22).[45] However, none of these compounds bears a motif 

that is structurally related to a biomolecule or known to direct the compound to a specific 

organelle inside the cell. Blanchard-Desce, Meinel, and Marder and co-workers reported 

the bithiophene bridged compound 5.20a to be water-soluble, cell permeable, non-

cytotoxic to NIH/3T3, human embryonic kidney (HEK 293T) and HepG2-16 cells, and its 

absorption and emission spectra showed it to be more stable than the commercially 

available dye MitroTracker™ Red CMXRos (MTRC).[43] From one- and two-photon excited 

fluorescence spectroscopy of 5.20a in fixed osteosarcoma tumor (POS-1) cells and 

extensive RNA-, DNA-, and protein-binding studies performed in cooperation with 

Piantanida and co-workers,[51] a hypsochromic shift of the emission maximum of 5.20a in 

the cell compared to its emission spectrum in aqueous solutions was assigned to its 

binding to proteins in the cell. Thus, studying the interactions of the organoboranes with 

DNAs, RNAs and proteins in buffered solutions increased the information content of the 

cell imaging experiments. A series of related bis-triarylborane chromophores (5.21a-c) 

showed that significant steric hindrance is required to yield water-stability which is only 

provided by 5.21c of this series and the previously reported compound 5.20a.[44]  
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Figure 5.5: Molecular structures of 5.19[35, 216] of Yang, S. Li, Y. Li and co-workers and 

5.20a-j,[43, 46, 52-53] 5.21a-c[44] of Marder, Blanchard-Desce, Meinel, Yamaguchi, Lambert, 

Piantanida and co-workers. The small pictures show the emission of the compounds under 

UV irradiation in cuvettes when dissolved in acetonitrile. The fluorescence microscope 

image shows a high degree of localization in the lysosomes of HeLa cells stained with 

5.20b. Colored images are reproduced from ref. 46 with permission of The Royal Society 

of Chemistry. 

Compound 5.21c showed no cytotoxicity, was cell-permeable within 1 h and localizes to a 

high degree at lysosomes as indicated by co-localization experiments. Subsequently, 

compounds 5.20b-f were synthesized to examine the effect of the bridging unit on the 

photophysical properties, cell viability, cell permeability and localization in the cells (Figure 

5.5).[46] These five bis-triarylboranes were cell permeable, non-toxic to HeLa cells and their 

localization at lysosomes was demonstrated by co-localization experiments with different 

LysoTrackers™. Compound 5.20b was shown to be taken up by the cell via the 

endocytosis pathway and has very good photostability, as 95% of the initial fluorescence 

intensity remained after irradiation for 12 min. Additionally, of the compounds in this series 

5.20b exhibits particularly red-shifted absorption and fluorescence spectra and an 

exceptionally high two-photon absorption cross-section of 4560 GM at 740 nm (Figure 
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5.5). Another compound (5.20g) related to this series was reported to be non-cytotoxic to 

HeLa and HEK cells and the staining pattern obtained suggests binding to the endoplasmic 

reticulum, but co-localization experiments have not yet been reported.[52] In addition, the 

interaction of 5.20g with DNAs, RNAs, and proteins was investigated in buffered solutions 

via fluorimetry, surface-enhanced Raman scattering (SERS) and Raman spectroscopy 

revealing strong quenching of the emission and enhancement of Raman signals upon 

binding. Very recently, this series was extended by three more alkyne-substituted bis-

triarylboranes (5.20h-j) which are also efficient dual fluorescence and Raman 

chromophores to detect DNA and RNA at very low concentrations in aqueous buffered 

solutions, strongly dependent on the bridging unit.[53] 

 

Figure 5.6: Molecular structures of compound 5.22 and 5.23 by Marder, Yamaguchi, 

Lambert and co-workers.[45] The colored picture displays the localization of 5.23 in 

lysosomes of HeLa cells and is reproduced from ref. 45 with the permission of Wiley VCH. 

Related dipolar and octopolar donor-π-acceptor compounds 5.22 and 5.23, respectively, 

(Figure 5.6) were shown to be soluble in water in the presence of 0.5% DMSO, non-

cytotoxic to HeLa cells and cell permeable.[45] Co-localization experiments of 5.23 with 

LysoTracker™ Red (LTR) showed a high selectivity of this compound for accumulation in 

lysosomes. In contrast, 5.22 stains both lysosomes and mitochondria. The accumulation 

of both compounds can be monitored by two-photon excited fluorescence (TPEF) 

microscopy which provides deeper tissue penetration via NIR excitation in the ‘biologically 

transparent window’ and increases the 3D resolution of the images. Due to its higher two-

photon brightness, lower toxicity, and higher selectivity for lysosomes, 5.23 is found to be 

a better candidate for bioimaging applications than 5.22. 
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5.5 Discussion 

A summary of the results obtained for staining of cell organelles with triarylboranes shows 

significant differences in the methods applied and the results obtained. For example, 

concentrations which cause cytotoxic effects vary drastically, even for very similar 

compounds (Table 5.1). Compounds 5.20d and 5.20e show no cytotoxic effects to HeLa 

cells up to concentrations of 5 µM whereas 5.20b-c and 5.20f are non-cytotoxic up to 

concentrations of 10 µM and 5.20g was reported to be non-cytotoxic up to concentrations 

of 100 µM. Surprisingly, the only difference between those molecules is the π-bridge 

connecting the two triarylborane moieties. Therefore, it might be concluded that, in the 

case of bis-triarylborane chromophores (5.20), the toxicity mainly results from various 

bridging units which was also shown to influence the mode of binding between these 

compounds and DNA, RNA or proteins in buffered solutions.[51-53] 

In addition, the concentrations employed and incubation times are very different for the 

triarylboranes and commercially available dyes (Table 5.1). For example, staining of 

NIH/3T3 cells with 5.13b+2Cu2+ was reported after 5 min at concentrations of 10 µM 

whereas the commercial dye MTDF was used at a concentration of 0.1 µM with an 

incubation time of 30 min.[38] Thus, for the commercial dye, longer incubation times are 

required while the concentration used is lowered by 99%. Similarly, NIH/3T3 cells were 

incubated with 5.13b+2Zn2+ at 10 µM concentrations for 30 min while the concentrations 

used for the commercial dyes were as low as 5 µM for DiD and 75 nM for LTR DND-99.[48] 

Commercial dyes are used at lower concentrations but take longer to enter cells. 

In some cases, the data for the same compound, varies drastically, as described for 5.13b 

(Table 5.1). On one hand, this compound was reported to stain NIH/3T3 cells at 

concentrations of 10 µM within 35 min,[40] but was also reported to stain the same cell line 

within 10 min using only 2 µM concentrations.[196]  

Cytotoxicity tests for some of the compounds which have been applied to several cell lines, 

such as 5.13b, 5.14, 5.15, and 5.17b, and Pearson values (Rr, a measure of the degree 

of overlap of the images) for co-localization studies with 5.13b, 5.13b+2Zn2+, 5.14, 5.15, 

5.16, and 5.20a have not been reported. Without cytotoxicity studies, it is not known 

whether the concentrations used for imaging experiments effect the viability of the cell line 

or, for compounds used in in vivo experiments such as 5.17b, maybe even the animal. 

Interestingly, for 5.13b+2Zn2+, Rr values are given for some co-localization experiments 

but not others (Table 5.1).[48] Without these correlation values, the degree of localization 

in specific cell organelles is not known. 
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Table 5.1: Summary of cell experiments done with all triarylboranes mentioned in this 

review. cnc = no cytotoxicity up to this concentration; cincub = concentration of triarylboron 

compound used for incubation; tincub = incubation time for triarylboron compound; 

cincub
cd = concentration of commercial dye used for incubation; tincub

cd = incubation time for 

commercial dye; N.R. = no data reported. - = not investigated. MTDF = MitoTracker™ 

DeepRed FM; LTR = LysoTracker™ Red; MTRC = MitroTracker™ Red CMXRos; LTG = 

LysoTracker™ Green. 

Se
ctio
n 

Compou
nd 

Cell line cnc 

cincub 

[µM] 

tincub 

[h] 
Dye for co-
localization 

cincub
cd

 

[µM] 

tincub
cd  

[min] 
Rr 

5.2 

5.7 [37] NIH/3T3 
0.4 µg/mL 

[a] 
- - - - - - 

5.8 [36] NIH/3T3 1.0 µM 0.40 0.5 - - - - 

5.9 [39] NIH/3T3 
0.4 µg/mL 

[a] N.R. 0.5 - - - - 

5.NG-10 
[32] 

NIH/3T3 
0.4 µg/mL 

[a] 10 0.5 - - - - 

5.3 

5.11a[41] HeLa 15 µM 10 0.5 - - - - 

5.12a [41] HeLa 15 µM 10 0.5 - - - - 

5.13a [40] NIH/3T3 - N.R. 1 - - - - 

5.13b 

NIH/3T3 
[40] 

- 10 0.58 
SYTO™ 

RNA-select™ 
5 35 N.R. 

NIH/3T3 
[40] 

- N.R. 0.08 - - - - 

NIH/3T3 
[196] 

low 
toxicity [b] 

2 0.17 MTDF 0.1 30 N.R. 

MCF-7 [196] 
low 

toxicity [b] 
2 0.17 MTDF 0.1 30 N.R. 

HepG2 

[196] 

low 
toxicity [b] 

2 0.17 MTDF 0.1 30 N.R. 

5.13b+2
Cu2+ [38] 

NIH/3T3 40 µM 10 0.08 MTDF 0.1 30 0.87 

5.13a+3
Zn2+ [48] 

NIH/3T3 50 µM N.R. 1 - - - - 

5.13a+3
Zn2+ [48] 

HeLa 50 µM - - - - - - 

HepG2 50 µM - - - - - - 

5.13b+2
Zn2+ [48] 

NIH/3T3 50 µM 10 0.5 

SYTO™ 
RNA-select™ 

0.5 20 N.R. 

DiD 5 30 N.R. 
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Table 5.1: To be continued. 

5.3 

5.13b+2
Zn2+ [48] 

NIH/3T3 50 µM 10 0.5 

LTR DND-99 0.075 30 0.77 

MDRF 0.5 45 0.85 

ER-tracker™ 
Red 

1 30 0.91 

HeLa 50 µM N.R. N.R. - - - - 

HepG2 50 µM N.R. N.R. - - - - 

5.14 [42] NIH/3T3 - 10 0.5 
SYTO™ 

RNA-select™ 
5 30 N.R. 

5.15 

NIH/3T3 
[42] 

- 10 0.5 
SYTO™ 

RNA-select™ 
5 30 N.R. 

NIH/3T3 
[47] 

- 1 0.25 - - - - 

HUVEC-1 
[47] 

- 1 0.25 - - - - 

U87MG [47] - 1 0.25 - - - - 

NIH/3T3 
[49] 

- ? [c] 0.08 - - - - 

5.16 [47] 

NIH/3T3 5 µM 1 0.25 - - - - 

HUVEC-1 5 µM 1 0.25 - - - - 

U87MG 5 µM 1 0.25 DiD red 5 20 N.R. 

5.17b [49] NIH/3T3 - 10 1 - - - - 

5.17b [49] 
HUVEC - 10 1 - - - - 

SKOV-3 - 1 1 - - - - 

5.17c [49] NIH/3T3 - ? [c] 0.5 - - - - 

5.4 

5.19 [35, 

216] 
NIH/3T3 4 µM 1 0.5 MTDF 0.1 30 0.86 

5.20a [43] 

NIH/3T3 10 µM 10 0.75 MTRC 0.125 45 N.R. 

HEK293T 10 µM - - - - - - 

HepG2-16 10 µM - - - - - - 

POS-1 - 0.3 8 - - - - 

5.20b [46] HeLa 10 µM 0.5 2 LTG 0.1 20 0.81 

5.20c [46] HeLa 10 µM 0.5 2 LTR 0.1 20 0.80 

5.20d [46] HeLa 5 µM 0.5 2 LTR 0.1 20 0.73 

5.20e [46] HeLa 5 µM 0.5 2 LTR 0.1 20 0.75 

5.20f [46] HeLa 10 µM 0.5 2 LTR 0.1 20 0.83 
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Table 5.1: To be continued. 

5.4 

5.20g [52] 
HeLa 100 µM 1 2 - - - - 

HEK 100 µM - - - - - - 

5.21c [44] HeLa 5 µM 5 1 LTR 0.1 20 0.86 

5.22 [45] HeLa 1 µM 0.5 2 
LTR 0.1 20 0.48 

MTDR 0.05 20 0.42 

5.23 [45] HeLa 1 µM 0.5 2 LTR 0.1 20 0.81 

[a] Concentration used for cytotoxicity was reported in this unit by Hu, S. Li, Y. Li, Zhu, 

Zhang, and Shen, Yang and co-workers.[32, 37, 39] [b] No specific values were given in the 

text, and the supporting information was not accessible.[196] [c] Exact numbers were 

reported in the supporting information which was not accessible online.[49] 

 

Given the observed differences in cytotoxicity, concentrations and incubation times, it 

would be useful for comparisons for there to be a standardized procedure for testing such 

new compounds. Standards exist for the characterization of new compounds as their 

structure and purity are analysed by NMR and IR spectroscopy, mass spectrometry, X-ray 

diffraction, and elemental analysis with standard reporting protocols. In the field of organic 

photovoltaic and OLEDs, standardized methods exist for data collection and analysis to 

determine whether the respective absorbing or emitting layer improved the performance 

of the resulting device. Such standardization is currently missing for chemists who want to 

examine the biological applicability of their triarylborane chromophores. Standardized 

protocols could include the use of at least one standard cell line by all research groups, 

together with uniform incubation times and concentrations. This would allow better 

comparison of the results obtained for different compounds by various groups. In addition, 

examination of the cytotoxicity of the chromophores to the standardized cell line prior to 

any in vivo experiments is highly recommended. 

 

5.6 Summary and Outlook 

Triarylborane chromophores can respond to various changes in the cellular environment, 

e.g., temperature, pH or to small molecules or biopolymers such as DNA, RNA, and 

proteins. They are often cell permeable and non-cytotoxic to various cell lines such as 

NIH/3T3, HEK, and HeLa cells, can localize in a variety of cell organelles, and can bind 

selectively to various DNAs, RNAs, and/or proteins. In addition, most of the compounds 

reported show one- and two-photon excited fluorescence and are more photostable than 
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some commercial dyes, e.g., MitoTracker™ or SYTO™ RNAselect™, and some can be 

used as dual fluorescence and Raman/SERS chromophores. Careful design of the 

compounds and collaboration among synthetic chemists, experts in pharmaceutical 

chemistry, biochemistry, and bioimaging are important to move this field forward. 

Development of standardized protocols will also be helpful. 
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6 Interaction of Bithiophene-Cored, Mono-, Bis-, and Tris-

(Trimethylammonium)-Substituted, Bis-Triarylborane 

Chromophores with DNAs, RNA, and Cells 

6.1 Introduction 

In 2016, Cat4+ was reported to be water-soluble, cell permeable and non-cytotoxic to 

NIH/3T3, HEK 293T, and HEPG2-16 cells up to concentrations of 10 µmol L-1. Inside of 

fixed POS-1 cells, the mitochondria are stained, and the emission detected is 

hypsochromically shifted compared to the emission of Cat4+ in water. Due to the shift, 

localization of Cat4+ in a less polar environment compared to water was assumed.[43] A few 

years later, the same compound was reported to bind to double-stranded (ds) DNA, ds-

RNA, single-stranded (ss) RNA, and to bovine serum albumin (BSA) in buffered solutions 

with a hypsochromic shift of the emission spectrum when bound to the latter.[51] These 

results suggest that the binding reported in fixed POS-1 cells occurs in a protein-like 

environment. A series of similar tetra-cationic bis-triarylboranes (5.20b-f; Chapter 5) was 

reported to stain the lysosomes of HeLa cells selectively.[44, 46] In another series of alkyne-

modified compounds (5.20h-j; Chapter 5), strong interactions with DNAs and RNAs were 

demonstrated.[53] As a consequence of these previous studies, the influence of different 

charges on the interaction of Cat1+, Cat2+, Cat(i)2+, and Cat3+ with RNA and different DNAs 

was investigated in buffered solution of different pH. Lastly, the behavior of these 

selectively charged bis-triarylboranes was examined in different cell lines. 

Figure 6.1: Compounds Cat1+, Cat2+, Cat(i)2+, and Cat3+. 
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6.2 Results and Discussion 

Changes of the fluorescence of Cat1+, Cat2+, Cat(i)2+, and Cat3+ upon addition of increasing 

amounts of DNA or RNA were studied at pH 7 and/or pH 8. In combination with the results 

of thermal denaturation and circular dichroism (CD) experiments of the polynucleotides, 

which are known to be unique for the respective molecule, conclusions about the mode of 

interaction (intercalation, major or minor groove binding, or external binding) can be 

drawn.[217-220] 

Due to the limited solubility of Cat1+, Cat2+, Cat(i)2+, and Cat3+ in pure water (Chapter 4), 

stock solutions in DMSO were prepared for the following biological studies and diluted with 

aqueous sodium cacodylate buffer (pH 7, I = 0.05 M) or aqueous potassium chloride buffer 

(pH 8; 15 mmol L-1 Tris-HCl, 300 mmol L-1 KCl) as indicated. Prior to any biological 

studies, the influence of different concentrations of Cat1+, Cat2+, Cat(i)2+, and Cat3+, 

temperature, or pH on the absorption and emission spectra of the respective compounds 

was investigated. 

 

6.2.1 Physico-Chemical Properties in Buffered Solution 

The absorption spectra (Figure 11.18-Figure 11.21) and molar extinction coefficients 

obtained in sodium cacodylate buffer at pH 7 are very similar to the values obtained from 

aqueous solutions containing ≤1% acetonitrile as summarized in Table 6.1. Upon heating, 

the absorption of Cat1+, Cat2+, Cat(i)2+, and Cat3+ decreases in intensity. The intensity is 

not completely restored after cooling to room temperature. These effects are large for 

Cat1+ (ca. 30%) and small for Cat2+, Cat(i)2+, and Cat3+ (ca. 5%; Figure 11.18C-Figure 

11.21C). 

Table 6.1: Absorption maxima and molar extinction coefficient of Cat1+, Cat2+, Cat(i)2+, and 

Cat3+ determined in 1% MeCN in water and DMSO in sodium cacodylate. 

 DMSO in sodium cacodylate buffer 1% MeCN in water 

 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  [nm] ε [L mol-1 cm-1] 𝜆𝑚𝑎𝑥

𝑎𝑏𝑠  [nm] ε [L mol-1 cm-1] 

Cat1+ 414 33 300 ±600 415 29 500 ±1 200 

Cat2+ 422 37 700 ±900 424 31 100 ±300 

Cat(i)2+ 417 30 800 ±200 424 34 000 ±1 500 

Cat3+ 421 30 900 ±700 423 36 000 ±900 
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The emission spectra of Cat1+, Cat2+, Cat(i)2+, and Cat3+ in buffered solutions are similar 

to those recorded in aqueous solutions containing ≤1% acetonitrile (Chapter 4) and their 

intensity increases linearly with increasing concentration of the compounds. Upon heating, 

the emission of Cat1+, Cat2+, and Cat3+ is quenched by ca. 40-50% while the emission of 

Cat(i)2+ increases by ca. 15%. After cooling to room temperature, the intensities of the 

emission of Cat2+ and Cat3+ were restored, while the intensities of Cat1+ and Cat(i)2+ 

remained at a lower level and a higher level (Figure 11.22-Figure 11.25), respectively. 

Thus, changes observed during the subsequent measurements have to be larger than 

those indicated here to be caused by the interaction with DNA or RNA. 

 

6.2.2 Interaction with DNA and RNA at pH 7 

To examine the interaction of Cat1+, Cat2+, Cat(i)2+, and Cat3+ with biological 

macromolecules at pH 7, naturally occurring calf thymus (ct-) DNA and the ds-polymer 

poly rA – poly rU (pApU) were chosen as examples for DNA and RNA having B-helical 

and A-helical structures, respectively. The most relevant difference between the latter two 

structures is the size of their major and minor grooves, which is increased for the A-helix 

compared to the B-helix. Thus, bulky small molecules (small in comparison with 

biomacromolecules such as DNAs, RNAs, or proteins), such as Cat1+, Cat2+, Cat(i)2+, and 

Cat3+, might fit better into the grooves of A-helical structures, which would results in 

increased interactions between the bis-triarylboranes and pApU compared to ct-DNA. 

 

6.2.2.1 Thermal Melting Experiments 

The characteristic change of the absorption at 260 nm of ctDNA and pApU upon increasing 

temperature allows the determination of their specific denaturation temperatures in sodium 

cacodylate buffered solutions.[218] In the presence of up to 30 mol% Cat1+, no change of 

the melting point was observed. In contrast, the melting temperature of ctDNA increased 

by 12, 4, and 3 °C in the presence of 30 mol% Cat2+, Cat(i)2+, and Cat3+, respectively. For 

pApU, an increase by 11, 13, and 6 °C was obtained in the presence of 30 mol% Cat2+, 

Cat(i)2+, and Cat3+, respectively (Figure 6.2, Table 6.2). Thus, these measurements 

suggest that each of the bis-triarylborane interacts with ctDNA and pApU at pH 7 except 

for Cat1+. From increasing denaturation temperatures, stabilization of the secondary 

structure of the DNA or RNA can be assumed.[218] The stabilizing effect of Cat2+ and 

Cat(i)2+ increases with increasing concentration of the compounds. For ctDNA, no such 

influence was observed in the presence of Cat3+. 
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When comparing the changes of the melting temperatures of ctDNA and pApU at pH 7 in 

the presence of Cat2+, Cat(i)2+, and Cat3+ with the values reported for Cat4+,[51] greater 

influence of the tetra-cationic compound at lower concentrations was observed. Thus, 

stronger binding of Cat4+ compared to Cat1+, Cat2+, Cat(i)2+, and Cat3+ is indicated. 
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Figure 6.2: Thermal denaturation curves of A) ctDNA (c(ctDNA) = 2.26  10-5 mol L-1, 

r[bis-triarylboranes]/[ctDNA] = 0.3) and B) pApU (c(pApU) = 2.49  10-5 mol L-1; ratio r[compound]/[pApU] = 

0.3) at pH 7 upon addition of bis-triarylboranes. Error in Tm values: 0.5 C. The colored 

vertical lines are added to chart the changes of the melting temperatures. 

 

Table 6.2: Summary of ∆Tm values of studied polynucleotides upon addition of Cat1+, Cat2+, 

Cat(i)2+, Cat3+, and Cat4+ at pH 7. 

 Cat1+ Cat2+ Cat(i)2+ Cat3+ 
Cat4+ 

[51] 

r [a] 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 0.1 0.2 0.3 0.1 

ctDNA[b] 

[°C] 
0 0 0 0 5.9 11.8 1.7 2.9 3.8 3.6 3.5 3.2 7.3 

pApU[b] 

[°C] 
0 0 0 0 2.0 11.1 1.3 13.0 13.0 0.6 6.0 5.5 9.5 

[a] r = [compound]/[polynucleotide]; [b] Error of ∆Tm = ±0.5°C. 

 

6.2.2.2 Fluorimetric Titrations 

As demonstrated in Chapter 4, the bis-triarylboranes Cat1+, Cat2+, Cat(i)2+, and Cat3+ are 

highly emissive fluorophores with characteristic excitation and emission wavelengths 

(Figure 4.5, Figure 4.6). Changes of the respective emission in the presence of increasing 

concentrations of ctDNA and pApU were investigated in sodium cacodylate buffered 

solution (Figure 11.30-Figure 11.37) and normalized to the emission of the single 
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compound (Figure 6.3). From the slope of the compensating curve, binding constants were 

calculated using the Scatchard equation[221] and the von Hippel formalism[222] (Table 6.3). 
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Figure 6.3: Normalized fluorimetric titration of Cat1+ (λexc = 414 nm), Cat2+ (λexc = 422 nm), 

Cat(i)2+ (λexc = 417 nm), Cat3+ (λexc = 421 nm) with ctDNA and pApU at pH 7 using 

c(compounds) = 1  10-7 mol L-1. 

 

Table 6.3: Binding constants[a] (log Ks) of Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+ with 

polynucleotides calculated from fluorimetric titrations according to literature 

procedures.[221-222] 

 Cat1+ Cat2+ Cat(i)2+ Cat3+ Cat4+ [51] 

ctDNA [b] 6.4 6.9 6.5 7.0 

pApU [b] 7.0 7.8 7.5 ~7 

[a] Analyses of titration data by means of the Scatchard equation[221] with von Hippel 

formalism[222] gave values of the ratio r = [bound compound]/[polynucleotide] = 0.2 - 0.3; 

for easier comparison, all log Ks values were re-calculated for fixed r = 0.25 (ds-

polynucleotides). Correlation coefficients were > 0.99 for all calculated Ks values. [b] 

Negligible emission change.  

 

Upon addition of ctDNA or pApU to a solution of Cat1+ in sodium cacodylate buffered 

solutions, no significant change of the emission was observed. Thus, no significant 
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interaction between the mono-cation and the polynucleotides is apparent. In contrast, the 

emission of Cat2+, Cat(i)2+, and Cat3+ increases with increasing amount of polynucleotides 

with binding constants similar to those reported for Cat4+.[51] These experiments indicate 

similarly strong interactions between polynucleotides and trimethylammonium-substituted 

bis-triarylboranes irrespective of the number or distribution of the latter, as long as the 

number is larger than 1. 

 

6.2.2.3 Circular Dichroism Experiments 

Due to their helical structure, polynucleotides are chiral molecules while Cat1+, Cat2+, 

Cat(i)2+, and Cat3+ are not. Thus, the former display unique circular dichroism (CD) spectra 

due to their secondary structure.[223] By monitoring the CD spectra of the polynucleotides 

upon addition of the cationic bis-triarylboranes, useful information about the modes of 

interaction between these molecules can be gained.[220, 224] 
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Figure 6.4: CD titration of A) ctDNA (c = 2  10-5 mol L-1) and B) pApU (c = 

2.5  10-5 mol L-1) with Cat1+, Cat2+, Cat(i)2+, and Cat3+ at molar ratios r[dye]/[polynucleotide] = 0.1 

– 0.5 at pH 7. 

Upon addition of Cat1+ to ctDNA or pApU, no significant change of the CD spectra was 

observed while for Cat2+, Cat(i)2+, and Cat3+, the intensity of the CD spectra between 

230 nm and 300 nm (Figure 6.4) decreased slightly. This can be attributed to an unwinding 

of the double helix of the polynucleotides upon insertion of the bis-triarylboranes. In 

contrast to the previously reported tetra-cationic compound Cat4+,[51] no ICD bands were 

observed at 400-500 nm. Thus, Cat2+, Cat(i)2+, and Cat3+ might be oriented non-uniformly 

with respect to the chiral axis of the polynucleotide. From the present data, it was not 

possible to derive direct structural information about the orientation of the bis-

triarylboranes inside the DNA/RNA binding site. Nevertheless, in analogy to the previous 
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binding studies,[51-53] groove binding of Cat2+, Cat(i)2+, and Cat3+ can be presumed. In 

accordance with thermal denaturation and fluorimetric titration experiments, no binding 

was detected for Cat1+. 

 

6.2.3 Interaction with DNAs at pH 8 

The interaction of Cat1+, Cat2+, Cat(i)2+, and Cat3+ with ctDNA and DNApore was 

investigated in potassium chloride solutions (15 mmol L-1 Tris-HCl, 300 mmol L-1 KCl) at 

pH 8. DNApore describes a tubular biomacromolecule consisting of six oligonucleotides 

which form a cavity in the middle providing space for cationic bis-triarylboranes as 

demonstrated in Figure 6.5B. The exact structure of DNApore and its decomposition are 

summarized in Figure 6.5A and Table 9.1. 

 

 

Figure 6.5: A) Schematic presentation of DNApore. The composition of oligonucleotides 

P1-P6 is given in (Figure 9.1; Table 9.1). B) Schematic depiction showing that Cat4+ and 

the analogues Cat1+, Cat2+, Cat(i)2+, and Cat3+ (width ca. 1.2 nm) fit into the cavity of the 

DNApore (width ca. 2 nm). 

 

6.2.3.1 Thermal Melting Experiments 

The thermal denaturation temperatures of ctDNA in potassium chloride buffer at pH 8 

(15 mmol L-1 Tris-HCl, 300 mmol L-1 KCl) was investigated. Under the same conditions, 

the denaturation of DNApore was found to be slightly biphasic, most likely due to the 

presence of two different conformers. Upon addition of Cat1+, Cat2+, Cat(i)2+, and Cat3+, 

(Table 6.4, Figure 6.6A) the melting temperature of ctDNA increases by 0.7, 8.7, 5.5, and 

3.5 °C, respectively. In the case of DNApore, the biphasic nature of the transition was 

2.8 nm 

1.2 nm 

A 

B 
2 nm 
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increased in the presence of Cat1+, Cat(i)2+, and Cat4+. For all compounds, both transitions 

were stabilized, and the stabilizing effect was found to increase with increasing number of 

cationic charges in the order Cat1+ < Cat2+ ≈ Cat(i)2+ < Cat3+ < Cat4+. 
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Figure 6.6: Thermal denaturation curves of A) ctDNA (c(ctDNA) = 2.26  10-5 mol L-1, 

r[bis-triarylboranes]/[ctDNA] = 0.2) and B) DNApore (c(DNApore) = 2 x 10-5 mol L-1; ratio 

r[compound]/[DNApore] = 0.25) at pH 8 upon addition of bis-triarylboranes. Error in Tm values: 

0.5 C. The colored vertical lines are added to chart the changes of the melting 

temperatures. 

 

Table 6.4: Summary of ∆Tm values[a] [°C] of studied polynucleotides upon addition of Cat1+, 

Cat2+, Cat(i)2+, Cat3+, and Cat4+ at pH 8. 

 Cat1+ Cat2+ Cat(i)2+ Cat3+ Cat4+ 

r [b] 0.25 0.25 0.25 0.25 0.25 

ctDNA 0.7 8.7 5.5 3.4 - 

DNApore 0/0 [c] 3.2/1.2 [c] 1.2/3.3 [c] 1.4/6.6 [c] 8.0 

[a] Error of ∆Tm = ±0.5°C; [b] r = [compound]/[polynucleotide]; [c] Biphasic transitions. 

 

6.2.3.2 Fluorimetric Titrations 

The influence of increasing concentrations of ctDNA and DNApore on the emission spectra 

of Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+ was investigated, the spectra obtained were 

normalized with respect to the emission of the single compound in potassium chloride 

solutions and the resulting changes are summarized in Figure 6.7 and Table 6.5. The 

interaction of Cat1+ with ctDNA at pH 8 was not investigated as no interactions were 

observed at pH 7. 
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Figure 6.7: Normalized fluorimetric titration of A) Cat2+ (λexc = 422 nm), Cat(i)2+ (λexc = 

417 nm), and Cat3+ (λexc = 421 nm) with ctDNA and of B) Cat1+ (λexc = 414 nm), Cat2+ 

(λexc = 422 nm), Cat(i)2+ (λexc = 417 nm), Cat3+ (λexc = 421 nm), and Cat4+ (λexc = 425 nm) 

with DNApore at pH 8 using c(Cat2+, Cat(i)2+, Cat3+) = 5  10-7 mol L-1, c(Cat4+) = 

4  10-7 mol L-1. 

 

Table 6.5: Binding constants[a] (log Ks) of Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+ with 

polynucleotides at pH 8 calculated from fluorimetric titrations according to literature known 

procedures.[221-222] 

 Cat1+ Cat2+ Cat(i)2+ Cat3+ Cat4+ 

ctDNA - 6.8 [b] 5.1 - 

DNApore [b] 7.5 6.7 7.5 7.8 

[a] Analyses of titration data by means of the Scatchard equation[221] with von Hippel 

formalism[222] gave values of the ratio r = [bound compound]/[polynucleotide] = 0.2 - 0.3; 

for easier comparison, all log Ks values were re-calculated for fixed r = 0.25 (ds-

polynucleotides). Correlation coefficients were > 0.99 for all calculated Ks values. [b] 

Negligible emission change. 

 

The emission of Cat(i)2+ does not change significantly with increasing concentration of 

ctDNA at pH 8 while at pH 7 a binding constant of 6.9 was obtained. For Cat2+, a decrease 

of the emission intensity and a binding constant of 6.8 was observed pH 8, while at pH 7 

an increase with a similar binding constant of 6.4 was obtained. The intensity of Cat3+ 

increases with binding constants of 6.5 and 5.1 at pH 7 and pH 8, respectively. The 

decreased binding constants obtained at pH 8 indicates weaker interaction of the bis-

triarylborane with ctDNA at increased pH. 
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In the presence of DNApore, the emission of Cat1+ does not change significantly, which 

indicates no interaction. For the other bis-triarylboranes, a decrease of the respective 

emission intensity was observed with binding constants that increase in the order Cat(i)2+ 

< Cat2+ ≈ Cat3+ < Cat4+ from 6.7 over 7.5 to 7.8 with increasing number of 

trimethylammonium groups. 

 

6.2.3.3 Circular Dichroism Experiments 

The change of the unique CD spectra of ctDNA and DNApore with increasing 

concentration of bis-triarylboranes was monitored in potassium chloride solutions at pH 8. 

The spectra obtained are summarized in Figure 6.8. 
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Figure 6.8: CD titration of A) ctDNA (c = 2  10-5 mol L-1) and B) DNApore (c = 

5  10-5 mol L-1) with Cat1+-Cat4+ at molar ratios r[dye]/[polynucleotide] = 0.1-1 at pH 8. 

The CD spectrum of ctDNA decreases and shifts bathochromically with increasing 

concentration of Cat3+ and Cat(i)2+, while in the presence of Cat2+ no significant changes 

are observed. In contrast, a new band arises at ca 325 nm with increasing concentration 

of Cat1+ which was the only indication for any interaction of this compound with 

oligonucleotides. 

In contrast to other polynucleotides, the chiral axis of the DNApore cannot be directly 

correlated to the usually well-defined chiral axes of typical ds-DNAs due to the six 

intertwined 50-mer oligonucleotides and, consequently, the tilted angles of the double 

helices with respect to the central axis of the DNApore. Thus, the following ICD signal 

assignments do not necessarily match those described in the literature.[220, 223-224] However, 

due to the similar structure of the bis-triarylboranes studied and the same experimental 
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procedures applied, the results of these measurements were used for comparative 

conclusions within this series of compounds. 

For Cat2+, weak, negative ICD bands at ca. 400-450 nm were observed which is 

characteristic for a perpendicular orientation of the transition moment of the chromophore 

with respect to the chiral axis of the DNApore. In contrast, addition of Cat(i)2+ to DNApore 

induced considerably strong ICD bands at 400-450 nm which fits the absorption spectra 

of the corresponding bis-triarylboranes perfectly. Thus, these positive ICD signals derive 

from the chromophores studied and suggest a tilted orientation by ca. 60° to the chiral axis 

of the DNApore. For Cat3+ and Cat4+, complete disintegration of the CD bands of DNApore 

suggests strong changes of the secondary structure of the latter upon binding of the 

compounds. 

 

6.2.4 Interaction with Cells 

The bis-triarylborane Cat4+ was reported to enter cells[43] and to bind to DNA, RNA and 

proteins with different ratiometric read out.[51] Hence, the influence of different numbers 

and distribution of charges on cell penetration and intracellular localization of Cat1+, Cat2+, 

Cat(i)2+, and Cat3+ was investigated. However, as DNA and RNA binding studies showed 

that Cat1+ does not bind to biomacromolecules (vide supra), this compound was not 

studied in cells. 
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6.2.4.1 MTT Assay 

Due to the low stability of Cat2+ in DMEM with 10% FBS, only the cytotoxicity of Cat(i)2+ 

and Cat3+ to A549 and WI38 cells were investigated using the MTT assay. 
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Figure 6.9: Cell survival of A549 and WI38 cells exposed to Cat(i)2+ and Cat3+, with or 

without UV exposure. Data are presented as mean ±SD made in four replicates, relative 

to the control samples. Control samples are cells treated with DMSO in same 

concentration as compound tested. Representative data of three independent experiments 

which yielded similar results are shown. 

 

The results are summarized in Figure 6.9 and show that the viability of both cell lines is 

drastically lowered in the presence of high concentrations of Cat(i)2+ and Cat3+ 

(10 µmol L-1) and even stronger under irradiation with visible light (400-700 nm). In 

contrast, at lower concentrations and without irradiation, the viability of A549 and WI38 

cells is barely influenced by the presence of either bis-triarylborane investigate.  
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6.2.4.2 Emission Bleaching and Photoinduced Cell Damage 

To gain an initial impression of the behavior of Cat2+, Cat(i)2+, and Cat3+ in cells, A549 

cells were incubated with each compound. The resulting fluorescence was monitored for 

up to 4 min by confocal microscopy, all images of which are shown in the appendix (Figure 

11.59-Figure 11.64). As summarized in Figure 6.10, the intensity of the emission increases 

with increasing numbers of trimethylammonium groups in the order Cat2+ ≈ Cat(i)2+ < Cat3+ 

as observed for the molar extinction coefficient in solution (vide supra and Chapter 4). 

However, the intensity of the emission decreases rapidly within ca. 30 s of irradiation for 

the three triarylboranes.  

Figure 6.10A indicates that Cat2+ localizes at the outer limit of the cell and as bright spots 

in the middle of the cell. In contrast, for Cat(i)2+ and Cat3+, localization in the cytoplasm 

with a non-specific distribution is observed (Figure 6.10B,C). These indications were 

further investigated by co-localization experiments for Cat(i)2+ and Cat3+ (vide infra), but 

not for Cat2+ as the stability of the latter in Dulbecco Modified Eagle’s Medium (DMEM) 

containing 10% fetal bovine serum (FBS) is not sufficient for these experiments. 
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Figure 6.10: Images of the emission of A549 cells stained with A) Cat2+, B) Cat(i)2+, and 

C) Cat3+ taken at times indicated showing fast bleaching of the emission of the bis-

triarylboranes. 
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Figure 6.11: Images of the emission of A549 cells stained with A) Cat2+, B) Cat(i)2+, and 

C) Cat3+ overlayed with bright field taken at times indicated showing fast bleaching of the 

emission of Cat2+, Cat(i)2+, and Cat3+ and simultaneous cell blebbing. 

 

Bright field images of these experiments (Figure 6.11) indicate cell blebbing while the 

compounds are fluorescent. As soon as the fluorescence is bleached, no further changes 
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of the cell structures is observed. As Cat2+, Cat(i)2+, and Cat3+ were found to sensitize 

singlet oxygen with an efficiency of ca. 0.6 (Chapter 4) in oxygen saturated solutions upon 

irradiation and 1O2 is known to lead to cell damage and cell death,[179] it is suggested that 

cell blebbing is observed due to intracellular singlet oxygen sensitization of Cat2+, Cat(i)2+, 

and Cat3+. 

 

6.2.4.3 Co-localization Studies 

For these studies, fixed A549 cells were first incubated with primary antibodies against 

early endosome antigen 1 (EEA1), golgi apparatus (GM130) or lysosome membrane 

protein 1 (LAMP-1) and, after washing with PBS, with the fluorescently labeled anti-rabbit 

secondary antibody AF647. Upon binding of the fluorescent secondary antibody AF647 to 

either of the primary antibodies, the selectively stained organelle of the cell became visible. 

Thus, by comparison of the images obtained for the staining of Cat(i)2+ and Cat3+ with 

those of the fluorescent antibody (Figure 6.12, Figure 6.13), it was possible to calculate 

the Pearson correlation coefficient for the co-localization of the known staining dyes and 

bis-triarylboranes (Table 6.6). These values indicate that Cat(i)2+ and Cat3+ localize at 

lysosomes, golgi apparatus and early endosomes. For Cat3+, less localization is observed 

at the early endosomes compared to Cat(i)2+.  

Table 6.6: Summary of Pearson correlation coefficients determined for Cat(i)2+ and Cat3+. 

Compound Commercial Staining Dye Pearson Correlation Coefficient (Rr) 

Cat(i)2+ 

EEA1 0.24 

LAMP1 0.46 

GM130 0.37 

Cat3+ 

EEA1 0.08 

LAMP1 0.54 

GM130 0.39 

 

Comparing these results with the previously reported selectivity of very similar, tetra-

cationic compounds for lysosomes (Chapter1, Chapter 5) indicates that the number of 

charges largely influences the intracellular localization of bis-triarylboranes. 
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  Overlay 

   

   

   
Figure 6.12: Intracellular localization of Cat(i)2+ in A549 cells. Co-localization of Cat(i)2+ 

with early endosomes (EEA1), golgi apparati (GM130) or lysosomes (LAMP1) observed 

by confocal microscopy. Cells were treated with 10 µmol L-1 of Cat(i)2+ for 90 min at 37 ºC. 

Nuclei were stained with DAPI. Co-localization was assessed by determining the Pearson 

correlation coefficient. The result is +1 for perfect correlation, 0 for no correlation, and -1 

for perfect anti-correlation. 
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  Overlay 

   

   

   
Figure 6.13: Intracellular localization of Cat3+ in A549 cells. Co-localization of Cat3+ with 

early endosomes (EEA1), lysosomes (LAMP1) or golgi apparati (GM130) observed by 

confocal microscopy. Cells were treated with 10 µmol L-1 of Cat3+ for 90 min at 37 ºC. 

Nuclei were stained with DAPI. Co-localization was assessed by determining the Pearson 

correlation coefficient. The result is +1 for perfect correlation, 0 for no correlation, and -1 

for perfect anti-correlation. 
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6.3 Conclusions 

The mono-cationic bis-triarylborane Cat1+ does not interact with DNA, such as ctDNA or 

DNApore, nor RNA (pApU) as indicated by thermal melting experiments, fluorimetric 

titration, and CD spectroscopy. This behavior is very similar to some neutral analogues 

investigated earlier.[52] Thus, one positive charge is not enough for the bis-triarylboranes 

to provide efficient interaction with polynucleotides. As a result, no further biological 

studies were conducted using this compound. 

In contrast, Cat2+, Cat(i)2+, and Cat3+ are shown to bind to ctDNA and pApU at pH 7 

presumably due to groove binding. At pH 8, the same compounds are shown to bind to 

ctDNA and DNApore, which consists of six intertwined oligonucleotides forming a cavity in 

the middle. This cavity provides enough space for the bis-triarylboranes. However, results 

obtained for the interaction between Cat2+, Cat(i)2+, and Cat3+ and DNApore suggest 

different binding modes. In the case of Cat2+, a perpendicular orientation of its transition 

moment to the chiral axis of the DNApore can be assumed, while for Cat(i)2+ a tilted 

orientation by ca. 60° is suggested. In contrast, for Cat3+ and Cat4+, strong changes of the 

secondary structure of DNApore upon binding of the boranes can be assumed. 

Preliminary live cell imaging of A549 cells shows different staining patterns for Cat2+, 

Cat(i)2+, and Cat3+. Thus, not only are the DNA/RNA binding affinities affected by the 

number and distribution of charges of bis-triarylboranes, but also the cell penetration ability 

and their intracellular localization. However, fast bleaching of the compounds emission 

and simultaneous cell blebbing was observed for all three compounds, irrespective of the 

charge. Most likely, the cell blebbing results from intracellular formation of singlet oxygen 

as the bis-triarylboranes were found to be efficient singlet oxygen sensitizers. 

Compounds Cat(i)2+ and Cat3+ are shown to be non-cytotoxic to A549 and WI38 cells up 

to concentration of 1.0 µmol L-1. However, upon irradiation (400-700 nm), the viability of 

the cells is drastically lowered, most likely due to formation of singlet oxygen. 

Co-localization experiments of A549 cells indicate that Cat(i)2+ stains lysosomes, golgi 

apparatus, and early endosomes with decreasing selectivity, while Cat3+ shows almost no 

co-localization with early endosomes but slightly increased localization at lysosomes. 

Thus, these cationic bis-triarylboranes are promising candidates for photodynamic therapy 

due to their relatively high singlet-oxygen sensitizing efficiency and cell permeability, while 

the latter, among other properties, is influenced by the number of trimethylammonium 

groups and their distribution over the chromophore. 
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7 Proof-of-Concept Investigations of H2O2–Cleavable Aryl Boronate 

Esters and Subsequent Formation of Coumarin 

In this chapter, investigations of the reaction of three different boronate esters with 

stochiometric amounts of H2O2 is described. The results are based on preliminary studies 

reported in the Master’s Thesis of Wiebke Daul, which was carried out under the 

supervision of Sarina M. Berger and Martina Raschig.[10] Due to higher yields obtained for 

7.6 and 7.7 and higher purity of 7.8, the repeated syntheses are described herein. 

 

7.1 Introduction 

Bortezomib (Figure 7.1A) is a boronic acid which is used for the treatment of blood 

cancer,[1] while several boronic acids and esters were found to be mutagenic[2] according 

to the Ames assay.[3-4] Other organic and inorganic boron compounds were reported to 

have positive effects on different metabolic processes such as the anti-oxidant defense 

mechanism or the decrease of intracellular levels of H2O2,[225] which result from the 

cleavage of boronic acids and esters generating boric acid (Figure 7.1B). 

 

Figure 7.1: A) Molecular structure of Bortezomib. B) Cleavage of boronic esters in the 

presence of H2O2. 

For the latter reason, such compounds are of current interest[5-8] as a relationship between 

higher intracellular concentrations of H2O2 and diseases such as diabetes, 

neurodegenerative disorders, and cancer was found.[9] Hence, many different strategies 

have been developed to monitor intracellular H2O2 concentrations in order to gain better 

insight into the dependence of increased concentrations on associated diseases. As 

summarized by Yan et al.,[8] one of the widely used approaches is the use of fluorescent 

molecules as their location can be traced easily by, e. g., confocal microscopy. Once the 

cause and location of increased H2O2 production is identified, delivery systems can be 

developed which release the drug upon external or internal triggers, such as light or high 

intracellular H2O2 concentrations, respectively. Using this approach, harmful side effects 

of classical treatments, e. g., chemotherapy can be minimized. By combining the 

fluorescent moiety (diagnostic part) with a second moiety capable of reacting with an 
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internal or external trigger (therapeutic part) in one molecule, so-called theranostic agents 

are obtained. Furthermore, when such a compound releases another drug during the 

process, it is called a prodrug.[226] Yan et al.[8] demonstrated different kinds of such systems 

together with their basic functional principle. One of these systems[227] and its cleavage in 

the presence of H2O2 is presented in Figure 7.2. 

 

Figure 7.2: The structure of a prodrug system for the treatment of cancer and its reaction 

with H2O2.[227] 

Prior to the cleavage of 7.1 with H2O2, photoinduced energy transfer (PET) prevents 

fluorescence of the coumarin moiety incorporated into the system. Upon cleavage of the 

boronic ester and the amide, PET is lost and the fluorescence of the coumarin moiety is 

visible. Thus, increasing fluorescence of a stained cancer tissue indicates proceeding 

cleavage of the boronate moiety and increasing drug release. 

Using the same basic principle of increasing fluorescence upon cleavage of a boronate 

ester and influenced by preliminary studies of Martina Raschig, Daul reported boronic 

esters of cinnamate acids and esters 7.4-7.8, which form coumarin 7.10 upon reaction with 

H2O2 (Figure 7.3).[10] However, 7.4-7.7 form coumarin only after light induced isomerization 

of the trans-double bond (Figure 7.3B). 

 

Figure 7.3: A) Molecules synthesized and preliminarily investigated by Daul and B) their 

reaction principle.[10] 
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During the formation of coumarin, a second ester is cleaved, and methanol is released, 

which can be replaced by, e. g., drugs in future investigations. Thus, the drug release in 

these systems is not only dependent on the cleavage of the boronate ester, but also 

requires light of a specific wavelength as a second trigger. Hence, such systems might 

increase the accuracy of drug release only at diseased tissues. 

Daul reported the synthesized compounds to be slightly soluble in water and phosphate-

buffered saline (PBS buffer) solutions and to have molar extinction coefficients in the range 

of ca. 1 000 to 28 000 L mol-1 cm-1, which increases with increasing size of the conjugated 

π system (Table 7.1). The water-solubilities of 7.4-7.7 are reported to be of the same 

magnitude, while the solubility of 7.8 was reported to be significantly enhanced. 

Compounds 7.5, 7.7, and 7.8 do not display any emission while 7.4 and 7.6 show weak 

emission with very low fluorescence quantum yields (Table 7.1). 

Table 7.1: Properties of 7.4-7.8 reported previously.[10] Photophysical data were 

determined in acetonitrile. 

Compound 
𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  

[nm] 

𝜆𝑚𝑎𝑥
𝑓𝑙

 

[nm] 

Apparent 

Stokes 

shift 

[cm-1] 

Φf 

 

ε 

[103 L 

mol-1 

cm-1] 

max. 

water 

solubility 

[µM] 

7.5 276 - - - 19 000 20.8 

7.4 280 386 9 800 - 13 000 37.7 

7.7 276 - - - 21 500 32.1 

7.6 289 454 12 600 0.02 28 000 17.8 

7.8 273 - - - 1 000 555.2 

 

The double bond of 7.7 and 7.4 was reported to isomerize efficiently when irradiated with 

UV light (340 nm) for 1 h while the boronate esters are incompletely cleaved in aqueous 

solutions containing 20% acetonitrile upon addition of less than ca. 15 mol% H2O2 and 

stirring for 2 d. For 7.8, complete cleavage of the boronate ester was reported after 18 h 

of reaction, but no cyclization was observed, as concluded from one 1H NMR experiment. 

However, as no purification was carried out for this small-scale experiment and no exact 

amounts of added H2O2 was given, no direct comparison of the efficiency of the reaction 

sequence can be estimated. In summary, the Master’s Thesis demonstrates that, using 

small amounts of H2O2, cleavage of the boronate ester is incomplete after reaction times 

of up to 2 d. Thus, only a small amount of the phenol derivative 7.9 is formed. As a result, 

the cleavage of the ester and the resulting formation of coumarin is not efficient at such 

low concentrations of H2O2.[10] 
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To examine the behavior of these systems with larger amounts of H2O2, 7.7, 7.6, and 7.8 

were re-synthesized giving the compounds in higher yields and purity. The corresponding 

photophysical properties and solubilities in water and PBS buffer were re-investigated and 

the cleavage of the boronate ester followed by light-induced cyclization was investigated 

in the presence of stochiometric amounts of H2O2. 

 

7.2 Results and Discussion 

7.2.1 Synthesis 

Following the synthetic strategy reported by Daul,[10] it was possible to isolate the boronate 

ester 7.7 in 79% yield over 3 steps (Scheme 7.1A). In the first step, 2-bromo-cinnamic acid 

7.11 was obtained in 90% yield from a Knoevenagel-Daubner reaction of 2-

bromobenzaldehyde with malonic acid under basic conditions. Next, the acid functionality 

was converted into the methylester under acidic conditions giving 7.12 in 88% yield. In the 

last step, bromine was replaced by the Bpin functionality, giving 7.7 in quantitative yields. 

 

Scheme 7.1: Reaction sequences to yield A) 7.7, B) 7.8, and C) 7.6. 

The double bond of 7.7 was hydrogenated using palladium on charcoal under 10 bar of 

hydrogen giving 7.8 in 83% yield after 2 d (Scheme 7.1B). 
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To obtain 7.6 (Scheme 7.1C), the more reactive acid chloride 7.13 was synthesized with 

thionyl chloride and then added to a solution of umbelliferon 7.14 in dry pyridine. The 

precipitate obtained after addition of water was collected by filtration and washed with 

acetone to give 7.15 in 91% yield. Previously, a yield of 72% was reported.[10] The yield of 

7.6 was increased from 25%[10] to 52%, presumably due to the use of dry dioxane and 

stirring of the catalytic system prior to addition of 7.15. 

 

7.2.2 Solubility in Water and PBS Buffer 

To reproduce the solubility values of 7.6, 7.7, and 7.8 in water and to examine their 

solubility in PBS buffer, determination of their molar extinction coefficient in both solutions 

was attempted. However, it was not possible to obtain stock solutions with concentrations 

between 4 and 6 x 10-4 mol L-1 in pure water, which confirms the low solubility of the 

compounds. Hence, the solubility of the compounds was examined by monitoring the 

change of the respective absorption spectra during addition of water to stock solutions in 

acetonitrile (Figure 7.4A) and vice versa (Figure 7.4B,C). 

These measurements show that the absorption of 7.6 is not affected until the solution 

consists of ca. 4% acetonitrile in water with a concentration of 4.2 x 10-6 mol L-1 (Figure 

7.4A). However, when adding increasing amounts of acetonitrile stock solutions of 7.6 to 

pure water (Figure 7.4B), the absorption changes at concentrations of ca. 

1.25 x 10-5 mol L-1 indicating precipitation and, thus, the maximum solubility. This value is 

slightly lower than that reported earlier (1.8 x 10-5 mol L-1).[10] Using the same approach, 

7.7 and 7.8 are shown to be soluble in water  with small amounts of acetonitrile up to 

concentrations of ca. 7.5 x 10-5 mol L-1 (Figure 7.4C) and 6.2 x 10-5 mol L-1 (Figure 7.4D), 

which is significantly higher (3.2 x 10-5 mol L-1) and lower (5.5 x 10-4 mol L-1), respectively, 

than reported earlier using a different method of determination.[10] 
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Figure 7.4: A) Absorption decrease of 7.6 with increasing amount of water (c1 = 

1.05 x 10-5 mol L-1; c5 = 4.2 x 10-6 mol L-1). Absorption increase of B) 7.6 (c1 = 

4.2 x 10-6 mol L-1, c7 = 2.9 x 10-5 mol L-1), C) 7.7 (c1 = 1.2 x 10-5 mol L-1, c11 = 

1.1 x 10-4 mol L-1); D) 7.8 (c0 = 8.2 x 10-6 mol L-1, c12 = 2.2 x 10-4 mol L-1) upon addition of 

an acetonitrile stock solution to water. 

 

Accordingly, the solubility of 7.6-7.8 was determined in PBS buffer (Figure 7.5). A 

maximum solubility of ca. 1.25 x 10-5 mol L-1 was obtained for 7.6, which is very similar to 

its solubility in pure water (vide supra), while for 7.7, no change of the absorption spectrum 

was observed for concentrations up to 1.1 x 10-4 mol L-1 (Figure 7.5B). This value is 

significantly higher than that observed in pure water. In the case of 7.8, a change of the 

absorption maximum is observed at ca. 7.6 x 10-5 mol L-1, suggesting a slightly increased 

solubility of the compound in PBS buffer compared to pure water.  
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Figure 7.5: Absorption change of A) 7.6 (c0 = 4.2 x 10-6 mol L-1, c7 = 2.9 x 10-5  mol L-1), B) 

7.7 (c0 = 8.0 x 10-6 mol L-1, c10 = 1.1 x 10-4 mol L-1); C) 7.8 (c0 = 8.2 x 10-6 mol L-1, c10 = 

1.1 x 10-4 mol L-1) upon addition of an acetonitrile stock solution to water. 
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upon excitation at the absorption maximum, while 7.6 and 7.8 are slightly emissive when 

excited at 288 nm and 224 nm, respectively, with apparent Stokes shifts of ca. 

10 000 cm-1. The emission of 7.6 is slightly solvatochromic while the emission of 7.8 is not. 

However, in the case of 7.6, irradiation with light leads to isomerization of the double bond, 

which results in a change of both absorption and emission spectra over time. Thus, it was 

not possible to determine fluorescence quantum yields or lifetimes for 7.6. Due to the very 

weak emission of 7.8, no such data are reported for the latter compound as well. 

In summary, high molar extinction coefficients in all solvents examined and weak emission 

intensities are found for the basic structure of the studied prodrug system. However, the 

emission can be induced by attachment of a chromophore, such as umbelliferon in 7.6. 

In general, the data obtained are in accordance with the data reported previously.[10] 

However, it must be noted that the previously reported data for 7.6 and 7.8 were obtained 

from compounds containing residual amounts of umbelliferon and 7.7, respectively. 
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Figure 7.6: Absorption (solid lines) and emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 ) spectra 

of A) 7.6, B) 7.7, and C) 7.8 in solvents of different polarity. Absorption (solid lines) and 

emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 ) spectra of 7.6-7.8 in D) ethanol and E) 

acetonitrile. 
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Table 7.2: Photophysical data of 7.6-7.8 determined in solvents of different polarity. 

  
𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  

[nm] 

𝜆𝑚𝑎𝑥
𝑓𝑙

 

[nm] 

Apparent 

Stokes shift 

[cm-1] 

ε 

[L mol-1 cm-1] 

7.6 

EtOH 289 389 8 900 - 

MeCN 288 442 12 100 32 000 

Water [a] 292 - - 13 000 

PBS [a] 293 - - 16 000 

7.7 

EtOH 277 - - - 

MeCN 278 - - 19 000 

Water [a] 280 - - 10 000 

PBS [a] 281 - - 17 000 

7.8 

EtOH 224 294 10 600 - 

MeCN 224 294 10 600 7 000 

Water [a] 220 - - 17 000 

PBS [a] 220 - - 10 000 

[a] Solutions were prepared by addition of acetonitrile stock solutions to water/PBS buffer; 

final solutions contain less than 15% MeCN. 

 

7.2.4 Cleavage experiments 

The main goal of this work was to investigate whether the boronate ester moiety in the 

prodrug systems 7.6-7.8 is cleaved in the presence of H2O2 and if so, whether the resulting 

phenol derivative is able to react with the ester moiety to produce coumarin. In the case of 

7.6 and 7.7, light-induced isomerization of a double bond is required before the ester 

moiety can be cleaved (Scheme 8.1A,B) while for 7.8, no light should be required to form 

dihydrocoumarin 7.21 (Scheme 8.1C). 
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Scheme 7.2: Expected reaction sequences of A) 7.7, B) 7.6, and C) 7.8 upon cleavage of 

the boronate ester with H2O2 and subsequent irradiation. 

Previous studies have shown that the boronate ester does not cleave completely in the 

presence of less than equimolar amounts of H2O2 after ca. 2 d.[10] To study the behavior in 

the presence of equimolar amounts of H2O2, solutions of 7.6, 7.7, and 7.8 in THF were 

treated with H2O2 and stirred in the dark at room temperature (WARNING: the use of H2O2 

in THF generates instable peroxides which must be destroyed prior to any workup; see  

below). Quenching samples of each mixture after 40 min with an aqueous, saturated 

solution of iron(II) sulfate and subsequent HRMS measurements indicate the formation of 

7.16 (m/z ca. 179) and 7.10 (m/z ca. 147) in the case of 7.7 (Figure 7.7A) and 7.18 (m/z 

ca. 309) and 7.10 (m/z ca. 147) in the case of 7.6 (Figure 7.8A). The molecular signals 

([M+H]+) of 7.7 and 7.6 are detected at m/z ca. 289 and 419, respectively. In both cases, 

an additional signal at m/z 257 is found, indicating cleavage of the ester moiety. 

Presumably, this cleavage proceeds during ionization as the same signal was found in the 

HRMS spectrum of pure 7.6 recorded for characterization of the compound (Figure 

11.145). Thus, the boronate esters of 7.7 and 7.6 are cleaved after 40 min of reaction with 

H2O2 forming the phenol derivatives 7.16 and 7.18, respectively. In addition, coumarin (m/z 

147) was detected in both cases, although the reactions were stirred in the dark indicating 

that the energy of the light, which the measured samples were exposed to during the 

preparation of the HRMS measurement, was sufficient to isomerize the double bonds. 

Another explanation is that the ester of the phenol derivative is cleaved during ionization 

resulting in the same signal as expected for coumarin. In both cases, even after 24 h of 

stirring, starting material was detected (Figure 7.7B; Figure 7.8B). Very similar results were 

found for 7.8 (m/z ca. 291), as the phenol derivative 7.20 (m/z ca. 181) and 

dihydrocoumarin 7.21 (m/z ca. 149) are detected after 40 min and 24 h (Figure 7.9). Thus, 
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as expected, no irradiation is required for this last step in compound 7.8, which does not 

contain a C=C double bond. 

A  

 
B 

 
Figure 7.7: HRMS spectra (ASAP pos) of 7.7 recorded after A) 40 min and B) 24 h. 
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A 

 
B 

 
Figure 7.8: HRMS spectra (ASAP pos) of 7.6 recorded after A) 40 min and B) 24 h. 
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A 

 
B 

 
Figure 7.9: HRMS spectra (ASAP pos) of 7.8 recorded after A) 40 min and B) 24 h. 
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The photophysical data indicate that light in the range of ca. 250 to 310 nm is required to 

isomerize the double bond of 7.6 and 7.7. Thus, solutions of 7.6 and 7.7 in CD3CN were 

stirred under irradiation of two lamps (each ca. 4 W, 254 nm) for up to 1 h and the 

isomerization was monitored by 1H NMR spectroscopy (Figure 7.10A,C). In a second 

experiment, reaction times of up to 4 h were examined (Figure 7.10B,D). 

A 

 

B 

 
C 

 

D 

 
Figure 7.10: Isomerization of the C–C double bond of 7.7 (A, B) and 7.6 (C, D) under 

irradiation with light of the wavelength 245 nm monitored by 1H NMR spectroscopy in 

CD3CN at 300 MHz. 

For 7.7, signals indicating isomerization are visible after 5 min of irradiation (Figure 7.10A). 

After ca. 3 h, equivalent amounts of trans- and cis-isomer are observed (Figure 7.10B). 

However, even after 4 h of irradiation, 7.7 was not fully converted to the cis-isomer. The 

3J coupling constant of the double bond decreases from 16 Hz (6.45 ppm) in the trans-

isomer to 12 Hz (5.95 Hz) in the cis-isomer. 

In contrast, for 7.6, no clear change of the coupling constant and signals are observed, 

most likely caused by the attached umbelliferon moiety. However, some new signals 

between 6.45 ppm and 6.10 ppm can be observed after ca. 15 min of irradiation (Figure 

7.10C).  

0 min 

15 min 

30 min 

60 min 

0 min 

1 h 

2 h 

3 h 

4 h 

5 min 

0 min 

5 min 

15 min 

30 min 

60 min 

0 min 

1 h 

2 h 

3 h 

4 h 



CHAPTER 7  Aryl Boronate Esters 

150 

Combining the results obtained for the cleavage of the boronate ester and the 

isomerization of the double bond in a second cleavage experiment shows that, after only 

5 min of irradiation, the boronate ester of 7.7 is cleaved and coumarin is formed (Figure 

7.11A). After ca. 6 h, coumarin 7.10 (m/z 147), phenol derivative 7.16 (m/z 179) and 7.7 

(m/z 289) were detected (Figure 7.11B). For 7.6 (m/z 419), cleavage of the esters and the 

resulting formation of coumarin 7.10 (m/z 147) and umbelliferon 7.14 (m/z 163) are also 

detected after 5 min (Figure 7.12A). The same compounds are observed after 6 h of 

reaction (Figure 7.12B). For 7.8, the second cleavage experiment conducted under 

ambient light shows that the starting material was cleaved after 1 h and 7.21 was formed 

(Figure 7.13A). The same compounds were detected after 46 h of stirring (Figure 7.13B).In 

summary, these experiments demonstrate that the formation of coumarin (7.10) begins 

after only 5 min of reaction for 7.6 and 7.7, while dihydrocoumarin 7.21 was detected after 

1 h in the case of 7.8. Comparing these results with those reported previously[10] indicates 

that increased amounts of H2O2 increases the rate of the reaction. 
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A 

 
B 

 
Figure 7.11: HRMS spectra (ASAP pos) of 7.7 recorded after A) 5 min and B) 6 h. 
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A 

 
B 

 
Figure 7.12: HRMS spectra (ASAP pos) of 7.6 recorded after A) 5 min and B) 6 h. 
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A 

 
B 

 
Figure 7.13: HRMS spectra (ASAP pos) of 7.8 recorded after A) 1 h and B) 46 h. 
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7.3 Conclusions 

The syntheses of three prodrug systems 7.6-7.8 is described, with the compounds 

obtained in high yields of 47-79% over three to four steps. All three compounds are slightly 

soluble in water and aqueous PBS buffer when prepared from concentrated acetonitrile 

stock solutions. Examination of the photophysical properties demonstrated that the 

absorption spectra of 7.6-7.8 shift bathochromically with increasing size of the π system, 

which increases in the order 7.8 < 7.7 < 7.6. The three compounds have high molar 

extinction coefficients of ca. 15 000 L mol-1 cm-1. Compound 7.7 is not emissive, while 

weak emission signals were detected for 7.6 and 7.8 resulting from umbelliferon and the 

benzene moiety, respectively. 

Addition of stochiometric amounts of H2O2 to THF solutions of 7.6-7.8 and stirring in the 

dark demonstrated the cleavage of the boronate ester functionality of the compounds after 

40 min. Upon irradiation at 254 nm, isomerization of the double bonds of 7.6 and 7.7 

indicate the formation of the cis-isomers after ca. 5 min and 15 min, respectively. Thus, a 

slower conversion for the compound with the coumarin ester substituent (7.6) can be 

assumed. Combination of irradiation and addition of stochiometric amounts of H2O2 in one 

experiment indicate that coumarin is formed after a reaction time of 5 min in the cases of 

7.7 and 7.6. In the case of 7.8, the sample was stirred under ambient light and cleavage 

of the esters was observed after 40 min of reaction by detection of dihydrocoumarin 7.21.  

In summary, these experiments indicate that prodrug systems such as 7.6-7.8 are good 

candidates for future investigations as their boronate ester and ester moieties are readily 

cleaved in a two-step process upon addition of stochiometric amounts of H2O2. However, 

the compounds are only weakly fluorescent and, thus, it would not be easy to detect their 

intracellular localization. In addition, the light required for the isomerization of the double 

bond of 7.7 and 7.6 to yield coumarin is of high energy and, thus, has the potential to harm 

cells. Hence, the basic structure of such prodrug systems should be modified in future 

investigations such that the π system is extended to enhance the fluorescence efficiency 

and to require light of lower energy for the isomerization of the double bond. Potentially, 

the introduction of electron-donating and electron-accepting moieties at the benzene ring 

could solve both problems. 
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8 Summary / Zusammenfassung 

Parts of the following text and graphics are reproduced in a slightly modified form with the 

permission of Wiley VCH and The Royal Society of Chemistry. 

 

8.1 Summary 

8.1.1 Chapter 1 

A short and general introduction to the structural motif of three-coordinate organoboron 

compounds is given, focusing on triarylboranes and boronic esters. A summary of the 

results reported for tetra-cationic bis-triarylboranes is given, demonstrating that the 

influence of different bridging units on, e. g., photophysical and biological properties was 

investigated, while the influence of different numbers or distributions of the charge 

remained uninvestigated.  

 

Figure 8.1: Previously studied compounds vs. target compounds. 

 

8.1.2 Chapter 2 

Chapter 2 summarizes the development of the synthesis of triarylboranes since their first 

isolation, which was reported in 1885. It is demonstrated that the synthetic approaches 

underwent various changes over the following century, some of which are still used in the 

present day, such as the generally applicable routes developed by Krause et al. in 1922, 

or by Grisdale et al. in 1972 at Eastman Kodak. Some other developments were not 

pursued further after their initial reports, such as the synthesis of two triarylboranes bearing 

three different aromatic groups by Mikhailov et al. in 1958. Various strategies have been 

pursued to synthesize specifically designed triarylboranes using the plethora of synthetic 

tools chemists of the 21st century have. 
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Figure 8.2: Frontispiece of the review summarizing the synthetic approaches to 

triarylboranes.[57] 
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8.1.3 Chapter 3 

 

Figure 8.3: Compounds 3.1-3.3. 

In this chapter, the synthesis of the amine-containing, unsymmetrically-substituted 

triarylborane 3.2a and its C–H borylated derivative 3.2b is presented. The methylation of 

the amine functionality of 3.2a yielded the mono-cationic compound 3.2c. Photophysical 

and electrochemical properties of 3.2a and 3.2c are discussed in comparison with those 

of 3.1a, 3.3a, and 3.3c. The absorption and emission maxima shift bathochromically with 

increasing strength and number of donor substituents in the order 3.3c < 3.2c < 3.1 < 3.2a 

< 3.3a. The presented reduction potentials decrease with increasing electron density at 

the boron center. For the triarylboranes 3.1a, 3.2c, and 3.3c, singlet oxygen sensitization 

efficiency is demonstrated to increase with increasing number of trimethylammonium 

groups. Thus, different numbers of dimethylamino- and trimethylammonium groups are 

shown to influence the properties of triarylboranes greatly. 
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Figure 8.4: Absorption (solid lines) and emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥

𝑎𝑏𝑠 ) spectra 

of A) 3.1a, 3.2a, and 3.3a in hexane and of B) 3.2c and 3.3c in 1% acetonitrile in water. 
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Figure 8.5: Cyclic voltammogram of A) 3.1a, B) 3.2a, and C) 3.3a in THF (scan rate: 

250 mV s-1).  D) Cyclic voltammogram of 3.2c in MeCN (scan rate: 250 mV s-1). 
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8.1.4 Chapter 4 

 

Figure 8.6: Selectively dimethylamino- and trimethylammonium-substituted compounds 

Neut1-Neut3 and Cat1+-Cat3+. 

Using 3.2b, the synthesis of the selectively dimethylamino- and trimethylammonium 

substituted bis-triarylboranes Neut1, Neut2, Neut(i)2, Neut3 and Cat1+, Cat2+, Cat(i)2+, 

Cat3+, respectively, is described. The photophysical properties of the neutral compounds 

are influenced by the number of dimethylamino groups. In contrast, the photophysical 

properties of the cationic compounds are influenced more by their dipole moment than by 

the number or distribution of trimethylammonium groups. The singlet oxygen sensitization 

efficiency of Cat1+, Cat2+, Cat(i)2+, and Cat3+ is shown to be ca. 0.6, irrespective of the 

number or distribution of charges. 
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Figure 8.7: Absorption (solid lines) and emission (dotted lines; excitation at 𝜆𝑚𝑎𝑥

𝑎𝑏𝑠 ) spectra 

of A) Neut1, Neut2, Neut(i)2, and Neut3 in hexane and of B) Cat1+, Cat2+, Cat(i)2+, and 

Cat3+ in 1% acetonitrile in water. 
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The reduction and oxidation potentials of Neut1, Neut2, Neut(i)2, and Neut3, are very 

similar. Comparison with the potentials of the corresponding triarylboranes 3.1a, 3.2a, and 

3.3a reveals an increase by ca. 0.3-0.5 V upon connection of two triarylboranes with a 

bithiophene bridge. The influence of different electronic situations around the boron center 

of the cationic bis-triarylboranes Cat1+, Cat2+, Cat(i)2+, and Cat3+ is shown to be larger than 

the influence of the number or distribution of the charge. 
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Figure 8.8: Comparison of cyclic voltammograms of A) Neut0, Neut1, Neut2, and B) 

Neut(i)2, Neut3, Neut4 measured in THF vs. Fc/Fc+ (scan rate: 250 mV s-1). Comparison 

of cyclic voltammograms of C) Cat1+ and Cat3+ and D) Cat2+ and Cat(i)2+ measured in 

MeCN vs. Fc/Fc+ (scan rate: 250 mV s-1). 

 

The compounds Cat1+, Cat2+, Cat(i)2+, and Cat3+ are insoluble in pure water, but 

acetonitrile stock solutions can be diluted with water without precipitation until the solution 

contains less than 1% acetonitrile. 

-3 -2 -1 0 1 2

-2.0

-1.5

-1.0

-0.5

0.0

0.5

1.0

1.5

2.0

i 
[m

A
]

E (vs. Fc/Fc+) [V]

 Cat1+

 Cat3+



CHAPTER 8  Summary 

163 

8.1.5 Chapter 5 

Chapter 5 summarizes triarylboranes which have been used for intracellular imaging. 

Different approaches to water-solubility have been pursued by different groups, e. g., 

incorporation into a polymeric structure or attachment of neutral and charged groups. 

Some of these compounds were designed to respond to specific changes in the cellular 

environment (pH, temperature, small molecules) or to biopolymers (DNA, RNA, and 

proteins). Adoption of standardized protocols for these biological investigations will help to 

move this field forward. 

 

8.1.6 Chapter 6 

Figure 8.9: Compounds Cat1+, Cat2+, Cat(i)2+, and Cat3+. 

 

This chapter presents the interactions of Cat1+, Cat2+, Cat(i)2+, and Cat3+ with DNAs, RNA, 

and cells to examine the influence of different number and distribution of the charge. One 

trimethylammonium group is not sufficient for bis-triarylboranes to interact with DNA or 

RNA. In contrast, Cat2+, Cat(i)2+, and Cat3+ interact with such biopolymers at pH 7 and 8. 

These interactions are demonstrated to be influenced by the number and distribution of 

charges such that, e. g., the binding constants between Cat2+, Cat(i)2+, and Cat3+ and 

DNApore increases with increasing number of charges.  
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Figure 8.10: Normalized fluorimetric titration of A) Cat1+ (c = 110-7 mol L-1; λexc= 414 nm), 

Cat2+ (c = 110-7 mol L-1; λexc= 422 nm), Cat(i)2+ (c = 110-7 mol L-1; λexc= 417 nm), Cat3+ 

(c = 110-7 mol L-1; λexc= 421 nm) with ctDNA and pApU at pH 7 and of B) Cat1+ (c = 5  10-

7 M; λexc = 414 nm), Cat2+ (c = 5  10-7 M; λexc= 422 nm), Cat(i)2+(c = 5  10-7 M; λexc= 417 

nm), Cat3+ (c = 5  10-7 M; λexc= 421 nm), and Cat4+ (c = 4  10-7 M; λexc = 425 nm) with 

DNApore (pH 8 in 15 mM Tris-HCl, 300 mM KCl). 

Using live cell imaging, Cat2+, Cat(i)2+, and Cat3+ are shown to be cell permeable. Inside 

A549 cells, the emission of Cat2+, Cat(i)2+, and Cat3+ is found to bleach within ca. 30 s with 

simultaneous cell blebbing, most likely due to formation of singlet oxygen. In addition, 

Cat(i)2+ and Cat3+ are non-cytotoxic to A549 and WI38 cells at concentrations of up to 

1.0 µM in the dark. However, upon irradiation with visible light (400-700 nm) the viability 

of the cells is drastically lowered. Co-localization studies with primary antibodies showed 

that Cat(i)2+ and Cat3+ localize at lysosomes, golgi apparati, and early endosomes of A549 

cells. 
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 EEA1 LAMP1 GM130 

A  

 

   
B 

 

   
Figure 8.11: Intracellular localization of A) Cat(i)2+ and B) Cat3+ in A549 cells (10 µmol L-1; 

90 min; 37 ºC). Early endosomes (EEA1), lysosomes (LAMP1) or golgi apparati (GM130) 

are stained with antibodies and monitored by confocal microscopy. Nuclei are stained with 

DAPI.  

 

8.1.7 Chapter 7 

 

Scheme 8.1: Reaction sequences of A) 7.7, B) 7.6, and C) 7.8 upon cleavage of the 

boronate ester with H2O2 and subsequent irradiation. 
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The synthesis of three boronate esters 7.6-7.8 is described together with an investigation 

of their potential application as prodrug systems. Examination of the photophysical 

properties demonstrates high molar extinction coefficients of ca. 15 000 L mol-1 cm-1 for all 

compounds and a weak emission for 7.6 and 7.8. The boronate esters of 7.6, 7.7, and 7.8 

are shown to be cleaved efficiently in the presence of stochiometric amounts of H2O2. The 

intermediate phenol derivatives of 7.6 and 7.7 are shown to form coumarin upon irradiation 

with 254 nm via isomerization of the double bond. In contrast, the formation of 

dihydrocoumarin from the phenol derivative of 7.8 proceeds under ambient light. 

 

 



CHAPTER 8  Zusammenfassung 

167 

8.2 Zusammenfassung 

8.2.1 Kapitel 1 

In diesem Kapitel wird die Struktur von dreifach-koordinierten, organischen 

Borverbindungen kurz und allgemein erklärt, wobei der Focus auf Triarylboranen und 

Borsäureestern gelegt wird. Eine anschließende Zusammenfassung der bisherigen 

Ergebnisse über vierfach kationische, bis-Triarylborane zeigt, dass der Einfluss der 

verbrückenden Einheit auf photophysikalische und biologische Eigenschaften bereits 

untersucht wurden, wohingegen der Einfluss von unterschiedlichen Anzahlen oder 

Verteilungen der Ladung nicht untersucht worden war. 

 

Abbildung 8.1: Gegenüberstellung der bisher untersuchten Strukturen und den 

Zielverbindungen dieser Arbeit. 

 

8.2.2 Kapitel 2 

In Kapitel 2 werden die Entwicklungen der Synthese von Triarylboranen seit ihrer ersten 

Isolierung im Jahr 1885 zusammengefasst. Es wird gezeigt, dass im Laufe des folgenden 

Jahrhunderts die synthetische Herangehensweise vielfältige Änderungen durchlaufen hat. 

Manche dieser Herangehensweisen werden heutzutage noch genutzt, wie die allgemein 

anwendbaren Syntheserouten, die 1922 von Krause et al. oder 1972 von Grisdale et al. 

bei Eastman Kodak entwickelt wurden. Andere Routen wurden nach ihrer ersten 

Publikation nicht weiter verfolgt, wie die 1958 von Mikhailov et al. publizierte Route, durch 

die zwei Triarylborane hergestellt werden konnten, bei denen drei unterschiedliche 

aromatische Systeme an das Borzentrum gebunden sind. Weiterhin wird gezeigt, dass 

unter Zuhilfenahme der großen Vielfalt an synthetischen Möglichkeiten, die Chemikern 

des 21. Jahrhunderts zur Verfügung stehen, unterschiedlichste Strategien verfolgt 

wurden, um speziell konzipierte Triarylborane herzustellen. 
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Abbildung 8.2: Titelbild des Übersichtsartikels, der die synthetischen Herangehensweisen 

zur Herstellung von Triarylboranen zusammenfasst.[57] 
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8.2.3 Kapitel 3 

 

Abbildung 8.3: Strukturen der Verbindungen 3.1-3.3. 

In diesem Kapitel wird die Synthese des aminierten, unsymmetrisch substituierten 

Triarylborans 3.2a sowie des C–H borylierten Analogons 3.2b gezeigt. Methylierung des 

Amins von 3.2a führte zur Isolierung des einfachen Kations 3.2c. Die photophysikalischen 

und elektrochemischen Eigenschaften von 3.2a und 3.2c werden mit den Eigenschaften 

von 3.1a, 3.3a und 3.3c verglichen. Mit zunehmender Stärke des Elektronendonors 

erfahren die Absorptions- und Emissionsmaxima der Triarylborane eine Rotverschiebung, 

die in der Reihe 3.3c < 3.2c < 3.1 < 3.2a < 3.3a zunimmt. Im Gegenteil dazu nehmen die 

Werte der Reduktionspotentiale mit zunehmender Elektronendichte am Borzentrum ab. 

Für die Triarylborane 3.1a, 3.2c und 3.3c wurde gezeigt, dass ihre Fähigkeit mit Singulett 

Sauerstoff zu reagieren mit zunehmender Anzahl an Trimethlyammoniumgruppen 

zunimmt. In Summe wird gezeigt, dass unterschiedliche Anzahlen an Dimethylamino- und 

Trimethylammoniumgruppen großen Einfluss auf die Eigenschaften der Triarylborane 

haben. 
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Abbildung 8.4: Absorptions- (durchgezogenen Linien) und Emissionsspektren 

(gestrichelte Linien; Anregung am 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 ) von A) 3.1a, 3.2a und 3.3a gemessen in Hexan 

und von B) 3.2c und 3.3c gemessen in einem Gemisch aus 1% Acetonitrile in Wasser. 
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Abbildung 8.5: Cyclovoltammogramme von A) 3.1a, B) 3.2a und C) 3.3a gemessen in THF 

(Scanrate: 250 mV s-1). D) Cyclovoltammogramm von 3.2c gemessen in Acetonitril 

(Scanrate: 250 mV s-1). 
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8.2.4 Kapitel 4 

 

Abbildung 8.6: Verbindungen Neut1-Neut3 und Cat1+-Cat3+, die eine definierte Anzahl an 

Dimethylamino- und Trimethylammoniumgruppen tragen. 

Unter Verwendung von 3.2b wurden bis-Triarylborane Neut1, Neut2, Neut(i)2, Neut3 und 

daraus Cat1+, Cat2+, Cat(i)2+, Cat3+ hergestellt, die eine definierte Anzahl an 

Dimethylamino- und Trimethylammoniumgruppen tragen. Es wird gezeigt, dass die 

photophysikalischen Eigenschaften der neutralen Verbindungen (Neut1, Neut2, Neut(i)2, 

Neut3) von der Anzahl an Dimethylaminogruppen beeinflusst werden. Im Gegensatz dazu 

werden die photophysikalischen Eigenschaften der kationischen Verbindungen (Cat1+, 

Cat2+, Cat(i)2+, Cat3+) mehr durch ihr Dipolmoment als durch die Anzahl an 

Trimethylammoniumgruppen beeinflusst. Die Effizienz von Cat1+, Cat2+, Cat(i)2+ und Cat3+ 

mit Singulett Sauerstoff zu reagieren ist ca. 0.6 und damit unabhängig von der Anzahl oder 

Verteilung von Trimethylammoniumgruppen. 
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Abbildung 8.7: Absorptions- (durchgezogene Linien) und Emissionsspektren (gestrichelte 

Linien; Anregung am 𝜆𝑚𝑎𝑥
𝑎𝑏𝑠 ) von A) Neut1, Neut2, Neut(i)2 und Neut3 gemessen in Hexan 

und von B) Cat1+, Cat2+, Cat(i)2+ und Cat3+ gemessen in einem Gemisch von 1% Acetonitril 

in Wasser. 

 

Die Oxidations- und Reduktionspotentiale von Neut1, Neut2, Neut(i)2 und Neut3 sind 

sich sehr ähnlich; im Vergleich zu den Potentialen der zugehörigen Triarylborane 3.1a, 

3.2a und 3.3a sind sie um ca. 0.3-0.5 V höher. Deshalb kann festgehalten werden, dass 

der Einfluss von unterschiedlichen elektronischen Situationen am Borzentrum von 

kationischen bis-Triarylboranen wie Cat1+, Cat2+, Cat(i)2+ und Cat3+ größer ist als der 

Einfluss der Anzahl oder der Verteilung der Ladung. 

 

Es wird gezeigt, dass sich die Verbindungen Cat1+, Cat2+, Cat(i)2+ und Cat3+ nicht in reinem 

Wasser lösen. Dennoch können deren Stammlösungen in Acetonitril ohne Bildung eines 

Niederschlags mit Wasser verdünnt werden bis der Anteil an Acetonitril in der 

resultierenden Lösung kleiner als 1% ist. 
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Abbildung 8.8: Vergleich der Cyclovoltammogramme von A) Neut0, Neut1, Neut2 und B) 

Neut(i)2, Neut3, Neut4 gemessen in THF gegen Fc/Fc+ (Scanrate: 250 mV s-1). Vergleich 

der Cyclovoltammogramme von C) Cat1+ und Cat3+ und D) Cat2+ und Cat(i)2+ gemessen 

in Acetonitril gegen Fc/Fc+ (Scanrate: 250 mV s-1). 

 

8.2.5 Kapitel 5 

Kapitel 5 fasst Triarylborane zusammen, die für Bildgebung in Zellen verwendet wurden. 

Es wird gezeigt, dass unterschiedliche Gruppen unterschiedliche Strategien entwickelt 

haben, um die Verbindungen wasserlöslich zu machen, wie beispielsweise die Einbindung 

in polymere Strukturen oder durch Anbringung von neutralen oder geladenen Gruppen. 

Manche dieser Verbindungen wurden entwickelt um auf bestimmte Veränderungen der 

Umgebungen in Zellen (pH-Wert, Temperatur, kleine Moleküle) oder um auf Biopolymere 

(DNS, RNS und Proteine) zu reagieren. 
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8.2.6 Kapitel 6 

Abbildung 8.9: Verbindungen Cat1+, Cat2+, Cat(i)2+ und Cat3+. 

In diesem Kapitel werden die Wechselwirkungen von Cat1+, Cat2+, Cat(i)2+ und Cat3+ mit 

DNS, RNS und Zellen gezeigt und der Einfluss von unterschiedlichen Anzahlen und 

Verteilungen der Ladung darauf untersucht. Es kann gezeigt werden, dass eine 

Trimethylammoniumgruppe nicht ausreicht, dass solche bis-Triarylborane mit DNS oder 

RNS wechselwirken. Im Gegensatz dazu wechselwirken Cat2+, Cat(i)2+ und Cat3+ bei 

einem pH von 7 und 8 mit den untersuchten Biopolymeren. Zusätzlich wird gezeigt, dass 

diese Wechselwirkungen durch die Anzahl und Verteilung der Ladung beeinflusst wird, da 

beispielsweise die Bindungskonstanten zwischen Cat2+, Cat(i)2+ und Cat3+ und DNApore 

mit zunehmender Anzahl an Ladungen größer werden. 
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Abbildung 8.10: Änderungen der normalisierten Emissionsspektren A) Cat1+ (c = 

110-7 mol L-1; λexc= 414 nm), Cat2+ (c = 110-7 mol L-1; λexc= 422 nm), Cat(i)2+ (c = 

110-7 mol L-1; λexc= 417 nm), Cat3+ (c = 110-7 mol L-1; λexc= 421 nm) mit zunehmeder 

Konzentration an ctDNA und pApU bei pH 7 und von B) Cat1+ (c = 5  10-7 M; λexc = 

414 nm), Cat2+ (c = 5  10-7 M; λexc= 422 nm), Cat(i)2+(c = 5  10-7 M; λexc= 417 nm), Cat3+ 

(c = 5  10-7 M; λexc= 421 nm), und Cat4+ (c = 4  10-7 M; λexc = 425 nm) mit zunehmender 

Konzentration an DNApore bei pH 8 (15 mM Tris-HCl, 300 mM KCl). 

 

Durch Bildgebung in lebenden Zellen konnte gezeigt werden, dass Cat2+, Cat(i)2+ und 

Cat3+ in der Lage sind durch die Zellwand in die Zellen zu gelangen. Es wird gezeigt, dass 

die Emission von Cat2+, Cat(i)2+ und Cat3+ in A549 Zellen innerhalb von ca. 30 s ausbleicht 

und dass die Zellen gleichzeitig aufplatzen, wahrscheinlich bedingt durch die Bildung von 

Singulett Sauerstoff. Zusätzlich kann gezeigt werden, dass Cat(i)2+ und Cat3+ im Dunkeln 

bis zu einer Konzentration von 1.0 µM nicht zytotoxisch für A549 und WI38 Zellen sind. 

Unter Bestrahlung mit sichtbarem Licht (400-700 nm) sinkt die Überlebensrate der Zellen 

drastisch. Untersuchungen der Co-Lokalisierung zwischen primären Antikörpern und 

Cat(i)2+ und Cat3+ zeigen, dass sich die bis-Triarylborane in Lysosomen, Golgi-Apparaten 

und frühen Endosomen von A549 Zellen anlagern. 
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Abbildung 8.11: Intrazelluläre Lokalisierung von A) Cat(i)2+ und B) Cat3+ in A549 Zellen 

(10 µmol L-1; 90 min; 37 ºC). Frühe Endosomen (EEA1), Lysosomen (LAMP1) oder Golgi-

Apparate (GM130) wurden mit Antikörpern angefärbt und mit konfokaler Mikroskopie 

beobachtet wurden. Die Zellkerne wurden mit DAPI angefärbt.  

 

8.2.7 Kapitel 7 

 

Abbildung 8.12: Reaktionsabfolge von A) 7.7, B) 7.6 und C) 7.8 eingeleitet durch die 

Spaltung des Borsäureesters mit H2O2 unter gleichzeitiger Bestrahlung mit Licht. 
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Es wird die Synthese der drei Borsäureester 7.6-7.8 zusammen mit unterschiedlichen 

Untersuchungen beschrieben um deren Einsatzmöglichkeiten als Vorläufermedikamente 

zu bestimmen. Untersuchungen der photophysikalischen Eigenschaften ergeben hohe 

molare Extinktionskoeffizienten von ca. 15 000 L mol-1 cm-1 für alle Verbindungen und eine 

schwache Emission für 7.6 und 7.8. Es wird gezeigt, dass die Borsäureester von 7.6, 7.7 

und 7.8 in der Anwesenheit von stöchiometrischen Mengen H2O2 effizient gespalten 

werden. Des Weiteren konnte gezeigt werden, dass die Doppelbindungen der als 

Zwischenprodukte gebildeten Phenolderivate von 7.6 und 7.7 durch Bestrahlung mit Licht 

der Wellenlänge 254 nm isomerisieren und Coumarin gebildet wird. Im Gegensatz dazu 

verläuft die Bildung von Dihydrocoumarin aus dem Phenolderivat von 7.8 bei 

Raumbeleuchtung. 
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9 Experimental 

9.1 General Experimental Details 

Unless otherwise noted, all reactions were performed under an inert atmosphere of argon 

using standard Schlenk techniques or glovebox (Innovative Technology Inc.) techniques. 

For these reactions, oven-dried and additionally flame-dried glassware was used. Unless 

otherwise stated, every work up procedure described was performed open to the air. Each 

methylation of 5a, 6a, Neut1, Neut2, Neut(i)2, and Neut3 was done in a new vial with a 

maximum volume of 5 mL (diameter: 19 mm, height: 40 mm) made from soda-lime glass 

provided by VWR. Solvents used for reactions under argon (THF, CH2Cl2, hexane, and 

Et2O) were dried, deoxygenated and argon saturated using an Innovative Technology Inc. 

Pure Solvent Purification System. Deuterated solvents (CD2Cl2, C6D6, CD3OD, CD3CN, 

acetone-d6) used for nuclear magnetic resonance spectroscopy were purchased from 

Sigma Aldrich. n-Butyllithium (2.5 M solution in hexane), t-butyllithium (1.7 M solution in 

pentane), 4,4′-di-tert-butyl-2,2′-dipyridyl (dtbpy), methyl triflate, and KHF2 were purchased 

from Sigma Aldrich and used as received. 2-Iodo-5-bromo-1,3-dimethylbenzene was 

purchased from Apollo Scientific Limited and passed through a silica plug with hexane 

prior to use. N,N,3,5-Tetramethylaniline was purchased from TCI or Sigma Aldrich and 

used as received. 2-Dicyclohexylphosphino-2′,6′-dimethoxybiphenyl (SPhos) was 

purchased from Oxchem and used as received. B2pin2 was kindly provided by AllylChem 

Co. Ltd. (Dalian, China). Leftovers of bis-[4-(trimethylammonium)-2,6-dimethylphenyl]-2,6-

dimethylphenylborane bis-triflate 6c[56] from the initial synthesis were used for 

photophysical studies etc. after checking its purity by 1H NMR spectroscopy. The leftovers 

of 5,5’-bis-[4-(2,6-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene Neut0[54] were fully 

characterized after further purification as indicated below. Potassium (2,6-

dimethylphenyl)-trifluoroborate 3.4,[55] 4-bromo-N,N,3,5-tetramethylaniline,[228] 4-(N,N-

dimethylamino)-2,6-dimethylphenyllithum,[50] [Ir(COD)(µ-OMe)]2,[229] Pd2dba3·CHCl3,[230] 

5,5’-dibromo-2,2’-bithiophene 4.4,[231] bis-[4-(N,N-dimethylamino)-2,6-dimethylphenyl]-

2,6-dimethylphenylborane 3.3a,[43] bis-[4-(N,N-dimethylamino)-2,6-dimethylphenyl]-2,6-

dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)phenylborane 3.3b,[43] 5,5′-bis-[4-

[bis-[4-(N,N-dimethylamino)-2,6-dimethylphenyl]boryl]-3,5-dimethylphenyl]-2,2′-

bithiophene Neut4,[43] and 5,5′-bis-[4-[bis-[4-(N,N,N-trimethylammonium)-2,6-

dimethylphenyl]boryl]-3,5-dimethylphenyl]-2,2′-bithiophene tetratriflate Cat4+ [43] were 

synthesized according to literature procedures. All other chemicals were obtained from 

commercial sources and used as received. 

Reaction progress was monitored by thin layer chromatography (TLC) using plates pre-

coated with a layer of either silica (Polygram® Sil G/UV254) with fluorescent indicator 
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UV254 or aluminum oxide, purchased from Marchery-Nagel. Automated flash column 

chromatography was performed using a Biotage® Isolera Four system on silica gel 

(Biotage SNAP KP-Sil or NH cartridges indicated with the cartridge size depending on 

substance mass according to the Biotage handbook), obtained from Biotage. Solvent 

gradients were applied as indicated. Solvents were generally removed using a rotary 

evaporator in vacuo at a maximum temperature of 50 °C. Preparative column 

chromatography was performed using silica gel 60 (0.040 – 0.063 mm) or aluminum oxide 

90 (basic, activity I) purchased from Macherey-Nagel as the stationary phase and the 

solvent mixtures indicated. 

1H, 13C{1H}, 11B{1H} NMR spectra were obtained, unless otherwise stated, at ambient 

temperature using a Bruker Avance 300 III (operating at 300 MHz for 1H, 75 MHz for 

13C{1H} and 96 MHz for 11B{1H}), or a Bruker Avance 500 NMR spectrometer (operating at 

500 MHz for 1H, 125 MHz for 13C{1H}, 160 MHz for 11B{1H}, and 470.6 MHz for 19F). 

Chemical shifts (δ) were referenced to solvent peaks as follows. 1H NMR spectra were 

referenced via residual proton resonances of CD2Cl2 (5.32 ppm), C6D6 (7.16 ppm), CD3OD 

(3.31 ppm), acetone-d6 (2.05 ppm), and CD3CN (1.94 ppm). 13C NMR spectra were 

referenced to CD2Cl2 (53.84 ppm), C6D6 (128.06 ppm) CD3OD (49.00 ppm), acetone-d6 

(29.84 ppm), and CD3CN (1.32 ppm). 11B NMR signals are quoted relative to external 

BF3∙OEt2. 19F NMR signals are referenced relative to external and CFCl3. 

Elemental analyses were performed on an Elementar vario MICRO cube elemental 

analyzer. It has to be noted that values of carbon obtained for most boron containing 

samples differ by approximately 1.5% possibly due to formation of boron carbide.[232] For 

the analysis of boron-containing compounds, V2O5 was added, except for 3.2b, 4.2, 4.3, 

4.7, Neut1, Neut3, Cat1+, and Cat3+. 

High-resolution mass spectrometry was performed with a Thermo Fisher Scientific 

Exactive Plus Orbitrap MS system. ESI measurements were performed with a HESI 

source at 50 °C. APCI and ASAP measurements were performed with an ACPI source 

and Corona needle at 400 °C, unless otherwise noted. LIFDI measurements were 

performed with a Linden CMS LIFDI 700 unit. 

Single-crystal X-ray diffraction. Crystals suitable for single-crystal X-ray diffraction were 

selected, coated in perfluoropolyether oil, and mounted on MiTeGen sample holders. 

Diffraction data for 3.2a and 3.2b were collected on a BRUKER X8-APEX II diffractometer 

with a CCD area detector and multi-layer mirror monochromated Mo-K radiation. Data 

were collected at 100 K or 296 K as indicated. The structures were solved using the 

intrinsic phasing method (SHELXT),[233] refined with the SHELXL program[234] and 
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expanded using Fourier techniques. All non-hydrogen atoms were refined anisotropically. 

Hydrogen atoms were included in structure factors calculations. All hydrogen atoms were 

assigned to idealized geometric positions. Diamond[235] software was used for graphical 

representation. Crystal data and experimental details are listed in Table 11.3; full structural 

information has been deposited with the Cambridge Crystallographic Data Centre: CCDC-

2045567 (3.2a) and 2045566 (3.2b). 

All photophysical measurements were carried out at ambient conditions using HPLC 

grade solvents and standard quartz cuvettes (1 cm x 1 cm cross section). UV/Vis 

absorption spectra were recorded using an Agilent 1100 diode array UV/Vis 

spectrophotometer or a Perkin Elmer LAMBDA 465 UV/Vis spectrophotometer. Excitation, 

emission, lifetime, and quantum yield measurements were recorded using an Edinburgh 

Instruments FLSP920 spectrometer equipped with a 450 W Xenon arc lamp, double 

monochromators for the excitation and emission pathways, and a red-sensitive 

photomultiplier (PMT-R928P) or a near-IR PMT as detectors. The measurements were 

made in right-angle geometry mode and all spectra were fully corrected for the spectral 

response of the instrument. To avoid self-absorption, the concentration of all solutions 

used for photophysical measurements was lower than 10-5 M (OD ca. 0.1 at absorption 

maximum of lowest energy). 

Fluorescence quantum yields of the samples were measured using a calibrated 

integrating sphere (150 mm inner diameter) from Edinburgh Instruments combined with 

the FLSP920 spectrometer described above. For solution-state measurements, the 

absorption maximum of lowest energy of the compound in the respective solvent was 

chosen for excitation. the emission spectra were measured with dilute samples (OD ca. 

0.1 at the excitation wavelength). 

Fluorescence lifetime measurements were conducted using the time-correlated single-

photon counting method (TCSPC) on the FLSP920 spectrometer equipped with a high-

speed photomultiplier tube positioned after a single emission monochromator. Lifetimes 

shorter than 0.5 ns were recorded at an Edinburgh Instruments FLS 980 fluorescence 

lifetime spectrometer equipped with a high speed PMT (H10720) detector using the laser 

diodes defined below. Measurements were made in right-angle geometry mode, and the 

emission was collected through a polarizer set to the magic angle (54.8°). Solutions were 

excited with either a 315 nm (pulse width 932.5 ps), 376 nm (pulse width 72.6 ps) or a 

418 nm (pulse width 1.5 ns) pulsed diode laser at repetition rates of 1–5 MHz and counts 

were recorded at the emission maxima. The choice of laser was based on the largest 

absorption maximum of the respective compound. Decays were recorded to 10 000 counts 
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in the peak channel with a record length of at least 4 000 channels. The band-pass of the 

monochromator was adjusted to give a signal count rate of <20 KHz. Iterative 

reconvolution of the IRF with one decay function and nonlinear least-squares analysis 

were used to analyze the data. The quality of all decay fits was judged to be satisfactory 

based on the calculated values of the reduced χ2 and Durbin–Watson parameters and 

visual inspection of the weighted and autocorrelated residuals. 

Singlet oxygen sensitizing efficiency (ΦΔ) of 3.1a, 3.2c, 3.3c, and Cat1+ - Cat4+ was 

determined in acetonitrile solutions relative to a solution of perinaphthenone in acetonitrile 

by measuring the weak emission of 1O2 at ca. 1275 nm. Absorption spectra were recorded 

using the Perkin Elmer LAMBDA 465 UV/Vis spectrophotometer described above. 

Emission spectra were recorded using the Edinburgh Instruments FLSP920 spectrometer 

described above. Excitation was performed using the 450 W Xenon arc lamp while 

detection was performed using the near-IR PMT detector. Emission wavelengths shorter 

than 850 nm were removed using an optical filter to remove optical refractions of higher 

orders of the excitation light. Solutions were O2 saturated by purging the solutions with 

pure oxygen for 20 min. Concentrations of solutions were adjusted to obtain an 

intersection of the absorption spectrum of perinaphthenone and the respective compound 

at an absorbance of ca. 0.15. The intersection of the spectra was at ca. 341 nm for the 

triarylboranes and at ca. 400 nm for the bis-triarylboranes. The values for the respective 

compounds were calculated relative to perinaphthenone which is known to have a ΦΔ of 1 

in acetonitrile[180] by integration of the respective emission spectra between ca. 1240 and 

1300 nm. 

Molar extinction coefficients (ε) were determined from at least three dilutions of two 

independently prepared stock solutions (c = 6.3 x 10-4 – 5.0 x 10-6 M) in the solvent(s) 

indicated and are average values from these measurements. 

Solubility in water was determined for Cat1+, Cat2+, Cat(i)2+, and Cat3+ by measuring the 

absorbance of solutions in Millipore water (c = 3.4 M to 2.6 M) which were shaken in the 

dark for 3 d using a Janke & Kunkel IKA® VIBRAX® VXR. Absorption of the resulting 

“solutions” was measured using the Perkin Elmer LAMBDA 465 UV/Vis spectrophotometer 

described above. Solutions were filtered using CLEAR PA-45/13 syringe filters with 

polyamide (Nylon) membrane and a pore size of 0.45 µm. To determine the solubility of 

7.6-7.8 in water and PBS buffer, acetonitrile stock solutions with concentrations of 

1.05 x 10-3, 1.01 x 10-3, and 1.03 x 10-3 M, respectively, were added to water or buffer filled 

standard quartz cuvettes (1 cm x 1 cm cross section). Absorption changes were monitored 
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by UV/Vis measurements. Precipitation and/or aggregation was indicated by change of 

the shape of the spectrum and/or by a raise of the baseline. 

Cyclic voltammetry experiments were performed using a Gamry Instruments Reference 

600 potentiostat. A standard three-electrode cell configuration was employed using a 

platinum disk working electrode, a platinum wire as counter electrode, and a silver wire, 

separated by a Vycor tip, serving as the reference electrode. Formal redox potentials are 

referenced to the ferrocene/ferrocenium ([Cp2Fe]+/0) redox couple as an internal standard. 

Tetra-n-butylammonium hexafluorophosphate ([nBu4N][PF6]) was used as supporting 

electrolyte. Compensation for resistive losses (iR drop) was employed for all 

measurements. 

DFT and TD-DFT calculations were carried out with the Gaussian 09 (Rev. E.01) 

program package[236] and were performed on a parallel cluster system. GaussView 5.0.9 

was used to visualize the results, and to measure calculated structural parameters. 

Mulitwfn[237] was used to plot orbital surfaces (isovalue: ±0.030 [ea0 -3]1/2). The ground-state 

geometries were optimized using the B3LYP functional[238-240] in combination with the 6-

31G(d) basis set.[241-242] The optimized geometries were confirmed to be local minima by 

performing frequency calculations. Based on these optimized structures, the lowest-

energy gas-phase vertical transitions were calculated (singlets, 10 states) by TD-DFT, 

using the Coulomb-attenuated functional CAM-B3LYP[243] in combination with the 6-

31G(d,p) basis set. 

Optical Properties in Sodium Cacodylate. UV/Vis absorption spectra were recorded on 

a Varian Cary 100 Bio spectrometer; excitation and emission spectra were recorded on a 

Varian Cary Eclipse fluorimeter 

Study of Interactions with DNA and RNA. Polynucleotides were purchased as noted: 

poly A – poly U (Sigma), calf thymus (ct)-DNA (Aldrich) and dissolved in sodium cacodylate 

buffer, (I = 0.05 M, pH 7). The ctDNA was additionally sonicated and filtered through a 

0.45 mm filter to obtain mostly short (ca. 100 base pairs) rod-like β-helical DNA 

fragments.[244] The polynucleotide concentration was determined spectroscopically[245] as 

the concentration of the phosphates, which corresponds to the concentration of the 

nucleobase. 

Thermal melting experiments were performed on a Varian Cary 100 Bio spectrometer 

in quartz cuvettes (diameter: 1 cm). The measurements were carried out in aqueous buffer 

solution at pH 7 (sodium cacodylate buffer I = 0.05 M) or pH 8 (15 mM Tris-HCl, 300 mM 

KCl), as indicated. Thermal melting curves for ds-DNA, ds-RNA, and their complexes with 

Cat1+, Cat2+, Cat(i)2+, Cat3+, and Cat4+ were determined by following the absorption change 
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at 260 nm as a function of temperature.[218] Tm values are the midpoints of the transition 

curves determined from the maximum of the first derivative and checked graphically by 

the tangent method. The ΔTm values were calculated subtracting Tm of the free nucleic 

acid from Tm of the complex. Every ΔTm value reported here was the average of at least 

two measurements. The error in ΔTm is ±0.5 °C. 

Fluorimetric titrations were performed in quartz cuvettes (diameter: 1 cm) on a Varian 

Cary Eclipse fluorimeter by adding portions of polynucleotide solution into the solution of 

the compound studied and excitation wavelengths of λexc >300 nm were used to avoid 

absorption of excitation light by added polynucleotides. After mixing the polynucleotides 

with the compound investigated, equilibrium was reached in less than 120 s. Fluorescence 

spectra were analyzed at an excess of DNA/RNA (r[dye]/[DNA] <0.2) to assure one 

dominant binding mode. To obtain binding constants (Ks), titration data were processed 

by means of non-linear fitting to the Scatchard equation[221] using the McGhee, von Hippel 

formalism[222] which gave values of the ratio of [bound compound]/[polynucleotide] in the 

range 0.1–0.3. For easier comparison, all ks values were recalculated for the fixed r = 0.25 

(for ds-DNA/RNA). Calculated values for ks have satisfactory correlation coefficients 

(>0.99). 

Circular dichroism (CD) spectra were recorded on a JASCO J-815 spectropolarimeter at 

room temperature using quartz cuvettes (diameter: 1 cm) with a scan speed of 

200 nm/min. A background spectrum of the buffer was subtracted from each spectrum and 

each spectrum was the result of three accumulations. CD experiments were performed by 

adding portions of a stock solution of the compound into the solution of polynucleotide (c = 

2  10-5 M). 

Cells. Experiments were performed using two human cell lines, epithelial human lung 

adenocarcinoma A549 (ATCC® CCL-185™) and human normal lung fibroblast WI-38 

(ATCC® CCL-75™). Both cell lines adhere to plastic and glass surfaces and are 

maintained in the culture under same conditions. Cells were grown in Dulbecco Modified 

Eagle's Medium (DMEM, Sigma Aldrich, USA) supplemented with 10% of fetal bovine 

serum (FBS, Sigma Aldrich, USA) at 37 °C and 5% CO2 in a humidified atmosphere. Cells 

were passaged twice per week to retain maximum confluence of 70-80%. Cells exhibiting 

normal morphology without any contamination signs were kept in culture and used in all 

further experiments. Two biological replicates were performed for all experiments. 

Cytotoxicity Assay. Cytotoxic effect of the compounds was analyzed by the MTT 

assay.[246] The compounds were dissolved in an appropriate volume of dimethyl sulfoxide 

solution (DMSO) under sterile conditions, to obtain a stock solution of 10 mM 



CHAPTER 9  Experimental 

187 

concentration. Solutions were kept in the dark and stored at +4 °C to prevent degradation. 

Prior to each assay, fresh working solutions were prepared from stock solutions by diluting 

it with DMEM. Cells were seeded on 96 well plate at a concentration of 7  103 cells/well 

in 100 μL of DMEM (10% FBS) and left in the incubator overnight (37 °C, 5% CO2). The 

next day, 100 μL of the working solution was added to the wells. The final concentration 

of compounds was obtained in the total volume of 200 μL/well. All conditions were tested 

in quadruplicates. Cells treated with the same dilutions of DMSO represented the control, 

while cells treated only with DMEM (10% FBS) represented the negative control. The plate 

was then incubated for the next 72 h (37 °C, 5% CO2). After the incubation, the medium 

was removed, and 40 μL of MTT solution was added to each well. The plate was incubated 

for 3 h, allowing the formazan crystals to form. After 3 h, 170 μL of DMSO was added in 

each well and the system was shaken for 20 min, allowing the crystals to dissolve. The 

absorbance of MTT-formazan product was measured with a microplate reader at 600 nm. 

The absorbance value directly correlates with the cell survival. For irradiation experiments, 

cells in MTT-prepared plates (see above), treated with the compounds studied, were 

irradiated for 5 min in a Luzchem reactor with visible light (400-700 nm, 8 lamps, total 

≈8 W, dose: 50.6 mW m-2) at ca. 18 cm distance between the lamps and the cell-plate, 24, 

48 and 72 h after starting the MTT test. 

Co-localization Assay. A549 cells were seeded on glass slides in 24 well plates at a 

concentration of 3  104 cells/well and incubated in DMEM (37 °C, 5% CO2) for 48 h, 

allowing cells to attach to the glass surface and to multiply. Then, cells were treated with 

a 10 µM solution of the compound and incubated for 90 min at 37 °C. After incubation, 

cells were fixed with 2% paraformaldehyde (PFA, 12 min, r.t.), washed with PBS (3 x), 

permeabilized with 0.1% Triton/PBS (2 min, r.t.), washed with PBS (3 x), blocked in 3% 

BSA (30 min, r.t.), and incubated with primary antibody against early endosome antigen 1 

(EEA1, Cell Signaling Technology, #2411, rabbit, 1:100 in 5% BSA), Golgi Apparatus 

(GM130, Cell Signaling Technology, #12480, rabbit, 1:2500 in 5% BSA) or Lysosome 

Associated Membrane Protein 1 (LAMP-1, abcam, ab2417, rabbit, 1:250 in 5% BSA). After 

incubation in primary antibody, cells were washed with PBS, and then incubated in 

fluorescently labeled anti-rabbit secondary antibody (AF647) (Cell Signaling Technology, 

#4414, 1:1000 in 5% BSA). Slides were incorporated in DAPI containing mounting 

medium. Actin filaments were labeled with Alexa Fluor® 555 Phalloidin (Cell Signaling 

Technology, #8953). Prepared slides were kept in the dark and visualized using a Leica 

SP8 X confocal microscope (Leica Microsystems). Co-localization was assessed by 

determining the Pearson correlation coefficient.  
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Live Cell Imaging. Live imaging of the cells treated with the compounds was performed 

on the A549 cell line. Cells were seeded in Ibidi imaging cell chambers (Ibidi®) in 500 μL 

of medium, at a concentration of 5  104 cells/well, and left in the cell incubator for 48 h 

(37 °C, 5% CO2). After two days, cells were treated with 10 μM solution of the compound 

to be studied and left in the cell incubator for 90 min to allow the compound to enter the 

cells. 

Double bond isomerization. Solutions of 7.6 and 7.7 (c = 35 x 10-3 M) in CD3CN were 

stirred in cylindrical quartz flasks for up to 4 h. The flasks were placed on a magnetic 

stirring plate between two lamps (254 nm, 4 W each). The distance between the lamps 

was ca. 15 cm. Samples to record 1H NMR spectra were taken after 0, 5, 15, and 30 min, 

1, 2, 3, and 4 h and measured at 300 MHz at r.t. The NMR samples were stored in 

amberized NMR tubes from Norell® until the measurement was over. 

Cleavage of boronate esters with H2O2. THF solutions of 7.6-7.8 (c = 30 x 10-3, 87 x 10-3, 

and 43 x 10-3 M, respectively) with stochiometric amounts of H2O2 were stirred in 

cylindrical quartz flasks for up to 46 h. First samples were taken after 5 min and added to 

an aqueous, saturated iron(II) sulfate solution. After extraction of the aqueous phase with 

Et2O, HRMS spectra (ASAP) were recorded of the organic phase. With increasing reaction 

time, the time interval increased gradually. When combining cleavage and irradiation 

experiments, the concentration of the solutions was 50 x 10-3 M. 

 

9.2 Synthesis 

General procedure for the synthesis of Grignard reagents 

Magnesium (2.5 eq.) was activated first by stirring overnight and then by addition and 

sublimation of catalytic amounts of iodine. After addition of dry THF (0.08 mL/mmol), 

undiluted bromo-arene (0.1 – 0.2 eq.) was added without stirring to start the reaction. If no 

heat evolution was visible, the solution was gently heated until the start of the reaction was 

clearly visible. Thereafter, bromo-arene (0.9 – 0.8 eq.) diluted with THF (0.24 mL/mmol) 

was added slowly to keep the reaction heating itself under slow stirring. After complete 

addition, the reaction was heated under stirring at reflux for another 1 – 2 h until GC-MS 

spectrometry confirmed the complete formation of the Grignard reagent. After cooling to 

room temperature, the Grignard reagent was transferred via a filtering canula into a second 

flask and used without further purification. 
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9.2.1 Chapter 3 

Dimesityl-(2,6-dimethylphenyl)-borane 3.1a  

 

The Grignard reagent was freshly prepared from magnesium (1.94 g, 79.7 mmol) and 2-

bromomesitylene (12.0 mL, 79.7 mmol) in dry THF (40 mL) and, after cooling to 0 °C for 

30 min, boron trifluoride etherate (4.3 mL, 35.0 mmol) was added dropwise. The solution 

was stirred at room temperature for 17 h. Afterwards, the solvent was removed in vacuo 

and the resulting solid was extracted with dry, hot hexane (4 x 40 mL). Removal of the 

solvent in vacuo yielded dimesitylfluoroborane Mes2BF as a colorless solid which was 

used without further purification in the following step. The NMR spectra recorded match 

those reported in literature.[247] 

In a second flask, 1-bromo-2,6-dimethylbenzene (4.6 mL, 34.6 mmol) was dissolved in dry 

THF (30 mL), purged with argon for 5 min and cooled to −78 °C, and tert-butyl lithium 

(41 mL, c = 1.7 mol/L, 70 mmol) was added slowly. The solution was stirred for 15 min at 

−78 °C, warmed to room temperature and stirred for 2 h. The previously prepared 

dimesitylfluoroborane was dissolved in dry THF (15 mL) and added slowly to the solution 

of 2,6-dimethylphenyl lithium. The reaction was stirred at room temperature for 3 d and 

then water (40 mL) was added. The aqueous phase was extracted with hexane 

(3 x 40 mL). The combined organic phases were dried over magnesium sulfate and the 

solvent was removed in vacuo. The crude product was recrystallized from hexane two 

times yielding the product as clear colorless crystals (26.3 mmol, 9.33 g, 76%). For 

photophysical measurements, a small quantity was additionally purified via filtration 

through a silica gel plug using hexane. 

1H NMR (500 MHz, CD2Cl2) δ = 7.14 (dd, J = 7.5 Hz, 1 H, CH), 6.92 (d, J = 7.5 Hz, 2 H, 

CH), 6.78 (s, 4 H, CH), 2.28 (s, 6 H, CH3), 2.02 (s, 6 H, CH3), 2.00 (s, 6 H, CH3), 1.98 (s, 

6 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 77 (br) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 147.8, 144.4, 141.0, 140.9, 140.6, 139.8, 129.6, 

129.0, 129.0, 128.0, 23.0, 23.0, 22.9, 21.4 ppm. 

HRMS (El−) m/z: [M+H]+ found: 355.2587; calc. for [C26H31B]: 355.2592 (|Δ| = 1.4 ppm). 

Elem. Anal. Calc. (%) for C26H31B: C 88.13, H 8.82; found: C 88.12, H 8.91.  
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Dimesityl-4-(4,4,5,5-tetramethyl-1,3,2-dioxaborlan-2-yl)-2,6-dimethylphenylborane 

3.1b 

 

Dimesityl-2,6-dimethylphenylborane 3.1a (500 mg, 1.41 mmol), B2pin2 (431 mg, 

1.70 mmol), dtbpy (8 mg, 29.4 µmol) and [Ir(COD)(µ-OMe)]2 (10 mg, 14.8 µmol) were 

dissolved in dry, degassed THF (17 mL) and stirred at 80 °C for 23 h. After cooling to room 

temperature and removing the solvent, the resulting brown oil was purified by automated 

flash column chromatography (silica gel, hexane/CH2Cl2 1:1) yielding the product (612 mg, 

1.27 mmol, 90%) as a colorless solid. The recorded 1H NMR spectrum matches that 

reported in literature.[54, 248] 

1H NMR (200 MHz, CD2Cl2) δ = 7.29 (s, 2 H, CH), 6.75 (s, 4 H, CH), 2.26 (s, 6 H, CH3), 

2.01 (s, 6 H, CH3), 1.97 (s, 6 H, CH3), 1.93 (s, 6 H, CH3), 1.32 (s, 12 H, CH3) ppm. 

Mesityl-(2,6-dimethylphenyl)-fluoroborane 3.6 

 

Potassium (2,6-dimethylphenyl)-trifluoroborate (5.0 g, 23.6 mmol) was dissolved in dry, 

degassed THF (50 mL). After dropwise addition of mesitylmagnesiumbromide (45 mL, 

30.7 mmol, c = 0.68 M), the reaction mixture was stirred at room temperature for 18 h. 

Under an argon atmosphere, the solvent was removed in vacuo. The crude product was 

extracted with dry, hot hexane (4 x 40 mL). Removing the solvent yielded an off-white, 

crystalline solid (5.6 g, 22.0 mmol, 93%). The recorded NMR spectra match those reported 

in literature.[55] 

1H NMR (500 MHz, C6D6): δ = 7.09 (t, J = 8 Hz, 1 H, CH), 6.87 (d, J = 8 Hz, 2 H, CH), 6.68 

(s, 2 H, CH), 2.27 (s, 3 H, CH3), 2.27 (s, 3 H, CH3), 2.26 (s, 3 H, CH3), 2.26 (s, 3 H, CH3), 

2.08 (s, 3 H, CH3) ppm. 

11B{1H} NMR (160 MHz, C6D6): δ = 53.70 (s) ppm. 

19F{1H} NMR (470 MHz, C6D6): δ = −13.31 (s) ppm.  
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[4-(N,N-dimethylamino)-2,6-dimethylphenyl]-(2,6-dimethylphenyl)-fluoroborane 

3.11 

 

A Grignard reagent was prepared from magnesium (1.50 g, 61.7 mmol), 4-bromo-N,N,3,4-

tetramethylaniline (7.03 g, 30.8 mmol) and dry, degassed THF (40 mL) while stirring under 

reflux for 2 h according to the general procedure described above. After cooling to room 

temperature, the solution was transferred via a filter cannula onto a solution of potassium 

2,6-dimethylphenyl trifluoroborate (5.01 g, 23.6 mmol) in dry, degassed THF (50 mL). The 

mixture was stirred at room temperature for 18 h. After removing the solvent in vacuo, the 

remaining solid was extracted with dry, hot hexane (2 x 100 mL, 1 x 35 mL). Removing the 

solvent in vacuo yielded the product as a yellow oil (5.57 g, 19.7 mmol, 83%) which was 

used without further purification. It contained a small amount of residual N,N,3,5-

tetramethylaniline. 

1H NMR (500 MHz, C6D6) δ = 7.13 (m, 1 H, CH), 6.93 (m, 2 H, CH), 6.28 (s, 2 H, CH), 2.46 

(s, 6 H, CH3), 2.45 (s, 3 H, CH3), 2.45 (s, 3 H, CH3), 2.34 (s, 3 H, CH3), 2.34 (s, 3 H, 

CH3) ppm. (N,N,3,5-Tetramethylaniline: δ = 6.48 (s, 1 H, CH), 6.42 (s, 2 H, CH), 2.59 (s, 

6 H, CH3), 2.26 (s, 6 H, CH3) ppm.) 

11B{1H} NMR (160 MHz, C6D6) δ = 52.3 (s) ppm. 

13C{1H} NMR (125 MHz, C6D6) δ = 152.8, 147.9, 147.8, 141.6, 140.0, 140.0, 129.5, 129.5, 

127.4, 122.5, 112.3, 39.3, 24.4, 24.3, 22.3 ppm. (N,N,3,5-Tetramethylaniline: δ = 151.4, 

138.4, 119.4, 111.4, 40.5, 22.0 ppm.) 

19F{1H} NMR (470 MHz, C6D6) δ = −23.7 (s) ppm. 

HRMS (LIFDI) m/z: [M]+ found: 283.1898; calc. for [C18H23BFN]: 283.1902 

(|Δ| = 1.41 ppm). 
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[4-(N,N-dimethylamino)-2,6-dimethylphenyl]-(mesityl)-(2,6-dimethylphenyl)-borane 

3.2a 

 

Mesitylbromide (4.40 mL, 29.2 mmol) was dissolved in dry, degassed THF (45 mL). After 

cooling to −78 °C, tBuLi (30.0 mL, 51 mmol, c = 1.7 M in heptane) was added dropwise 

and the reaction was stirred at −78 °C for 30 min. After stirring at room temperature for 

2 h, the reaction mixture was transferred via a transfer cannula to a solution of [(N,N-

dimethylamino)-2,6-dimethylphenyl]-(2,6-dimethylphenyl)-fluoroborane (5.56 g, 

19.6 mmol) in dry, degassed THF (60 mL). This mixture was stirred at room temperature 

for 3 d. After addition of water (50 mL), the aqueous phase was extracted with hexane 

(3 x 50 mL). The combined organic phases were washed with water (50 mL) and brine 

(3 x 120 mL), dried over magnesium sulfate and the solvent was removed in vacuo. The 

resulting crude product was purified via distillation (5 x 10-2 mbar, 80 °C) and column 

chromatography (aluminum oxide, neutral, pure hexane, then pure CH2Cl2) yielding the 

pure product as a yellow greenish, amorphous solid (4.30 g, 11.2 mmol, 48%). 

1H NMR (500 MHz, CD2Cl2) δ = 7.20 (t, J = 7.5 Hz, 1 H, CH), 6.90 (d, J = 7.5 Hz, 2 H, CH), 

6.75 (s, 2 H, CH), 6.32 (s, 2 H, CH), 3.00 (s, 6 H, CH3), 2.27 (s, 3 H, CH3), 2.02 (br s, 3 H, 

CH3), 1.97 (s, 6 H, CH3), 1.95 (s, 6 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 75 (br) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 152.0, 148.8, 145.4, 143.7, 143.6, 140.8, 140.5, 

140.3, 139.0, 135.2, 129.0, 128.8, 127.7, 111.9, 111.9, 40.1, 24.0, 23.9, 23.1, 22.8, 22.7, 

21.3 ppm. 

HRMS (El−) m/z: [M+H]+ 384.2853; calc. for [C27H35BN] 384.2857 (|Δ| = 1.04 ppm). 

Elem. Anal. Calc. (%) for C27H34BN: C 84.59, H 8.94, N 3.65; found: C 84.36, H 9.35, 

N 3.75. 
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[4-(N,N-Dimethylamino)-2,6-dimethylphenyl]-(mesityl)-[4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborlan-2-yl)2,6-dimethylphenyl]borane 3.2b 

 

 [4-(N,N-Dimethylamino)-2,6-dimethylphenyl]-(mesityl)-(2,6-dimethylphenyl)-borane 3.2a 

(1.08 g, 2.82 mmol), bis-pinacolato diboron (822 mg, 3.24 mmol), 4,4’-di-tert-butyl-2,2’-

dipyridyl (24 mg, dtbpy, 88.9 µmol) and [Ir(COD)(µ-OMe)]2 (24 mg, 35.6 µmol) were 

dissolved in dry, degassed hexane (32 mL). The resulting solution was stirred at 80 °C for 

1 d 18 h. After cooling to room temperature, the solvent was removed in vacuo. The 

resulting crude product was purified via flash column chromatography (NH column, 0-

100% ethyl acetate in hexane) yielding the pure product as a yellow solid (1.18 g, 

2.32 mmol, 89%). 

1H NMR (500 MHz, CD2Cl2) δ = 7.30 (s, 2 H, CH), 6.75 (s, 2 H, CH), 6.32 (m, 2 H, CH), 

2.97 (s, 6 H, CH3), 2.27 (s, 3 H, CH3), 2.12–1.89 (m, 18 H, CH3), 1.34 (s, 12 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 75.7 (br s), 31.0 (s) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 152.3, 152.1, 145.2, 143.8, 143.7, 139.5, 139.1, 

135.0, 133.9, 111.9, 84.0, 40.1, 25.2, 24.1, 24.0, 21.4 ppm. 

HRMS (El−) m/z: [M+H]+ found: 510.3702; calc. for [C33H45B2NO2]: 510.3709 

(|Δ| = 1.37 ppm). 

Elem. Anal. Calc. (%) for C33H45B2NO2: C 77.82, H 8.91, N 2.75; found: C 77.50, H 9.20, 

N 2.85. 
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[4-(N,N,N-Trimethylammonium)-2,6-dimethylphenyl]-(mesityl)-(2,6-dimethylphenyl)-

borane triflate 3.2c 

 

 [4-(N,N-Dimethylamino)-2,6-dimethylphenyl]-(mesityl)-(2,6-dimethylphenyl)borane 3.2a 

(15 mg, 39.1 µmol) was dissolved in CH2Cl2 (2 mL). After addition of methyl triflate 

(17.5 µL, 156 µmol), the reaction mixture was stirred in the dark at room temperature for 

17 h. Subsequently, hexane (7 mL) was added. The resulting solid was collected by 

filtration and washed with hexane (5 mL) yielding the product as a colorless solid (19 mg, 

34.7 µmol, 89%). 1H NMR spectroscopy in combination with absorption and emission 

spectroscopy revealed an impurity of 0.5% starting material. To obtain pure product for 

spectroscopy, parts of the product were further purified by washing with hexane (20 mL) 

and drying in vacuo. 

1H NMR (500 MHz, CD3OD) δ = 7.49 (s, 2 H, CH), 7.20 - 7.17 (m, 1 H, CH), 6.99 - 6.93 

(m, 2 H, CH), 6.84 - 6.79 (m, 2 H, CH), 3.64 (s, 9 H, CH3), 2.28 (s, 3 H, CH3), 2.15 (s, 3 H, 

CH3), 2.13 (s, 3 H, CH3), 2.04 (s, 3 H, CH3), 2.00 (s, 3 H, CH3), 1.97 (s, 3 H, CH3), 1.95 (s, 

3 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD3OD δ = 78 (br) ppm. 

13C{1H} NMR (125 MHz, CD3OD) δ = 150.9, 149.1, 147.2, 144.6, 144.5, 144.0, 142.3, 

142.1, 141.9, 141.7, 141.1, 131.4, 130.2, 130.0, 129.2, 129.1, 121.8 (q, 1JCF = 319 Hz), 

119.6, 119.6, 57.4, 23.4, 23.2, 23.2, 23.2, 23.1, 21.3 ppm. 

HRMS (ESl+) m/z: [M−OTf]+ found: 398.3011; calc. for [C28H37BN]: 398.3014 

(|Δ| = 0.75 ppm). 

Elem. Anal. Calc. (%) for C29H37BF3NO3S: C 63.62, H 6.81, N 2.56, S 5.86; found: 

C 62.21, H 6.86, N 2.72, S 5.79. 
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Bis-[4-(N,N-dimethylamino)-2,6-dimethylphenyl]-2,6-dimethylphenylborane 3.3a 

 

Potassium 2,6-dimethylphenyl trifluoroborate 3.4 (2.56 g, 12.1 mmol) was dissolved in 

THF (60 mL) and added dropwise to a solution of 4-(N,N-dimethylamino)-2,6-

dimethylphenyllithum 3.7 (4.14 g, 26.7 mmol) in THF (55 mL). The reaction mixture was 

stirred at room temperature for 2 d. After the addition of water, the aqueous phase was 

extracted with hexane. The combined organic phases were washed with water and brine, 

dried over MgSO4 and the solvent was removed in vacuo. The resulting crude product was 

purified by distillation (2 x 10-2 mbar, 90 °C) and column chromatography (aluminum oxide, 

basic, 10% EtOAc in hexane) yielding 3.3a as a yellow solid (2.13 g, 5.17 mmol, 43%). 

The NMR spectrum matches that reported in literature.[43] 

1H NMR (300 MHz, CD2Cl2) δ = 7.12 (dd, 1 H, J = 7.6 Hz, CH), 6.92 (d, 2 H,J = 7.6 Hz, 

CH), 6.36 (s, 4 H, CH), 2.98 (s, 12 H, CH3), 2.08 (s, 6 H, CH3), 2.06 (s, 6 H, CH3), 1.97 (s, 

6 H, CH3) ppm. 
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9.2.2 Chapter 4 

5-Bromo-2,2’-bithiophene 4.1 

 

Similarly to literature procedures,[27-28] 2,2’-bithiophene (4.14 g, 24.9 mmol) was dissolved 

in DMF (140 mL) and cooled to 0 °C, and then NBS (4.33 g, 24.3 mmol) was added portion 

wise. After stirring for 15 min at 0 °C, the reaction mixture was allowed to warm to room 

temperature while stirring for 1 h. After addition of water (100 mL), the aqueous phase was 

extracted with CHCl3 (2 x 80 mL). The combined organic phases were washed with water 

(1 x 80 mL), dried over magnesium sulfate and the solvent was removed in vacuo. The 

resulting green solid was further purified via a short way distillation yielding the product 

(3.62 g, 14.7 mmol, 59%) as a green solid. The 1H NMR spectrum matches that reported 

in literature.[29]  

1H NMR (300 MHz, CD2Cl2) δ = 7.26 (dd, J = 1 Hz, J = 5 Hz, 1 H, CH), 7.14 (ddd, 

J = 0.2 Hz, J = 1 Hz, J = 3.5 Hz, 1 H, CH), 7.02 (dd, J = 3.5 Hz, J = 5 Hz, 1 H, CH), 7.00 

(d, J = 4 Hz, 1 H, CH), 6.94 (d, J = 4 Hz, 1 H, CH) ppm.  
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5-[4-(3,5-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene 4.2 

 

5-Bromo-2,2’-bithiophene 4.1 (200 mg, 814 µmol), dimesityl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)-2,6-dimethylphenylborane 3.1b (430 mg, 895 µmol) and KOH (275 mg, 

4.89 mmol) were dissolved in toluene (6 mL) and water (3 mL). After purging the solution 

with argon for 4 min, Pd2(dba)3·CHCl3 (37.5 mg, 40.8 µmol) and SPhos (70.0 mg, 

171 µmol) were added and the mixture was stirred at 85 °C for 22 h. After cooling to room 

temperature, the phases were separated, and the aqueous phase was extracted with 

hexane (4 x 20 mL). The combined organic phases were dried over magnesium sulfate. 

After removing the solvent in vacuo, the crude product was purified via flash column 

chromatography (silica gel, 0–100% ethyl acetate in hexane) yielding the product (298 mg, 

575 µmol, 71%) as a yellow solid. The recorded spectra match those reported in 

literature.[55] 

1H NMR (500 MHz, CD2Cl2) δ = 7.30 (d, J = 4 Hz, 1 H, CH), 7.25 (dd, J = 1.0 Hz, J = 5 Hz, 

1 H, CH), 7.23 (dd, J = 1 Hz, J = 4 Hz, 1 H, CH), 7.22 (s, 2 H, CH), 7.17 (d, J = 4 Hz, 1 H, 

CH), 7.05 (dd, J = 4 Hz, J = 5 Hz, 1 H, CH), 6.79 (2 br s, 2 H, CH), 2.29 (s, 6 H, CH3), 2.06 

(s, 6 H, CH3), 2.03 (s, 6 H, CH3), 2.01 (s, 6 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 78 (br) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 147.6, 1443, 143.6, 141.7, 141.0, 140.9, 139.9, 

137.8, 136.8, 129.0, 128.3, 125.0, 124.9, 124.8, 124.1, 124.0, 23.1, 23.1, 23.0, 21.4 ppm. 

HRMS (El−) m/z: [M-] 518.2281; calc. for [C34H35BS2] 518.2279 (|Δ| = 0.4 ppm). 

Elem. Anal. Calc. (%) for C34H35BS2: C 78.75, H 6.80, S 12.36; found: C 78.68, H 6.87, 

S 12.40. 
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5’-Bromo-5-[4-(3,5-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene 4.3 

 

Under ambient conditions, 5-[4-(3,5-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene 4.2 

(200 mg, 386 µmol) was dissolved in DMF (5.0 mL) and cooled to 0 °C. After portion wise 

addition of NBS (69 mg, 386 µmol), the reaction mixture was stirred at 0 °C for 15 min. 

After warming to room temperature, the solution was stirred for an additional 3 h. As GC-

MS showed consumption of NBS, water (10 mL) was added. The resulting yellow 

precipitate was collected by filtration and washed with water (25 mL). Subsequently, the 

solid was dissolved in CH2Cl2, washed with water, the organic phase was separated and 

dried over magnesium sulfate. Removal of the solvent in vacuo yielded the product 

(214 mg, 358 µmol, 93%) as a yellow solid. The recorded spectra match those reported in 

literature.[55] 

1H NMR (500 MHz, CD2Cl2) δ = 7.28 (d, J = 4 Hz, 1 H, CH), 7.20 (s, 2 H, CH), 7.11 (d, 

J = 4 Hz, 1 H, CH), 7.01 (d, J = 4 Hz, 1 H, CH), 6.97 (d, J = 4 Hz, 1 H, CH), 6.78 (s, 4 H, 

CH), 2.28 (s, 6 H, CH3), 2.05 (s, 6 H, CH3), 2.02 (s, 6 H, CH3), 2.00 (s, 6 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 77 (br) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 147.8, 144.2, 144.2, 141.7, 141.1, 140.9, 139.9, 

139.5, 135.6, 134.5, 131.3, 129.0, 125.3, 124.9, 124.1, 111.1, 23.1, 23.0, 23.0, 21.4 ppm. 

HRMS (El−) m/z: [M-
 -H+] 595.1316; calc. for [C34H33BBrS2] 595.1306 (|Δ| = 1.7 ppm). 

Elem. Anal. Calc. (%) for C34H34BBrS2: C 68.35, H 5.74, S 10.73; found: C 68.00, H 5.92, 

S 10.47. 
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5-[4-(2,6-Dimethylphenyl)-(4-(N,N-dimethylamino)-2,6-dimethylphenyl)-

mesitylboryl]-2,2’-bithiophene 4.5 

 

The compound 5-bromo-2,2’-bithiophene 4.1 (700 mg, 2.86 mmol), [(N,N-dimethylamino)-

2,6-dimethylphenyl]-(mesityl)-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,6-

dimethylphenyl]borane 3.2b (1.60 g, 3.14 mmol) and KOH (978 mg, 17.4 mmol) were 

dissolved in toluene (24 mL) and water (12 mL). After purging the solution with argon for 

5 min, Pd2dba3·CHCl3 (138 mg, 151 µmol) and SPhos (240 mg, 585 µmol) were added in 

one portion. The reaction mixture was stirred at 85 °C for 2 d. After cooling to room 

temperature, the phases were separated, and the aqueous phase was extracted with 

hexane (3 x 25 mL). The combined organic phases were dried over magnesium sulfate 

and the solvent was removed in vacuo. The resulting crude product was purified via 

preparative column chromatography (silica gel, 10% ethyl acetate in hexane). The product 

was isolated as a yellow foam (1.46 g, 2.67 mmol, 93%). A portion of this foam was further 

purified by preparative thin-layer chromatography (PSC plates (silica gel, 2 mm), 5% ethyl 

acetate in hexane) to yield pure product as a yellow solid. 

1H NMR (500 MHz, CD2Cl2) δ = 7.29 (m, 1 H, CH), 7.25 (m, 1 H, CH), 7.22 (m, 1 H, CH), 

7.20 (s, 2 H, CH), 7.16 (m, 1 H, CH), 7.04 (m, 1 H, CH), 6.76 (s, 2 H, CH), 6.32 (s, 2 H, 

CH), 2.97 (s, 6 H, CH3) 2.27 (s, 3 H, CH3), 2.15 – 1.95 (m, 18 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 75 (br) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 152.1, 148.8, 145.3, 143.9, 143.7, 143.6, 139.1, 

137.9, 136.5, 135.1, 134.1, 128.8, 128.3, 125.0, 124.7, 124.7, 123.9, 123.8, 111.9, 111.8, 

40.1, 24.1, 24.0, 21.3 ppm. 

HRMS (El−) m/z: [M+H]+ found: 548.2604; calc. for [C35H39BNS2]: 548.2611 

(|Δ| = 1.3 ppm). 

Elem. Anal. Calc. (%) for C35H38BNS2: C 76.76, H 6.99, N 2.56, S 11.71; found: C 77.10, 

H 7.03, N 2.74, S 11.32. 
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5-Iodo-5’-[4-(2,6-dimethylphenyl)-(4-(N,N-dimethylamino)-2,6-dimethylphenyl)-

mesitylboryl]-2,2’-bithiophene 4.6 

 

At −78 °C, n-butyl lithium (0.35 mL, c = 2.5 M, 880 µmol) was added dropwise to a solution 

of 5-[4-(2,6-dimethylphenyl)-(4-(N,N-dimethylamino)-2,6-dimethylphenyl)-mesitylboryl]-

2,2’-bithiophene 4.5 (399 mg, 730 µmol) in dry, degassed THF (3 mL). After stirring at 

−78 °C for 1.5 h, iodine (388 mg, 1.53 mmol) was added in one portion and the solution 

was allowed to warm to room temperature and then stirred for 18 h. The reaction was 

quenched by addition of water (5 mL) and diethyl ether (5 mL). The aqueous phase was 

extracted with diethyl ether (3 x 3 mL). The combined organic phase was washed with an 

aqueous, saturated sodium thiosulfate solution (1 x 10 mL), separated, and dried over 

magnesium sulfate and the solvent was removed in vacuo yielding a mixture of starting 

material and product (438 mg, purity ≈80%) which was used without further purification for 

further reaction. 

1H NMR (500 MHz, CD2Cl2) δ = 7.27 (d, J = 4 Hz, 1 H, CH), 7.20 – 7.17 (m, 3 H, CH), 7.11 

(d, J = 4 Hz, 1 H, CH), 6.89 (d, J = 4 Hz, 1 H, CH), 6.75 (s, 2 H, CH), 6.32 (s, 2 H, CH), 

2.96 (s, 6 H, CH3), 2.27 (s, 3 H, CH3), 2.13 – 1.94 (m, 18 H, CH3) ppm. 

HRMS (El−) m/z: [M+H]+ found: 674.1565; calc. for [C35H38BINS2]: 674.1578 

(|Δ| = 1.9 ppm). 
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5-[4-Bis-[4-(N,N-dimethylamino)-2,6-dimethylphenyl]-3,5-dimethylphenylboryl]-2,2’-

bithiophene 4.7 

 

The compounds 5-bromo-2,2’-bithiophene 4.1 (526 mg, 2.04 mmol), bis-[4-(N,N-

dimethylamino)-2,6-dimethylphenyl]-2,6-dimethyl-4-(4,4,5,5-tetramethyl-1,3,2-

dioxaborolan-2-yl)phenylborane 3.3b (1.21 g, 2.24 mmol) and KOH (638 mg, 11.4 mmol) 

were dissolved in a mixture of toluene (20 mL) and water (10 mL). After purging the 

solution with argon for 5 min, SPhos (185 mg, 451 µmol) and Pd2(dba)3·CHCl3 (95 mg, 

104 µmol) were added in one portion. The reaction mixture was stirred at 85 °C for 41 h. 

After cooling to room temperature, the phases were separated, and the aqueous phase 

was extracted with hexane (5 x 15 mL). The combined organic phase was dried over 

magnesium sulfate and the solvent was removed in vacuo. The resulting crude product 

was purified via flash column chromatography (silica gel, 0–10% ethyl acetate in hexane) 

yielding the product (937 mg, 1.62 mmol, 80%) as a yellow solid.  

1H NMR (500 MHz, CD2Cl2) δ = 7.29 (d, J = 4 Hz, 1 H, CH), 7.24 (dd, J = 1 Hz, J = 5 Hz, 

1 H, CH), 7.22 (dd, J = 1 Hz, J = 4 Hz, 1 H, CH), 7.20 (s, 2 H, CH), 7.17 (d, J = 4 Hz, 1 H, 

CH), 7.05 (dd, J = 4 Hz, J = 5 Hz, 1 H, CH), 6.34 (s, 4 H, CH), 6.33 (s, 4 H, CH), 2.96 (s, 

12 H, CH3), 2.09 (s, 6 H, CH3), 2.04 (s, 6 H, CH3), 1.99 (s, 6 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 74 (br) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 151.7, 149.8, 144.1, 143.3, 142.9, 141.4, 138.0, 

136.4, 136.1, 133.8, 128.3, 125.0, 124.7, 124.6, 123.9, 123.6, 111.9, 111.8, 40.2, 21.0, 

23.9, 23.0 ppm. 

HRMS (El+) m/z: [M+H]+ 577.2874; calc. for [C36H42BN2S2] 577.2877 (|Δ| = 0.5 ppm). 

Elem. Anal. Calc. (%) for C36H41BN2S2: C 74.98, H 7.17, N 4.86, S 11.12; found: C 74.98, 

H 7.53, N 5.03, S 10.77. 
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5’-Iodo-5-[4-bis-[4-(N,N-dimethylamino)-2,6-dimethylphenyl]-3,5-

dimethylphenylboryl]-2,2’-bithiophene 4.8 

 

At −78 °C, n-butyl lithium (0.35 mL, c = 2.5 M, 880 µmol) was added dropwise to a solution 

of 5-[4-(4-bis-[4-(N,N-dimethylamino)-2,6-dimethylphenyl]-3,5-dimethylphenylboryl]-2,2’-

bithiophene 4.7 (400 mg, 690 µmol) in dry, degassed THF (3 mL). After stirring at −78 °C 

for 1.5 h, iodine (359 mg, 1.41 mmol) was added in one portion and the solution was stirred 

at room temperature for 18 h. The reaction was quenched by addition of water (5 mL) and 

diethyl ether (5 mL). The aqueous phase was extracted with diethyl ether (3 x 3 mL). The 

combined organic phase was washed with an aqueous, saturated sodium thiosulfate 

solution (10 mL), dried over magnesium sulfate and the solvent was removed in vacuo 

yielding a mixture of starting material and product (460 mg, purity ≈80%) which was used 

without further purification for further reaction. 

1H NMR (500 MHz, CD2Cl2) δ = 7.26 (d, J = 4 Hz, 1 H, CH), 7.20 – 7.17 (m, 3 H, CH), 7.11 

(d, J = 4 Hz, 1 H, CH), 6.89 (d, J = 4 Hz, 1 H, CH), 6.32 (s, 4 H, CH), 2.95 (s, 12 H, CH3), 

2.09 – 1.94 (m, 18 H, CH3) ppm. 

HRMS (El−) m/z: [M+H]+ found: 703.1836; calc. for [C36H41BIN2S2]: 703.1843 

(|Δ| = 1.0 ppm). 
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5,5’-Bis-[4-(2,6-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene Neut0 

 

Compound 5,5’-bis-[4-(2,6-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene Neut0 has 

been synthesized by Schleier in 2016.[54] Prior to photophysical measurements, a small 

quantity was further purified by column chromatography (silica gel, 0-8% ethyl acetate in 

hexane) and by precipitation from a saturated diethyl ether solution with methanol. 

Subsequently, the compound was fully characterized as indicated below. 

1H NMR (500 MHz, CD2Cl2): δ = 7.31 (d, J = 4 Hz, 2 H, CH), 7.21 – 7.20 (m, 4 H, CH), 

7.19 (d, J = 4 Hz, 2 H, CH), 6.77 (s, 4 H, CH), 6.77 (s, 4 H, CH), 2.27 (s, 12 H, CH3), 2.05 

(s, 12 H, CH3), 2.01 (s, 12 H, CH3), 1.99 (s, 12 H, CH3) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2): δ = 143.9, 143.2, 141.3, 140.6, 140.5, 136.5, 134.3, 

128.6, 124.5, 124.4, 123.7, 22.6, 22.6, 22.5, 20.9 ppm. 

It was not possible to obtain a 11B{1H} NMR spectrum (160 MHz) due to the low solubility 

of Neut0 in CD2Cl2 and acetone-d6. 

HRMS (El−) m/z: [M+H]+ found: 871.4701; calc. for [C60H65B2NS2]: 871.4708 

(|Δ| = 0.8 ppm). 

Elem. Anal. Calc. (%) for C60H64B2NS2: C 82.75, H 7.41, N 1.56, S 7.36; found: C 81.75, 

H 7.49, N 1.39, S 7.07. 
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5’-[4-(2,6-Dimethylphenyl)-(4-(N,N-dimethylamino)-2,6-dimethylphenyl)-

mesitylboryl]-5-[4-(2,6-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene Neut1 

 

The compounds 5’-bromo-5-[4-(3,5-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene 4.3 

(276 mg, 462 µmol), [4-(N,N-dimethylamino)-2,6-dimethylphenyl]-(mesityl)-[4-(4,4,5,5-

tetramethyl-1,3,2-dioxaborolan-2-yl)2,6-dimethylphenyl]borane 3.2b (258 mg, 506 µmol) 

and KOH (167 mg, 2.98 mmol) were dissolved in toluene (4 mL) and water (2 mL). After 

purging the solution with argon for 10 min, Pd2dba3·CHCl3 (22 mg, 24.0 µmol) and SPhos 

(40 mg, 97.4 µmol) were added in one portion. The reaction mixture was stirred at 85 °C 

for 2 d. After cooling to room temperature, the phases were separated, and the aqueous 

phase was extracted with hexane (5 x 20 mL). The combined organic phase was washed 

with brine (3 x 30 mL), dried over magnesium sulfate and the solvent was removed in 

vacuo. The resulting crude product was purified via preparative thin layer chromatography 

(PSC plates (silica gel, 2 mm), 3% ethyl acetate in hexane). The resulting solid was further 

purified by precipitation from a saturated diethyl ether solution with methanol, yielding the 

product as an orange yellow solid (180 mg, 200 µmol, 43%). 

1H NMR (500 MHz, CD2Cl2) δ = 7.31 (d, J = 4 Hz, 1 H, CH), 7.30 (d, J = 4 Hz, 1 H, CH), 

7.23 (s, 2 H, CH), 7.21 (br s, 2 H, CH), 7.19 (d, J = 4 Hz, 2 H, CH), 6.79 (s, 4 H, CH), 6.77 

(br s, 2 H, CH), 6.33 (s, 2 H, CH), 2.97 (s, 6 H, CH3), 2.28 (s, 6 H, CH3), 2.28 (s, 3 H, CH3), 

2.07 – 1.97 (m, 36 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 78 (br) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 152.1, 148.9, 147.6, 145.3, 144.3, 143.9, 143.8, 

143.6, 143.5, 141.7, 141.0, 140.9, 139.9, 139.1, 137.0, 136.7, 135.1, 134.7, 134.2, 129.0, 

128.8, 124.9, 124.8, 124.7, 124.2, 123.9, 111.9, 111.9, 40.1, 24.1, 24.0, 23.1, 23.1, 23.0, 

21.4, 21.3 ppm. 

HRMS (El−) m/z: [M+H]+ found: 900.4960; calc. for [C61H67B2NS2]: 900.4974 

(|Δ| = 1.6 ppm). 

Elem. Anal. Calc. (%) for C61H67B2NS2: C 81.41, H 7.50, N 1.56, S 7.12; found: C 80.87, 

H 7.51, N 1.39, S 7.26.  
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5’-[4-(2,6-Dimethylphenyl)-bis-(4-(N,N-dimethylamino)-2,6-dimethylphenyl)-boryl]-

5-[4-(2,6-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene Neut2 

 

The compounds 5’-bromo-5-[4-(3,5-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene 4.3 

(350 mg, 586 µmol), bis-[4-(N,N-dimethylamino)-2,6-dimethylphenyl]-2,6-dimethyl-4-

(4,4,5,5-tetramethyl-1,3,2dioxaborolan-2-yl)-phenylborane 3.3b (353 mg, 644 µmol) and 

KOH (205 mg, 3.65 mmol) were dissolved in toluene (14 mL) and water (7 mL). After 

purging the solution with argon for 10 min, Pd2(dba)3·CHCl3 (27 mg, 29.5 µmol) and SPhos 

(53 mg, 129 µmol) were added. The resulting solution was stirred at 85 °C for 42 h. After 

cooling to room temperature, the phases were separated, and the aqueous phase was 

extracted with hexane (4 x 20 mL). The combined organic phase was dried over 

magnesium sulfate. After removing the solvent in vacuo, the crude product was further 

purified via flash column chromatography (silica gel, 0–100% ethyl acetate in hexane). The 

resulting orange oil was further purified by precipitation from a saturated diethyl ether 

solution with methanol, yielding the product (320 mg, 344 µmol, 59%) as a yellow fine 

powder. The recorded spectra match those reported in literature.[55] 

1H NMR (500 MHz, CD2Cl2) δ = 7.31 (d, J = 4 Hz, 1 H, CH), 7.30 (d, J = 4 Hz, 1 H, CH), 

7.23 (br s, 2 H, CH), 7.20 (br s, 2 H, CH), 7.19 (d, J = 4 Hz, 2 H, CH), 6.79 (2 br s, 2 H, 

CH), 6.34 (br s, 2 H, CH), 6.33 (br s, 2 H, CH), 2.96 (s, 12 H, CH3), 2.29 (s, 6 H, CH3), 2.09 

(s, 6 H, CH3), 2.07 (s, 6 H, CH3), 2.03 (br s, 12 H, CH3), 2.01 (s, 6 H, CH3), 2.00 (br s, 6 H, 

CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 77 (br) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 151.7, 149.9, 147.6, 144.3, 144.2, 143.4, 143.3, 

142.9, 141.7, 141.4, 141.0, 140.9, 139.9, 137.1, 136.5, 136.1, 134.8, 133.7, 129.0, 124.9, 

124.8, 124.6, 124.2, 123.8, 111.9, 111.8, 40.2, 24.1, 23.9, 23.1, 23.1, 23.1, 23.0, 

21.4 ppm. 

HRMS (El−) m/z: [M+H]+ 929.5224; calc. for [C62H71B2N2S2] 929.5239 (|Δ| = 1.6 ppm). 

Elem. Anal. Calc. (%) for C62H70B2N2S2: C 80.16, H 7.60, N 3.02, S 6.90; found: C 80.36, 

H 7.64, N 3.31, S 6.55.  
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5,5’-Bis-[4-(2,6-Dimethlyphenyl)-(4-(N,N-dimethylamino)-2,6-dimethylphenyl)-

mesitylboryl]-2,2’-bithiophene Neut(i)2 

 

The compounds 5,5’-dibromo-2,2’-bithiophene 4.1 (164 mg, 505 µmol), [(N,N-

dimethylamino)-2,6-dimethylphenyl]-(mesityl)-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)-2,6-dimethylphenyl]borane 3.2b (566 mg, 1.11 mmol) and KOH (195 mg, 3.48 mmol) 

were dissolved in toluene (4 mL) and water (2 mL). After purging the solution with argon 

for 5 min, Pd2dba3·CHCl3 (23 mg, 25.1 µmol) and SPhos (43 mg, 105 µmol) were added 

in one portion. The reaction mixture was stirred at 85 °C for 44 h. After cooling to room 

temperature, the phases were separated, and the aqueous phase was extracted with 

hexane (6 x 15 mL). The combined organic phase was dried over magnesium sulfate and 

the solvent was removed in vacuo. The resulting crude product was purified via preparative 

column chromatography (Alox 90, basic, 5% ethyl acetate in hexane). The resulting solid 

was further purified by precipitation from a saturated diethyl ether solution with methanol, 

yielding the product as a yellow-orange solid (250 mg, 269 µmol, 53%). 

1H NMR (500 MHz, CD2Cl2) δ = 7.30 (d, J = 4 Hz, 2 H, CH), 7.20 (br s, 4 H, CH), 7.18 (d, 

J = 4 Hz, 2 H, CH), 6.76 (br s, 4 H, CH), 6.32 (br s, 4 H, CH), 2.97 (s, 12 H, CH3), 2.27 (s, 

6 H, CH3), 2.12 – 1.95 (m, 36 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 75 (br) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 152.1, 148.8, 145.3, 143.8, 143.7, 143.6, 139.1, 

136.7, 135.1, 134.1, 128.8, 124.8, 124.7, 123.9, 111.9, 111.8, 40.1, 24.1, 24.0, 23.2, 23.1, 

22.9, 21.3 ppm. 

HRMS (El−) m/z: [M+H]+ found: 929.5219; calc. for [C62H70B2N2S2]: 929.5239 

(|Δ| = 2.2 ppm). 

Elem. Anal. Calc. (%) for C62H70B2N2S2: C 80.16, H 7.60, N 3.02, S 6.90; found: C 79.62, 

H 7.85, N 2.90, S 7.48. 
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5’-[4-(2,6-Dimethylphenyl)-(4-(N,N-dimethylamino)-2,6-dimethylphenyl)-

mesitylboryl]-5-[4-(2,6-dimethylphenyl)-bis-(4-(N,N-dimethylamino)-2,6-

dimethylphenyl)boryl]-2,2’-bithiophene Neut3 

 

Entry A: 5’-Iodo-5-[4-(3,5-dimethylphenyl)-bis-(4-(N,N-dimethylamino)-2,6-

dimethylphenyl)-boryl]-2,2’-bithiophene 4.8 (460 mg, 655 µmol, purity ≈80%), [4-(N,N-

dimethylamino)-2,6-dimethylphenyl]-(mesityl)-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-

2-yl)-2,6-dimethylphenyl]borane 3.2b (367 mg, 720 µmol) and KOH (285 mg, 5.08 mmol) 

were dissolved in toluene (6 mL) and water (3 mL). After purging the solution with argon 

for 4 min, Pd2dba3·CHCl3 (30 mg, 33 µmol) and SPhos (60 mg, 146 µmol) were added in 

one portion. The reaction mixture was stirred at 85 °C for 44 h. After cooling to room 

temperature, the aqueous phase was extracted with hexane (3 x 20 mL). The combined 

organic phase was dried over magnesium sulfate and the solvent was removed in vacuo. 

The resulting crude product was purified via column chromatography (silica gel, 10% ethyl 

acetate in hexane). The resulting solid was further purified by precipitation from a saturated 

diethyl ether solution with methanol, yielding the product as a yellow-orange solid 

(31 µmol, 30 mg, 6%). 

Entry B: 5-Iodo-5’-[4-(2,6-dimethylphenyl)-(4-(N,N-dimethylamino)-2,6-dimethylphenyl)-

mesitylboryl]-2,2’-bithiophene 4.6 (438 mg, 650 µmol, purity ≈80%), [bis-(4-(N,N-

dimethylamino)-2,6-dimethylphenyl)]-[4-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)-2,6- 

dimethylphenyl]borane 3.3b (385 mg, 715 µmol) and KOH (295 mg, 5.26 mmol) were 

dissolved in toluene (6 mL) and water (3 mL). After purging the solution with argon for 

4 min, Pd2dba3·CHCl3 (30 mg, 32.8 µmol) and SPhos (60 mg, 146 µmol) were added in 

one portion. The reaction mixture was stirred at 85 °C for 44 h. After cooling to room 

temperature, the phases were separated, and the aqueous phase was extracted with 

hexane (3 x 20 mL). The combined organic phase was dried over magnesium sulfate and 

the solvent was removed in vacuo. The resulting crude product was purified via column 

chromatography (silica gel, 10% ethyl acetate in hexane). The resulting solid was further 

purified by precipitation from a saturated diethyl ether solution with methanol, yielding the 

product as a yellow-orange solid (300 mg, 120 µmol, 60%). 
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1H NMR (500 MHz, CD2Cl2) δ = 7.31 – 7.28 (m, 2 H, CH), 7.21 – 7.17 (m, 6 H, CH), 6.76 

(s, 2 H, CH), 6.32 (s, 6 H, CH), 2.97 (s, 6 H, CH3), 2.95 (s, 12 H, CH3), 2.27 (s, 3 H, CH3), 

2.08 – 1.95 (m, 36 H, CH3) ppm. 

11B{1H} NMR (160 MHz, CD2Cl2) δ = 75 (br) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 152.1, 151.7, 149.9, 148.8, 145.3, 144.0, 143.7, 

143.7, 143.6, 143.3, 142.9, 141.4, 139.1, 136.8, 136.5, 136.1, 135.1, 134.1, 133.7, 128.8, 

124.8, 124.7, 124.5, 123.9, 123.7, 111.9, 111.8, 40.2, 40.1, 24.1, 24.0, 24.0, 23.8, 23.0, 

21.3 ppm. 

HRMS (El−) m/z: [M+H]+ found: 958.5473; calc. for [C63H74B2N3S2]: 958.5505 

(|Δ| = 3.3 ppm). 

Elem. Anal. Calc. (%) for C63H73B2N3S2: C 78.98, H 7.68, N 4.39, S 6.69; found: C 78.69, 

H 7.70, N 4.33, S 6.68. 
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5’-[4-(2,6-Dimethylphenyl)-(4-(N,N,N-trimethylammonium)-2,6-dimethylphenyl)-

mesitylboryl]-5-[4-(2,6-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene triflate 

Cat1+ 

 

The compound 5’-[4-(2,6-dimethylphenyl)-(4-(N,N-dimethylamino)-2,6-dimethylphenyl)-

mesitylboryl]-5-[4-(2,6-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene Neut1 (15 mg, 

16.7 µmol) was dissolved in dry, degassed CH2Cl2 (2 mL). After addition of methyl triflate 

(15.0 µL, 133 µmol), the reaction mixture was stirred in the dark at room temperature for 

3 d. Subsequently, hexane (7 mL) was added. The resulting solid was collected by filtration 

and washed with hexane (8 mL) yielding the product as an orange yellow solid (15 mg, 

14.8 µmol, 88%). 

1H NMR (500 MHz, CD2Cl2) δ = 7.51 (s, 2 H, CH), 7.41 (d, J = 4 Hz, 1 H, CH), 7.37 (d, 

J = 4 Hz, 1 H, CH), 7.30 (s, 1 H, CH), 7.27 (s, 1 H, CH), 7.25 – 7.23 (m, 2 H, CH), 7.23 (s, 

2 H, CH), 6.85 (s, 1 H, CH), 6.82 (s, 2 H, CH), 6.78 (s, 4 H, CH), 3.65 (s, 9 H, CH3), 2.29 

(s, 3 H, CH3), 2.27 (s, 6 H, CH3), 2.20 (s, 3 H, CH3), 2.17 (s, 3 H, CH3), 2.10 (s, 3 H, CH3), 

2.07 (s, 3 H, CH3), 2.05 (s, 6 H, CH3), 2.03 (s, 3 H, CH3), 2.01 (s, 6 H, CH3), 1.98 (s, 6 H, 

CH3), 1.96 (s, 3 H, CH3) ppm. 

13C{1H} NMR (125 MHz, CD2Cl2) δ = 150.9, 149.1, 148.5, 146.9, 145.1, 144.6, 144.6, 44.5, 

144.0, 143.8, 143.2, 142.6, 142.4, 142.3, 142.1, 141.9, 141.7, 141.6, 140.9, 138.3, 137.6, 

137.0, 136.0, 130.2, 130.1, 129.8, 129.8, 125.9, 125.8, 125.8, 125.7, 126.6, 125.2, 121.8 

(q, 1JCF = 316 Hz), 119.6, 57.5, 23.5, 23.4, 23.4, 23.3, 23.2, 23.2, 23.1, 21.3, 23.3 ppm. 

HRMS (ESl+) m/z: [M−OTf]+ found: 914.5115; calc. for [C62H70B2NS2]: 914.5130 

(|Δ| = 1.6 ppm). 

Elem. Anal. Calc. (%) for C63H70B2F3NO3S3: C 71.11, H 6.63, N 1.32, S 9.04; found: 

C 67.93, H 6.63, N 1.28, S 8.78. 
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5’-[4-(2,6-Dimethylphenyl)-bis-(4-(N,N,N-trimethylammonium)-2,6-dimethylphenyl)-

boryl]-5-[4-(2,6-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene bis-triflate Cat2+ 

 

The compound 5’-[4-(2,6-dimethylphenyl)-bis-(4-(N,N-dimethylamino)-2,6-

dimethylphenyl)-boryl]-5-[4-(2,6-dimethylphenyl)-dimesitylboryl]-2,2’-bithiophene Neut2 

(15 mg, 16.1 µmol) was dissolved in dry, degassed CH2Cl2 (2.0 mL). After addition of 

methyl triflate (15.0 µL, 132 µmol), the reaction mixture was stirred in the dark at room 

temperature for 3 d. Subsequently, hexane (7 mL) was added. The resulting solid was 

collected by filtration and washed with diethyl ether (10 mL) yielding the product (14 mg, 

11.1 µmol, 69%) as a yellow orange solid. 

1H NMR (500 MHz, CD3OD) δ = 7.58 (br s, 2 H, CH), 7.57 (br s, 2 H, CH), 7.46 (d, J = 4 Hz, 

1 H, CH), 7.39 (d, J = 4 Hz, 1 H, CH), 7.34 (br s, 2 H, CH), 7.27 (d, J = 4 Hz, 1 H, CH), 

7.26 (d, J = 4 Hz, 1 H, CH), 7.24 (br s, 2 H, CH), 3.66 (s, 18 H, CH3), 2.27 (s, 6 H, CH3), 

2.25 (br s, 6 H, CH3), 2.16 (br s, 6 H, CH3), 2.08 (s, 6 H, CH3), 2.05 (s, 6 H, CH3), 2.02 (s, 

6 H, CH3), 1.98 (s, 6 H, CH3) ppm. 

13C{1H} NMR (125 MHz, CD3OD) δ = 149.6, 149.4, 148.6, 145.6, 145.1, 144.8, 144.6, 

144.5, 143.3, 143.1, 142.5, 141.8, 141.6, 140.6, 138.7, 137.8, 137.5, 135.9, 129.8, 129.8, 

126.1, 126.0, 126.0, 125.8, 125.6, 125.2, 121.8 (q, 1JCF = 318 Hz) 120.1, 120.0, 57.5, 23.7, 

23.5, 23.4, 23.3, 23.3, 23.2, 21.4 ppm.  

HRMS (El+) m/z: [M−2OTf]+ 479.2803; calc. for [C64H76B2N2S2] 479.2813 (|Δ| = 2.1 ppm). 

Elem. Anal. Calc. (%) for C66H76B2F6N2O6S2: C 63.06, H 6.09, N 2.23, S 10.20; found: 

C 60.69, H 6.68, N 1.95, S 10.86. 

  



CHAPTER 9  Experimental 

211 

5,5’-Bis-[4-(2,6-Dimethylphenyl)-(4-(N,N-dimethylammonium)-2,6-dimethylphenyl)-

mesitylboryl]-2,2’-bithiophene bis-triflate Cat(i)2+ 

 

The compound 5,5’-bis-[4-(2,6-dimethylphenyl)-(4-(N,N-dimethylamino)-2,6-

dimethylphenyl)-mesitylboryl]-2,2’-bithiophene Neut(i)2 (15 mg, 16.1 µmol) was dissolved 

in dry CH2Cl2 (2 mL). After addition of methyl triflate (15.0 µL, 129 µmol), the reaction 

mixture was stirred in the dark at room temperature for 17 h. The resulting solid was 

collected by filtration and washed with diethyl ether (3 x 2 mL) yielding the product as a 

yellow solid (10 mg, 7.95 µmol, 49%). 

1H NMR (500 MHz, CD3OD) δ = 7.51 (s, 4 H, CH), 7.42 (d, J = 4 Hz, 2 H, CH), 7.30 (m, 

4 H, CH), 7.26 (d, J = 4 Hz, 2 H, CH), 6.84 (m, 4 H, CH), 3.65 (s, 18 H, CH3), 2.29 (s, 6 H, 

CH3), 2.20 (s, 6 H, CH3), 2.17 (s, 6 H, CH3), 2.10 (s, 6 H, CH3), 2.07 (s, 6 H, CH3), 2.04 (s, 

6 H, CH3), 1.97 (s, 6 H, CH3) ppm. 

13C{1H} NMR (125 MHz, CD3OD) δ = 150.8, 149.1, 147.0, 144.6, 144.5, 144.0, 143.2, 

142.5, 142.3, 142.2, 141.7, 138.1, 136.9, 130.2, 130.1, 125.9, 125.9, 125.8, 125.7, 121.8 

(q, 1JCF = 318 Hz), 119.6, 57.5, 23.4, 23.4, 23.3, 23.3, 23.2, 21.3 ppm. 

HRMS (ESl+) m/z: [M-2OTf]+ found: 479.2818; calc. for [C64H76B2N2S2]: 479.2813 

(|Δ| = 1.0 ppm). 

Elem. Anal. Calc. (%) for C66H76B2F6N2O6S4: C 63.06, H 6.09, N 2.23, S 10.20; found: 

C 61.50, H 6.13, N 2.12, S 9.74. 
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5’-[4-(2,6-Dimethylphenyl)-(4-(N,N,N-trimethylammonium)-2,6-dimethylphenyl)-

mesitylboryl]-5-[4-(2,6-dimethylphenyl)-bis-(4-(N,N,N-trimethylammonium)-2,6-

dimethylphenyl)boryl]-2,2’-bithiophene tris-triflate Cat3+ 

 

The compound 5’-[4-(2,6-dimethylphenyl)-(4-(N,N-dimethylamino)-2,6-dimethylphenyl)-

mesitylboryl]-5-[4-(2,6-dimethylphenyl)-bis-(4-(N,N-dimethylamino)-2,6-

dimethylphenyl)boryl]-2,2’-bithiophene Neut3 (15 mg, 15.6 µmol) was dissolved in dry 

CH2Cl2 (2 mL). After addition of methyl triflate (21.3 µL, 188 µmol), the reaction mixture 

was stirred in the dark at room temperature for 21 h. The resulting solid was collected by 

filtration and washed with diethyl ether (4 x 2 mL) yielding the product as a yellow solid 

(13 mg, 8.96 µmol, 57%). 

1H NMR (500 MHz, CD3OD) δ = 7.57 (s, 4 H, CH), 7.51 (s, 2 H, CH), 7.46 (d, J = 4 Hz, 

1 H, CH), 7.42 (d, J = 4 Hz, 1 H, CH), 7.34 (s, 2 H, CH), 7.31 – 7.28 (m, 2 H, CH), 7.28 – 

7.26 (m, 2 H, CH), 6.83 (m, 2 H, CH), 3.66 (s, 18 H, CH3), 3.65 (s, 9 H, CH3), 2.28 (s, 3 H, 

CH3), 2.25 (s, 6 H, CH3), 2.20 (s, 3 H, CH3), 2.16 (s, 3 H, CH3), 2.15 (s, 6 H, CH3), 2.10 (s, 

3 H, CH3), 2.08 (s, 6 H, CH3), 2.07 (s, 3 H, CH3), 2.03 (s, 3 H, CH3), 1.96 (s, 3 H, CH3) ppm. 

13C{1H} NMR (125 MHz, CD3OD) δ = 150.8, 149.7, 149.4, 149.1, 147.1, 145.7, 144.9, 

144.6, 144.5, 144.4, 144.2, 144.0, 143.5, 143.2, 143.1, 142.5, 142.2, 142.1, 141.8, 138.5, 

138.0, 137.8, 136.8, 130.1, 130.1, 126.2, 126.7, 126.0, 125.9, 125.8, 125.7, 121.8 (q, 

1JCF = 318 Hz), 120.1, 120.1, 119.6, 57.5, 23.6, 23.4, 23.4, 23.4, 23.4, 23.3, 23.2, 

21.3 ppm. 

HRMS (ESl+) m/z: [M−3OTf]3+ found: 334.2039; calc. for [C66H82B2N3S2]: 334.2040 

(|Δ| = 0.30 ppm). 

Elem. Anal. Calc. (%) for C69H82B2F9N3O9S5: C 57.14, H 5.70, N 2.90, S 9.93; found: 

C 52.95, H 5.69, N 2.81, S 10.95. 
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9.2.3 Chapter 6 

Preparation of DNA nanopores 

Oligonucleotides (P1, P2, P3, P4, P5, P6; 50% G-C pairs; exact composition of DNApore: 

Table 9.1) were dissolved in Tris-HCl buffer, pH 8 (15 mM Tris-HCl, 300 mM KCl), c(Pi) = 

2 x 10-2 M. All concentrations are expressed as the concentration of phosphates (same as 

nucleobases). Equimolar concentrations of each oligonucleotide (5 x 10-4 M) were mixed 

and heated in a UV/Vis thermo-block at 95 °C for 15 min, then slowly cooled (0.5 °C per 

minute) to 10 °C. The overall DNA nanopore concentration c(P1-6) = 3 x 10-3 M. Nanopore 

formation was confirmed by thermal melting experiments (UV/Vis-monitored and DSC-

monitored), showing clear and reproducible denaturation profiles. 

 

 

Figure 9.1: Schematic representation of DNApore. 

 

Table 9.1: Composition of oligonucleotides P1-P6 used for synthesis of DNApore. 
P1  AGCGAACGTGGATTTTGTCCGACATCGGCAAGCTCCCTTTTTCGACTATT 

P2  CCGATGTCGGACTTTTACACGATCTTCGCCTGCTGGGTTTTGGGAGCTTG 

P3  CGAAGATCGTGTTTTTCCACAGTTGATTGCCCTTCACTTTTCCCAGCAGG 

P4  AATCAACTGTGGTTTTTCTCACTGGTGATTAGAATGCTTTTGTGAAGGGC 

P5  TCACCAGTGAGATTTTTGTCGTACCAGGTGCATGGATTTTTGCATTCTAA 

P6  CCTGGTACGACATTTTTCCACGTTCGCTAATAGTCGATTTTATCCATGCA 
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9.2.4 Chapter 7 

(E)−3−(2−Bromophenyl)acrylic acid 7.11 

 

To a mixture of 2−bromobenzaldehyde (5 mL, 43.0 mmol) in pyridine (6.4 mL), malonic 

acid (5.81 g, 55.9 mmol) and piperidine (0.44 mL, 4.44 mmol) was added. The reaction 

mixture was stirred at 100 °C for 15 h. After cooling to room temperature, an aqueous HCl 

solution (15% HCl, 150 mL) was added to the reaction mixture. The resulting precipitate 

was collected by filtration, washed with water (5 x 10 mL), and dried in vacuo to yield the 

pure product as a white crystalline solid (8.81 g, 38.8 mmol, 90%). The recorded 1H NMR 

spectrum matches that reported in literature.[10, 249] 

1H NMR (500 MHz, acetone-d6) δ = 8.03 (d, J = 16 Hz, 1 H, CH), 7.88 (dd, J = 2 Hz, 

J = 8 Hz, 1 H, CH), 7.71 (dd, J = 2 Hz, J = 8 Hz, 1 H, CH), 7.79 – 7.42 (m, 1 H, CH), 7.40 

– 7.33 (m, 1 H, CH), 6.54 (d, J = 16 Hz, 1 H, CH) ppm. 

 

Methyl−(E)−3−(2−bromophenyl)acrylate 7.12 

 

Sulfuric acid (18 M, 7.0 mL) was added to a solution of (E)−3−(2−bromophenyl)acrylic acid 

7.11 (5.0 g, 22.0 mmol) in methanol (167 mL). The mixture was stirred under reflux for 3 h. 

After cooling to room temperature, water (100 mL) and brine (100 mL) were added. The 

aqueous phase was extracted with diethyl ether (4 x 50 mL). The combined organic 

phases were dried over sodium sulfate and the solvent was removed in vacuo yielding the 

product as a pale yellow oil (4.68 g, 19.4 mmol, 88%) which solidifies over time. The 

recorded 1H NMR spectrum matches that reported in literature.[250] 

1H NMR (300 MHz, acetone-d6) δ = 8.01 (d, J = 16 Hz, 1 H, CH), 7.87 (dd, J = 2 Hz, 

J = 8 Hz, 1 H, CH), 7.70 (dd, J = 2 Hz, J = 8 Hz, 1 H, CH), 7.49 (m, 1 H, CH), 7.40 – 7.33 

(m, 1 H, CH), 6.56 (d, J = 16 Hz, 1 H, CH), 3.78 (s, 3 H, CH3) ppm.  
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Methyl−(E)−3−(2−(4,4,5,5−tetramethyl−1,3,2−dioxaborolan−2−yl)phenyl)acrylate 7.7 

 

A solution of bis-(pinacolato)diboron (2.73 g, 10.8 mmol), potassium acetate (1.23 g, 

12.5 mmol) and Pd(dppf)Cl2 (303 mg, 0.41 mmol) in dry, degassed 1,4−dioxane (20 mL) 

was stirred at room temperature for 20 min. Thereafter, a solution of 

methyl−(E)−3−(2−bromophenyl)acrylate 7.12 (2.0 g, 8.30 mmol) in dry, degassed dioxane 

(30 mL) was added. The resulting reaction mixture was stirred at 80 °C for 2 d. After 

cooling to room temperature, the reaction was filtered over a silica plug, washed with 

diethyl ether (4 x 50 mL) and the solvent was removed in vacuo. The crude product was 

purified by column chromatography (silica gel, 10% ethyl acetate in hexane) to yield the 

pure product as a pale yellow solid (2.36 g, 8.19 mmol, 99%). The recorded 1H NMR 

spectrum matches that reported in literature.[10] 

1H NMR (300 MHz, CD2Cl2) δ = 8.52 (d, J = 16 Hz, 1H, CH), 7.81 (dd, J = 2 Hz, J = 7 Hz, 

1H, CH), 7.72–7.68 (m, 1H, CH), 7.49 – 7.42 (m, 1 H, CH), 7.40 – 7.34 (m, 1 H, CH), 6.38 

(d, J = 16 Hz, 1H, CH), 3.78 (s, 3H, CH3), 1.37 (s, 12H, CH3) ppm. 
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Methyl−3−(2−(4,4,5,5−tetramethyl−1,3,2−dioxaborolan−2−yl)phenyl)propanoate 7.8 

 

The synthesis was adapted from ref. 250.[251] An autoclave was equipped with a mixture 

of methyl−(E)−3−(2−(4,4,5,5−tetramethyl−1,3,2−dioxaborolan−2−yl)phenyl)acrylate 7.7 

(397 mg, 1.38 mmol) and palladium on charcoal (Pd/C, 55 mg, 523 µmol) in ethanol 

(20 mL). This mixture was stirred under hydrogen atmosphere (10 bar) for 2 d. Filtration 

over celite, two times over silica and subsequent removement of the solvent yielded the 

pure product as a colorless oil (330 mg, 1.14 mmol, 83%). The recorded 1H NMR spectrum 

matches that reported in literature.[10]
 

1H NMR (500 MHz, acetone-d6) δ = 7.74 (dd, J = 2 Hz, J = 7 Hz, 1 H, CH), 7.38 – 7.34 (m, 

1 H, CH), 7.24 – 7.22 (m, 1 H, CH), 7.22 – 7.18 (m, 1 H, CH), 3.61 (s, 3 H, CH3), 

3.19 – 3.15 (m, 2 H, CH2), 2.58 – 2.54 (m, 2 H, CH2), 1.35 (s, 12 H, CH3) ppm.  

11B NMR (160 MHz, acetone-d6) δ = 31 (s) ppm. 

13C NMR (125 MHz, acetone-d6) δ = 173.5, 148.6, 137.0, 131.9, 130.1, 126.3, 84.3, 51.5, 

37.6, 31.8, 25.1 ppm. 

HRMS (El+) m/z: [M+H]+ 291.1751; calc. for [C16H24BO4] 291.1762 (|Δ| = 3.78 ppm). 

Elem. Anal. Calc. (%) for C16H23BO4: C 66.23, H 7.99; found: C: 63.92, H: 7.70. 
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2−Oxo−2H−chromen−7−yl−(E)−3−(2−bromophenyl)acrylate 7.15 

 

The synthesis was adapted from ref. 251.[252] Under an argon atmosphere, 

methyl−(E)−3−(2−bromophenyl)acrylate 7.11 (3.03 g, 13.3 mmol) was dissolved in thionyl 

chloride (4.1 mL, 56.2 mmol) and stirred at 80 °C for 3.5 h. After cooling to room 

temperature, thionyl chloride was removed in vacuo yielding a dark brown solid. Under an 

argon atmosphere, this solid was added in one portion to a solution of umbelliferone 

(1.78 g, 11.0 mmol) in dry pyridine (6 mL). The solution was stirred at room temperature 

for 2 d. Addition of water (25 mL) lead to precipitation. The precipitate was collected by 

filtration and washed with water (3 x 15 mL). The resulting brown solid was washed with 

acetone (2 x 10 mL) yielding the pure product as a greyish solid (3.71 g, 9.99 mmol, 91%). 

The recorded 1H NMR spectrum matches that reported in literature.[10] 

1H NMR (500 MHz, CD2Cl2) δ = 8.25 (d, J = 16 Hz, 1 H, CH), 7.76 – 7.72 (m, 2 H, CH), 

7.69 – 7.66 (m, 1 H, CH), 7.56 (dd, J = 0.5 Hz, J = 8.5 Hz, 1 H, CH), 7.43 – 7.39 (m, 1 H, 

CH), 7.33 – 7.29 (m, 1 H, CH), 7.23 – 7.21 (m, 1 H, CH), 7.16 (dd, J = 2 Hz, J = 8.5 Hz, 

1 H, CH), 6.62 (d, J = 16 Hz, 1 H, CH), 6.38 (d, J = 10 Hz, 1 H, CH) ppm. 

13C NMR (125 MHz, CD2Cl2) δ =164.5, 160.5, 155.2, 153.7, 145.8, 143.2, 134.4, 133.9, 

132.3, 129.1, 128.5, 128.4, 125.9, 119.9, 118.7, 117.2, 116.4, 110.7 ppm. 

HRMS (El+) m/z: [M+H]+ 372.9879; calc. for [C18H12BrO4] 372.9893 (|Δ| = 3.75 ppm). 

Elem. Anal. Calc. (%) for C18H11BrO4: C 58.25, H 2.99; found: C: 58.10, H: 3.12. 
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2−Oxo−2H−chromen−7−yl−(E)−3−(2−(4,4,5,5−tetramethyl−1,3,2−dioxaborolan− 

2−yl)phenyl)acrylate 7.6 

 

Under an argon atmosphere, 2−oxo−2H−chromen−7−yl−(E)−3−(2−bromophenyl)acrylate 

7.15 (900 mg, 2.84 mmol), bis-pinacolato diboron (1.14 g, 4.49 mmol), Pd(dppf)Cl2 

(210 mg, 280 µmol) and potassium acetate (420 mg, 4.29 mmol) were dissolved in dry 

and degassed 1,4-dioxane (18 mL). The reaction mixture was stirred at 80 °C for 4 d. After 

cooling to room temperature, diethyl ether (10 mL) was added, and the solution was 

filtered over a silica plug. Removing the solvent yielded the crude product as a dark brown 

oil which was further purified by column chromatography (silica gel, 50% ethyl acetate in 

hexane). The product containing fraction was dissolved in dichloromethane. Upon addition 

of hexane, an off-white solid precipitated which was collected by filtration. Drying the solid 

in vacuo yielded the pure product as an off-white solid (613 mg, 1.47 mmol, 52%) which 

contained small amounts (ca. 2.5%) of residual B2pin2. The recorded 1H NMR spectrum 

matches that reported in literature.[10] 

1H NMR (500 MHz, CD2Cl2) δ = 8.81 (d, J = 16 Hz, 1 H, CH), 7.88 – 7.85 (m, 1 H, CH), 

7.81 – 7.78 (m, 1 H, CH), 7.75 – 7.73 (m, 1 H, CH), 7.55 (dd, J = 0.5 Hz, J = 8 Hz, 1 H, 

CH), 7.54 – 7.50 (m, 1 H, CH), 7.45 – 7.42 (m, 1 H, CH), 7.23 – 7.22 (m, 1 H, CH), 7.17 

(dd, J = 2 Hz, J = 8 Hz, 1 H, CH), 6.58 (d, J = 16 Hz, 1 H, CH), 6.37 (d, J = 9 Hz, 1 H, CH), 

1.37 (s, 12 H, CH3) ppm. 

11B NMR (160 MHz, CD2Cl2) δ = 31 (s) ppm. 

13C NMR (125 MHz, CD2Cl2) δ = 165.1, 160.6, 155.2, 154.0, 148.8, 143.3, 140.0, 136.7, 

131.6, 130.1, 129.0, 128.8, 126.2, 118.8, 117.6, 117.0, 116.3, 110.6, 84.7, 25.1 ppm. 

HRMS (El+) m/z: [M+H]+ 419.1654; calc. for [C24H24BO6] 419.1660 (|Δ| = 1.43 ppm). 

Elem. Anal. Calc. (%) for C24H23BO6: C 68.92, H 5.54; found: C: 68.85, H: 5.61. 
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11 Appendix 

11.1 Cyclic Voltammograms 

Table 11.1: Peak-to-peak splitting of triarylboranes and bis-triarylboranes investigated. 

Compound Peak-to-peak splitting 

compound [V] 

Peak-to-peak splitting 

Fc/Fc+ [V] 

3.1a 0.215 0.105 

3.2a Red: 0.165 

Ox: 0.160 

0.090 

3.3a Red: 0.100 

Ox1: 0.095 

Ox2: 0.115 

0.100 

3.2c 0.080 0.080 

3.3c 0.080 0.080 

Neut0 Rev red: 0.080 

Irrev red: 0.125 

0.085 

Neut1 Rev red: 0.075 

Irrev red: 0.135 

Ox: 0.070 

0.075 

Neut2 Rev red: 0.100 

Irrev red: 0.125 

Ox: 0.090 

0.109 

Neut(i)2 Rev red: 0.095 

Irrev red: 0.140 

Ox: 0.100 

0.110 

Neut3 Rev red: 0.090 

Irrev red: 0.205 

Ox1: 0.125 

(Ox2: 0.230) 

0.095 

Neut4 Rev red: 0.100 

Irrev red: 0.115 

Ox: 0.100 

0.109 

Cat1+ Red: 0.130 

Ox1: 0.075 

Ox2: 0.095 

0.075 

Cat2+ Red1: 0.075 

Red2: 0.085 

Ox1: 0.085 

Ox2: 0.130 

0.070 

Cat(i)2+ Red: 0.065 

Ox1: 0.090 

Ox2: 0.150 

0.080 

Cat3+ Red1: 0.075 

Red2: 0.070 

Ox1: 0.090 

Ox2: 0.165 

0.080 
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11.1.1 Chapter 3 

11.1.1.1 Neutral Triarylboranes 

Figure 11.1: A) Cyclic voltammogram of 3.1a in THF. B) Reversible Reduction of 3.1a in 

THF. C) Cyclic voltammogram of 3.1a in THF in the presence of Fc/Fc+. 
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Figure 11.2: A) Cyclic voltammogram of 3.2a in THF. B) Partially reversible reduction of 

3.2a in THF. C) Cyclic voltammogram of 3.2a in THF in the presence of Fc/Fc+. 
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Figure 11.3: A) Cyclic voltammogram of 3.3a in THF. B) Cyclic voltammogram of 3.3a in 

THF in the presence of Fc/Fc+. C) Partially reversible reduction of 3.3a in THF. D) 

Reversible oxidations of 3.3a in THF.  
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11.1.1.2 Cationic Triarylboranes 
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Figure 11.4: A) Cyclic voltammogram of 3.2c in MeCN. B) Reversible reduction of 3.2c in 

MeCN. C) Cyclic voltammogram of 3.2c in MeCN in the presence of Fc/Fc+. 
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Figure 11.5: A) Cyclic voltammogram of 3.3c in MeCN. B) Reversible reduction of 3.3c in 

MeCN. C) Cyclic voltammogram of 3.3c in MeCN in the presence of Fc/Fc+. 
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11.1.2 Chapter 4 

11.1.2.1 Neutral bis-Triarylboranes 
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Figure 11.6: A) Cyclic voltammogram of Neut0 in THF. B) Reversible Reduction of Neut0 

in THF. C) Cyclic voltammogram of Neut0 in THF in the presence of Fc/Fc+. 
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Figure 11.7: A) Cyclic voltammogram of Neut1 in THF. B) First reduction and first oxidation 

of Neut1 in THF. C) Reversible Reduction of Neut1 in THF. D) Cyclic voltammogram of 

Neut1 in THF in the presence of Fc/Fc+. 
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Figure 11.8: A) Cyclic voltammogram of Neut2 in THF. B) First reduction and first oxidation 

of Neut2 in THF. C) Cyclic voltammogram of Neut2 in THF in the presence of Fc/Fc+. 
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Figure 11.9: A) Cyclic voltammogram of Neut(i)2 in THF. B) First reduction and first 

oxidation of Neut(i)2 in THF. C) Reversible Reduction of Neut(i)2 in THF. D) Cyclic 

voltammogram of Neut(i)2 in THF in the presence of Fc/Fc+. 
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Figure 11.10: A) Cyclic voltammogram of Neut3 in THF. B) Reversible reduction of Neut3 

in THF. C) Cyclic voltammogram of Neut3 in THF in the presence of Fc/Fc+. 
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Figure 11.11: A) Cyclic voltammogram of Neut4 in THF. B) First reduction and first 

oxidation of Neut4 in THF. C) Cyclic voltammogram of Neut4 in THF in the presence of 

Fc/Fc+. 
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11.1.2.2 Cationic bis-Triarylboranes 
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Figure 11.12: A) Cyclic voltammogram of Cat1+ in MeCN. B) Reversible reduction of Cat1+ 

in MeCN. C) Cyclic voltammogram of Cat1+ in MeCN in the presence of Fc/Fc+. D) Square 

wave experiment for Cat1+ in THF. 
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Figure 11.13: A) Cyclic voltammogram of Cat2+ in MeCN. B) Reversible reduction of Cat2+ 

in MeCN. C) Cyclic voltammogram of Cat2+ in MeCN in the presence of Fc/Fc+. 
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Figure 11.14: A) Cyclic voltammogram of Cat(i)2+ in MeCN. B) Cyclic voltammogram of 

Cat(i)2+ in MeCN without irreversible reduction. C) Reversible reduction of Cat(i)2+ in 

MeCN. D) Cyclic voltammogram of Cat(i)2+ in MeCN in the presence of Fc/Fc+. 
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Figure 11.15: A) Cyclic voltammogram of Cat3+ in MeCN. B) Cyclic voltammogram of Cat3+ 

in MeCN without irreversible reduction. C) Reversible reduction of Cat3+ in MeCN. D) 

Cyclic voltammogram of Cat3+ in MeCN in the presence of Fc/Fc+. 
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11.2 Singlet Oxygen Sensitization 

Note that absorption and emission spectra of all compounds recorded after the singlet 

oxygen measurement remained unchanged (Fehler! Verweisquelle konnte nicht 

gefunden werden., ). 

Figure 11.16: Comparison of absorption and emission spectra of Cat1+-Cat3+ recorded in 

acetonitrile before (left) and after (right) singlet oxygen measurement. [Note: emission 

measured from 430-900 nm with the red-sensitive photomultiplier (PMT-R928P) detector, 

and from 900.5 to 1300 nm with the near-IR PMT detector described in the general 

experimental details.] 
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Figure 11.17: Absorption spectra of Cat1+-Cat3+ in solution, in O2 saturated solution and 

after measurement of singlet oxygen sensing. 
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11.3 Studies in Buffered Solutions 

11.3.1 Chapter 6 

11.3.1.1 Physico-Chemical Properties of Cat1+-Cat3+ in Buffered Solution 

11.3.1.1.1 Solubility in Sodium Cacodylate at pH 7 

DMSO stock solutions of Cat1+, Cat2+, Cat(i)2+ and Cat3+ were diluted with sodium 

cacodylate solutions (pH 7, I = 0.05 M) to concentrations of ca. 2 x 10-5 – 8 x 10-6 M. The 

corresponding absorption maxima and molar extinction coefficients are very similar for 

buffered solutions containing small amounts of DMSO and water solutions containing max. 

1% acetonitrile (Table 11.2). The same is true for the respective emission spectra. 

However, upon heating, the emission of Cat1+, Cat2+, and Cat3+ is quenched by ca. 40-

50%. In contrast, the emission of Cat(i)2+ increases by ca. 15% upon heating. After cooling 

to room temperature, the emission of Cat2+ and Cat3+ was restored, while the spectra of 

Cat1+ and Cat(i)2+ were not. 

 

11.3.1.1.2 Stability of UV/Vis Spectra 

The UV/Vis spectra of examined compounds were recorded in sodium cacodylate buffer 

(c = 0.05 M) at pH 7 (Figure 11.18-Figure 11.21). Absorbancies of aqueous solutions of 

the compounds were proportional to their concentrations up to concentrations c = 2  10-

5 M. The absorption maxima and the corresponding molar extinction coefficients are given 

in Table 11.2. 

 

Table 11.2: Absorption maxima and molar extinction coefficient of Cat1+-Cat3+ determined 

in 1% MeCN in water and DMSO in sodium cacodylate. 

 DMSO in sodium cacodylate 1% MeCN in water 

 
𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  

[nm] 

ε 

[L mol-1 cm-1] 

𝜆𝑚𝑎𝑥
𝑎𝑏𝑠  

[nm] 

ε 

[L mol-1 cm-1] 

Cat1+ 414 33 300 ±600 415 29 500 ±1 200 

Cat2+ 422 37 700 ±900 
424 31 100 ±300 

Cat(i)2+ 417 30 800 ±200 424 34 000 ±1 500 

Cat3+ 421 30 900 ±700 423 36 000 ±900 
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Figure 11.18: A) UV/Vis spectra of Cat1+ (c = 4.9 × 10-6 – 2 × 10-5 M). B) Linear 

dependence (—) of the absorbance at 414 nm (■) on the concentration of Cat1+. C) 

Temperature dependence (T = 25 °C – 95 °C) of UV/Vis spectra (c = 2 × 10-5 M; sodium 

cacodylate buffer, pH = 7, I = 0.05 M). 
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Figure 11.19: A) UV/Vis spectra of Cat2+ (c = 4.9 × 10-6 – 2 × 10-5 M). B) Linear 

dependence (—) of the absorbance at 422 nm (■) on the concentration of Cat2+. C) 

Temperature dependence (T = 25 °C – 95 °C) of the UV/Vis spectra (c = 2 × 10-5 M; 

sodium cacodylate buffer, pH = 7, I = 0.05 M). 
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Figure 11.20: A) UV/Vis spectra of Cat(i)2+ (c = 5 × 10-6 – 2 × 10-5 M). B) Linear 

dependence (—) of the absorbance at 417 nm (■) on the concentration of Cat(i)2+. C) 

Temperature dependence (T = 25 °C – 95 °C) of UV/Vis spectra (c = 2 × 10-5 M; sodium 

cacodylate buffer, pH = 7, I = 0.05 M). 
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Figure 11.21: A) UV/Vis spectra of Cat3+ (c = 5 × 10-6 – 2 × 10-5 M). B) Linear dependence 

(—) of the absorbance at 421 nm (■) on the concentration of Cat3+. C) Temperature 

dependence (T = 25 °C – 95 °C) of UV/Vis spectra (c = 2 × 10-5 M; sodium cacodylate 

buffer, pH = 7, I = 0.05 M). 
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11.3.1.1.3 Fluorimetric Spectra 
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Figure 11.22: A) Emission spectra of Cat1+ (λexc = 414 nm; c = 2 × 10-6 – 8 × 10-6 M). B) 

Linear dependence (—) of the fluorescence intensity (λexc = 414 nm, λem = 523 nm) (■) on 

the concentration of Cat1+. C) Influence of temperature increase (T = 25 °C – 95 °C) on 

fluorescence spectra of Cat1+ (c = 8 × 10-6 M; sodium cacodylate buffer, pH = 7, I = 

0.05 M). D) Comparison of emission and excitation spectra (λem = 523 nm). 
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Figure 11.23: A) Emission spectra of Cat2+ (λexc = 422 nm; c = 2 × 10-6 – 8 × 10-6 M). B) 

Linear dependence (—) of the fluorescence intensity (λexc = 422 nm, λem = 533 nm) (■) on 

the concentration of Cat2+. C) Influence of temperature increase (T = 25 °C – 95 °C) on 

fluorescence spectra of Cat2+ (c = 8 × 10-6 M; sodium cacodylate buffer, pH = 7, I = 

0.05 M). D) Comparison of emission and excitation spectra (λem = 533 nm). 
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Figure 11.24: A) Emission spectra of Cat(i)2+ (λexc = 417 nm; c = 2 × 10-6 – 8 × 10-6 M). B) 

Linear dependence (—) of the fluorescence intensity (λexc = 417 nm, λem = 517 nm) (■) on 

the concentration of Cat(i)2+. C) Influence of temperature increase (T = 25 °C – 95 °C) on 

fluorescence spectra of Cat(i)2+ (c = 8 × 10-6 M; sodium cacodylate buffer, pH = 7, I = 

0.05 M). D) Comparison of emission and excitation spectra (λem = 517 nm). 
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Figure 11.25: A) Emission spectra of Cat3+ (λexc = 421 nm; c = 2 × 10-6 – 8 × 10-6 M). B) 

Linear dependence (—) of the fluorescence intensity (λexc = 421 nm, λem = 531 nm) (■) on 

the concentration of Cat3+. C) Influence of temperature increase (T = 25 °C – 95 °C) on 

fluorescence spectra of Cat3+ (c = 8 × 10-6 M; sodium cacodylate buffer, pH = 7, I = 

0.05 M). D) Comparison of emission and excitation spectra (λem = 531 nm). 
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11.3.1.2 Interaction of Cat1+-Cat3+ with ctDNA, and pApU at pH 7 

11.3.1.2.1 Thermal Melting Experiments 
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Figure 11.26: A) Thermal denaturation curves of ctDNA (c(ctDNA) = 2.26  10-5 M, 

r[Cat1+]/[ctDNA] = 0.1 to 0.3) at pH 7 (sodium cacodylate buffer, I = 0.05 M) upon addition of 

Cat1+. Error in Tm values: 0.5 C. B) Thermal denaturation curves of pApU (c(pApU) = 

2.49  10-5 M, r[Cat1+]/[pApU] = 0.1 to 0.3) at pH 7 (sodium cacodylate buffer, I = 0.05 M) upon 

addition of Cat1+. Error in Tm values: 0.5 C. The vertical lines are added to chart the 

changes of the melting temperatures. 
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Figure 11.27: A) Thermal denaturation curves of ctDNA (c(ctDNA) = 2.26  10-5 M, 

r[Cat2+]/[ctDNA] = 0.1 to 0.3) at pH 7 (sodium cacodylate buffer, I = 0.05 M) upon addition of 

Cat2+. Error in Tm values: 0.5 C. B) Thermal denaturation curves of pApU (c(pApU) = 

2.49  10-5 M, r[Cat2+]/[pApU] = 0.1 to 0.3) at pH 7 (sodium cacodylate buffer, I = 0.05 M) upon 

addition of Cat2+. Error in Tm values: 0.5 C. The vertical lines are added to chart the 

changes of the melting temperatures.  
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Figure 11.28: A) Thermal denaturation curves of ctDNA (c(ctDNA) = 2.26  10-5 M, 

r[Cat(i)2+]/[ctDNA] = 0.1 to 0.3) at pH 7 (sodium cacodylate buffer, I = 0.05 M) upon addition of 

Cat(i)2+. Error in Tm values: 0.5 C. B) Thermal denaturation curves of pApU (c(pApU) = 

2.49  10-5 M, r[Cat(i)2+]/[pApU] = 0.1 to 0.3) at pH 7 (sodium cacodylate buffer, I = 0.05 M) 

upon addition of Cat(i)2+. Error in Tm values: 0.5 C. The vertical lines are added to chart 

the changes of the melting temperatures. 
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Figure 11.29: A) Thermal denaturation curves of ctDNA (c(ctDNA) = 2.26  10-5 M, 

r[Cat3+]/[ctDNA] = 0.1 to 0.3) at pH 7 (sodium cacodylate buffer, I = 0.05 M) upon addition of 

Cat3+. Error in Tm values: 0.5 C. B) Thermal denaturation curves of pApU (c(pApU) = 

2.49  10-5 M, r[Cat3+]/[pApU] = 0.1 to 0.3) at pH 7 (sodium cacodylate buffer, I = 0.05 M) upon 

addition of Cat3+. Error in Tm values: 0.5 C. The vertical lines are added to chart the 

changes of the melting temperatures. 
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11.3.1.2.2 Fluorimetric Titrations 
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Figure 11.30: A) Fluorimetric titration of Cat1+ (c = 1  10-7 M; λexc = 414 nm; pH 7, sodium 

cacodylate buffer, I = 0.05 M) with ctDNA. B) Dependence of fluorescence of Cat1+ at 

λmax = 523 nm on c(ctDNA).  
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Figure 11.31: A) Fluorimetric titration of Cat1+ (c = 5  10-7 M; λexc = 414 nm; pH 7, sodium 

cacodylate buffer, I = 0.05 M) with pApU. B) Dependence of fluorescence of Cat1+ at λmax = 

523 nm on c(pApU). It has to be noted that during the measurement, formation of colloids 

was observed. 
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Figure 11.32: A) Fluorimetric titration of Cat2+ (c = 1  10-7 M; λexc = 422 nm; pH 7, sodium 

cacodylate buffer, I = 0.05 M) with ctDNA. B) Dependence of fluorescence of Cat2+ at 

λmax = 522 nm on c(ctDNA). 
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Figure 11.33: A) Fluorimetric titration of Cat2+ (c = 1  10-7 M; λexc= 422 nm; pH 7, sodium 

cacodylate buffer, I = 0.05 M) with pApU. B) Dependence of fluorescence of Cat2+ at λmax = 

522 nm on c(pApU).  
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Figure 11.34: A) Fluorimetric titration of Cat(i)2+ (c = 1  10-7 M; λexc = 417 nm; pH 7, 

sodium cacodylate buffer, I = 0.05 M) with ctDNA. B) Dependence of fluorescence of 

Cat(i)2+ at λmax = 517 nm on c(ctDNA).  

 

A 

450 500 550 600 650 700
0

50

100

150

200

250

l [nm]

R
e

l.
 F

lu
o

. 
In

t.
 [

M
]

 t0

 t1

 t2

 t3

 t4

 t5

 t6

 t7

 t8

 

B

0.0 3.0x10-6 6.0x10-6 9.0x10-6

150

175

200

225

c(pApU) [M]

R
e

l.
 F

lu
o

. 
In

t.
 a

t 
5

1
7

 n
m

 [
M

]

logK=7.8

 
Figure 11.35: A) Fluorimetric titration of Cat(i)2+ (c = 1  10-7 M; λexc = 417 nm; pH 7, 

sodium cacodylate buffer, I = 0.05 M) with pApU. B) Dependence of fluorescence of 

Cat(i)2+ at λmax = 517 nm on c(pApU). 
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Figure 11.36: A) Fluorimetric titration of ctDNA (c = 1  10-7 M ; λexc = 421 nm; pH 7, 

sodium cacodylate buffer, I = 0.05 M) with Cat3+. B) Dependence of fluorescence of Cat3+ 

at λmax = 531 nm on c(ctDNA). 
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Figure 11.37: A) Fluorimetric titration of Cat3+ (c = 1  10-7 M; λexc = 421 nm; pH 7, sodium 

cacodylate buffer, I = 0.05 M) with pApU. B) Dependence of fluorescence of Cat3+ at λmax = 

531 nm on c(pApU). 
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11.3.1.2.3 Circular Dichroism Experiments 
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Figure 11.38: A) CD titration of ctDNA (c(ctDNA) = 2  10-5 M; pH 7, sodium cacodylate 

buffer, I = 0.05 M) with Cat1+ at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. B) CD titration 

of pApU (c(pApU) = 2.5  10-5 M; pH 7, sodium cacodylate buffer, I = 0.05 M) with Cat1+ 

at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. 
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Figure 11.39: A) CD titration of ctDNA (c(ctDNA) = 2  10-5 M; pH 7, sodium cacodylate 

buffer, I = 0.05 M) with Cat2+ at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. B) CD titration 

of pApU (c(pApU) = 2.5  10-5 M; pH 7, sodium cacodylate buffer, I = 0.05 M) with Cat2+ 

at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. 
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Figure 11.40: A) CD titration of ctDNA (c(ctDNA) = 2  10-5 M; pH 7, sodium cacodylate 

buffer, I = 0.05 M) with Cat(i)2+ at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. B) CD 

titration of pApU (c(pApU) = 2.5  10-5 M; pH 7, sodium cacodylate buffer, I = 0.05 M) with 

Cat(i)2+ at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. 
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Figure 11.41: A) CD titration of ctDNA (c(ctDNA) = 2  10-5 M; pH 7, sodium cacodylate 

buffer, I = 0.05 M) with Cat3+ at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. B) CD titration 

of pApU (c(pApU) = 2.5  10-5 M; pH 7, sodium cacodylate buffer, I = 0.05 M) with Cat3+ 

at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. 
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11.3.1.3 Interaction of Cat1+-Cat4+ with ctDNA, and DNApore at pH 8 

11.3.1.3.1 Thermal Melting Experiments 
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Figure 11.42: Thermal denaturation curves of A) ctDNA (c(ctDNA) = 2.26  10-5 M, 

r[Cat1+]/[ctDNA] = 0.25) and B) DNApore (c(DNApore) = 2  10-5 M, r[Cat1+]/[DNApore] = 0.25 to 0.5) 

at pH 8 (15 mM Tris-HCl, 300 mM KCl) upon addition of Cat1+. Error in Tm values: 

0.5 C. 
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Figure 11.43: Thermal denaturation curves of A) ctDNA (c(ctDNA) = 2.26  10-5 M, 

r[Cat2+]/[ctDNA] = 0.25) and B) DNApore (c(DNApore) = 2.49  10-5 M, r[Cat2+]/[DNApore] = 0.25 to 

0.5) at pH 8 (15 mM Tris-HCl, 300 mM KCl) upon addition of Cat2+. Error in Tm values: 

0.5 C. 
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Figure 11.44: Thermal denaturation curves of A) ctDNA (c(ctDNA) = 2.26  10-5 M, 

r[Cat(i)2+]/[ctDNA] = 0.25 to 0.5) and B) DNApore (c(DNApore) = 1.05  10-6 M, r[Cat(i)2+]/[DNApore] = 

0.25 to 0.5) at pH 8 (15 mM Tris-HCl, 300 mM KCl) upon addition of Cat(i)2+. Error in Tm 

values: 0.5 C. 
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Figure 11.45: Thermal denaturation curves of A) ctDNA (c(ctDNA) = 2.26  10-5 M, 

r[Cat3+]/[ctDNA] = 0.25 to 0.5) and B) DNApore (c(DNApore) = 1.05  10-6 M, r[Cat3+]/[DNApore] = 

0.25 to 0.5) at pH 8 (15 mM Tris-HCl, 300 mM KCl) upon addition of Cat3+. Error in Tm 

values: 0.5 C. 
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Figure S1: Thermal denaturation curves of DNApore (c(DNApore) = 2  10-5 M, r[Cat4+]/[DNApore] = 0.25 to 0.5) at pH 8 

(15 mM Tris-HCl, 300 mM KCl) upon addition of Cat4+. Error in Tm values: 0.5 C. 

 

11.3.1.3.2 Fluorimetric Titrations 

 

Fluorimetric titration of Cat1+ with ctDNA at pH 8 (15 mM Tris-HCl, 300 mM KCl) was not 

performed as the titration at pH 7 showed now binding between Cat1+ and ctDNA. 
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Figure 11.46: A) Fluorimetric titration of Cat1+ (c = 5  10-7 M; λexc = 414 nm; pH 8, 15 mM 

Tris-HCl, 300 mM KCl) with DNApore. B) Dependence of fluorescence of Cat1+ at λmax = 

524 nm on c(DNApore). It has to be noted that during the measurement, formation of 

colloids was observed.   
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Figure 11.47: A) Fluorimetric titration of Cat2+ (c = 4  10-7 M; λexc = 422 nm; pH 8, 15 mM 

Tris-HCl, 300 mM KCl) with ctDNA. B) Dependence of fluorescence at λmax = 532 nm on 

c(ctDNA). 
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Figure 11.48: A) Fluorimetric titration of Cat2+ (c = 5  10-7 M; λexc = 422 nm; pH 8, 15 mM 

Tris-HCl, 300 mM KCl) with DNApore. B) Dependence of fluorescence of Cat2+ at λmax = 

527 nm on c(DNApore). 

 

  



CHAPTER 11  Studies in Buffered Solutions 

274 

A 

450 500 550 600 650 700
0

100

200

300

400

500

 t0

 t1

 t2

 t3

 t4

 t5

 t6

 t7

 t8

 t9

l [nm]

R
e

l.
 F

lu
o

. 
In

t.
 [

M
]

 

B 

0.0 3.0x10-5 6.0x10-5 9.0x10-5 1.2x10-4

350

400

450

500

550

600

c(ctDNA) [M]

R
e

l.
 F

lu
o

. 
In

t.
 a

t 
5

1
7

 n
m

 [
M

]

 
Figure 11.49: A) Fluorimetric titration of Cat(i)2+ (c = 5  10-7 M; λexc = 417 nm; pH 8, 

15 mM Tris-HCl, 300 mM KCl) with ctDNA. B) Dependence of fluorescence of Cat(i)2+ at 

λmax = 517 nm on c(ctDNA). 
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Figure 11.50: Fluorimetric titration of Cat(i)2+ (c = 5  10-7 M; λexc = 417 nm; pH 8, 15 mM 

Tris-HCl, 300 mM KCl) with DNApore. B) Dependence of fluorescence of Cat(i)2+ at λmax = 

517 nm on c(DNApore). 
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Figure 11.51: A) Fluorimetric titration of Cat3+ (c = 510-7 M; λexc = 421 nm; pH 8, 15 mM 

Tris-HCl, 300 mM KCl) with ctDNA. B) Dependence of fluorescence of Cat3+ at λmax = 

531 nm on c(ctDNA). 
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Figure 11.52: A) Fluorimetric titration of Cat3+ (c = 5  10-7 M; λexc = 421 nm; pH 8, 15 mM 

Tris-HCl, 300 mM KCl) with DNApore. B) Dependence of fluorescence of Cat3+ at λmax = 

531 nm on c(DNApore). 
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Figure 11.53: A) Fluorimetric titration of Cat4+ (c = 4  10-7 M; λexc = 425 nm; pH 8, 15 mM 

Tris-HCl, 300 mM KCl) with DNApore. B) Dependence of fluorescence of Cat4+ at λmax = 

534 nm on c(DNApore). 

 

11.3.1.3.3 Circular Dichroism Experiments 
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Figure 11.54: A) CD titration of ctDNA (c(ctDNA) = 2  10-5 M; pH 8, 15 mM Tris-HCl, 

300 mM KCl) with Cat1+ at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. B) CD titration of 

DNApore (c(DNApore) = 2.5  10-5 M; pH 8, 15 mM Tris-HCl, 300 mM KCl) with Cat1+ at 

molar ratios r[compound]/[polynucleotide] = 0.1 – 1.  
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Figure 11.55: A) CD titration of ctDNA (c(ctDNA) = 2  10-5 M; pH 8, 15 mM Tris-HCl, 

300 mM KCl) with Cat2+ at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. B) CD titration of 

DNApore (c(DNApore) = 5  10-5 M; pH 8, 15 mM Tris-HCl, 300 mM KCl) with Cat2+ at 

molar ratios r[compound]/[polynucleotide] = 0.1 – 1. C) Dependence of CD signal of DNApore at 

λmax = 431 nm on c(Cat2+). 
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Figure 11.56: A) CD titration of ctDNA (c(ctDNA) = 2  10-5 M; pH 8, 15 mM Tris-HCl, 

300 mM KCl) with Cat(i)2+ at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. B) CD titration of 

DNApore (c(DNApore) = 5  10-5 M; pH 8, 15 mM Tris-HCl, 300 mM KCl) with Cat(i)2+ at 

molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. C) Dependence of CD signal of ctDNA at λmax = 

430 nm on c(Cat(i)2+). D) Dependence of CD signal of DNApore at λmax = 420 nm on 

c(Cat(i)2+). 
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Figure 11.57: A) CD titration of ctDNA (c(ctDNA) = 2  10-5 M; pH 8, 15 mM Tris-HCl, 

300 mM KCl) with Cat3+ at molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. B) CD titration of 

DNApore (c(DNApore) = 5  10-5 M; pH 8, 15 mM Tris-HCl, 300 mM KCl) with Cat3+ at 

molar ratios r[compound]/[polynucleotide] = 0.1 – 0.5. C) Dependence of CD signal of ctDNA at λmax = 

430 nm on c(Cat3+). D) Dependence of CD signal of DNApore at λmax = 282 nm on c(Cat3+). 
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Figure 11.58: CD titration of DNApore (c(DNApore) = 5  10-5 M; pH 8, 15 mM Tris-HCl, 

300 mM KCl) with Cat4+ at molar ratios r[compound]/[polynucleotide] = 0.1 – 1. 
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11.3.1.1 Cell Studies 

11.3.1.1.1 Photoinduced Cell Damage 

 

Figure 11.59: Emission of A549 cells stained with Cat2+. Images were taken at times 

indicated showing fast bleaching of the emission of Cat2+. 
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Figure 11.60: Emission of A549 cells stained with Cat2+ overlayed with bright field images. 

Images were taken at times indicated showing fast bleaching of the emission of Cat2+ and 

simultaneous cell blebbing. 
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Figure 11.61: Emission of A549 cells stained with Cat(i)2+. Images were taken at times 

indicated showing fast bleaching of the emission of Cat(i)2+. 
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Figure 11.62: Emission of A549 cells stained with Cat(i)2+ overlayed with bright field 

images. Images were taken at times indicated showing fast bleaching of the emission of 

Cat(i)2+ and simultaneous cell blebbing. 
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Figure 11.63: Emission of A549 cells stained with Cat3+. Images were taken at times 

indicated showing fast bleaching of the emission of Cat3+. 
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Figure 11.64: Emission of A549 cells stained with Cat3+ overlayed with bright field images. 

Images were taken at times indicated showing fast bleaching of the emission of Cat3+ and 

simultaneous cell blebbing. 
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11.4 NMR Spectra 

11.4.1 Chapter 3 

 

Figure 11.65: 1H NMR spectrum of compound 3.1a recorded in CD2Cl2 at 500 MHz. 

 

Figure 11.66: 11B{1H} NMR spectrum of compound 3.1a recorded in CD2Cl2 at 160 MHz. 
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Figure 11.67: 13C{1H} NMR spectrum of compound 3.1a recorded in CD2Cl2 at 125 MHz. 

 

Figure 11.68: 1H NMR spectrum of 3.11 in C6D6 at 500 MHz. 
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Figure 11.69: 11B{1H} NMR spectrum of 3.11 in C6D6 at 160 MHz. 

 

Figure 11.70: 13C{1H} NMR spectrum of 3.11 in C6D6 at 125 MHz. 
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Figure 11.71: 1H – 13C HMBC NMR spectrum of 3.11 in C6D6 at 500 MHz. 

 

Figure 11.72: 19F NMR spectrum of 3.11 in C6D6 at 470 MHz. 
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Figure 11.73: 1H NMR spectrum of 3.2a in CD2Cl2 at 500 MHz. 

 

Figure 11.74: 11B{1H} NMR spectrum of 3.2a in CD2Cl2 at 160 MHz. 
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Figure 11.75: 13C{1H} NMR spectrum of 3.2a in CD2Cl2 at 125 MHz. 

 

Figure 11.76: 1H – 13C HMBC NMR spectrum of 3.2a in CD2Cl2 at 500 MHz. 
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Figure 11.77: 1H NMR spectrum of 3.2b in CD2Cl2 at 500 MHz. 

 

Figure 11.78: 11B{1H} NMR spectrum of 3.2b in CD2Cl2 at 160 MHz. 
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Figure 11.79: 13C{1H} NMR spectrum of 3.2b in CD2Cl2 at 125 MHz. 

 

Figure 11.80: 1H – 13C HMBC NMR spectrum of 3.2b in CD2Cl2 at 500 MHz. 
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Figure 11.81: 1H NMR spectrum of compound 3.2c recorded in CD3OD at 500 MHz. 

 

Figure 11.82: 11B{1H} NMR spectrum of compound 3.2c recorded in CD3OD at 160 MHz. 
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Figure 11.83: 13C{1H} NMR spectrum of compound 3.2c recorded in CD3OD at 125 MHz. 

 

Figure 11.84: 1H – 13C HSQC spectrum of compound 3.2c recorded in CD3OD at 500 MHz. 
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Figure 11.85: 1H – 13C HMBC spectrum of compound 3.2c recorded in CD3OD at 500 MHz. 
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11.4.2 Chapter 4 

 

Figure 11.86: 1H NMR spectrum of 4.2 recorded in CD2Cl2 at 500 MHz. 

 

Figure 11.87: 11B{1H} NMR spectrum of 4.2 recorded in CD2Cl2 at 160 MHz. 
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Figure 11.88: 13C{1H} NMR spectrum of 4.2 recorded in CD2Cl2 at 125 MHz. 

 

Figure 11.89: 1H NMR spectrum of 4.3 recorded in CD2Cl2 at 500 MHz. 
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Figure 11.90: 11B{1H} NMR spectrum of 4.3 recorded in CD2Cl2 at 160 MHz. 

 

Figure 11.91: 13C{1H} NMR spectrum of 4.3 recorded in CD2Cl2 at 125 MHz. 
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Figure 11.92: 1H NMR spectrum of 4.5 recorded in CD2Cl2 at 500 MHz.  

 

Figure 11.93: 11B{1H} NMR spectrum of 4.5 recorded in CD2Cl2 at 160 MHz. 
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Figure 11.94: 13C{1H} NMR spectrum of 4.5 recorded in CD2Cl2 at 125 MHz. 

 

Figure 11.95: 1H NMR spectrum of compound 4.6 recorded in CD2Cl2 at 300 MHz. Dots 

mark remaining starting material. Red dot marks signal which was used for estimation of 

ratio of starting material to product. 
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Figure 11.96: 1H NMR spectrum of 4.7 recorded in CD2Cl2 at 500 MHz. Dots mark 

remaining diethyl ether. 

 

Figure 11.97: 11B{1H} NMR spectrum of 4.7 recorded in CD2Cl2 at 160 MHz. 



CHAPTER 11  NMR Spectra 

304 

 

Figure 11.98: 13C{1H} NMR spectrum of 4.7 recorded in CD2Cl2 at 125 MHz. Dots mark 

remaining diethyl ether. 

 

Figure 11.99: 1H NMR spectrum of compound 4.8 recorded in CD2Cl2 at 300 MHz. Dots 

mark remaining starting material. Red dot marks signal which was used for estimation of 

ratio of starting material to product. 
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Figure 11.100: 1H NMR spectrum of compound Neut0 recorded in CD2Cl2 at 500 MHz. 

 

Figure 11.101: 13C{1H} NMR spectrum of compound Neut0 recorded in CD2Cl2 at 

125 MHz. 
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Figure 11.102: 1H NMR spectrum of compound Neut1 recorded in CD2Cl2 at 500 MHz. 

 

Figure 11.103: 11B{1H} NMR spectrum of compound Neut1 recorded in CD2Cl2 at 

160 MHz. 
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Figure 11.104: 13C{1H} NMR spectrum of compound Neut1 recorded in CD2Cl2 at 

125 MHz. 

 

Figure 11.105: 1H – 13C HSQC spectrum of compound Neut1 recorded in CD2Cl2 at 

500 MHz. 
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Figure 11.106: 1H – 13C HMBC spectrum of compound Neut1 recorded in CD2Cl2 at 

500 MHz. 

 

Figure 11.107: 1H NMR spectrum of Neut2 recorded in CD2Cl2 at 500 MHz. 
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Figure 11.108: 11B{1H} NMR spectrum of Neut2 recorded in CD2Cl2 at 160 MHz. 

 

Figure 11.109: 13C{1H} NMR spectrum of Neut2 recorded in CD2Cl2 at 125 MHz. 
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Figure 11.110: 1H NMR spectrum of compound Neut(i)2 recorded in CD2Cl2 at 500 MHz. 

 

Figure 11.111: 11B{1H} NMR spectrum of compound Neut(i)2 recorded in CD2Cl2 at 

160 MHz. 
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Figure 11.112: 13C{1H} NMR spectrum of compound Neut(i)2 recorded in CD2Cl2 at 

125 MHz. 

 

Figure 11.113: 1H – 13C HSQC spectrum of compound Neut(i)2 recorded in CD2Cl2 at 

500 MHz. 
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Figure 11.114: 1H – 13C HMBC spectrum of compound Neut(i)2 recorded in CD2Cl2 at 

500 MHz. 

 

Figure 11.115: 1H NMR spectrum of compound Neut3 recorded in CD2Cl2 at 500 MHz. 
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Figure 11.116: 11B{1H} NMR spectrum of compound Neut3 recorded in CD2Cl2 at 

160 MHz. 

 

Figure 11.117: 13C{1H} NMR spectrum of compound Neut3 recorded in CD2Cl2 at 

125 MHz. 
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Figure 11.118: 1H – 13C HSQC spectrum of compound Neut3 recorded in CD2Cl2 at 

500 MHz. 

 

Figure 11.119: 1H – 13C HMBC spectrum of compound Neut3 recorded in CD2Cl2 at 

500 MHz. 
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Figure 11.120: 1H NMR spectrum of compound Cat1+ recorded in CD3OD at 500 MHz. 

 

 

Figure 11.121: 13C{1H} NMR spectrum of compound Cat1+ recorded in CD3OD at 125 MHz. 
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Figure 11.122: 1H – 13C HSQC spectrum of compound Cat1+ recorded in CD3OD at 

500 MHz. 

 

Figure 11.123: 1H – 13C HMBC spectrum of compound Cat1+ recorded in CD3OD at 

500 MHz. 
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Figure 11.124: 1H NMR spectrum of Cat2+ recorded in CD3OD at 500 MHz. 

 

Figure 11.125: 13C{1H} NMR spectrum of Cat2+ recorded in CD3OD at 125 MHz. 
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Figure 11.126: 1H NMR spectrum of Cat(i)2+ recorded in CD3OD at 500 MHz. 

 

Figure 11.127: 13C{1H} NMR spectrum of Cat(i)2+ recorded in CD3OD at 125 MHz. 
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Figure 11.128: 1H – 13C HSQC spectrum of compound Cat(i)2+ recorded in CD3OD at 

500 MHz. 

 

Figure 11.129: 1H – 13C HMBC spectrum of compound Cat(i)2+ recorded in CD3OD at 

500 MHz. 
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Figure 11.130: 1H NMR spectrum of Cat3+ recorded in CD3OD at 500 MHz. 

 

Figure 11.131: 13C{1H} NMR spectrum of Cat3+ recorded in CD3OD at 125 MHz. 
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Figure 11.132: 1H – 13C HSQC spectrum of compound Cat3+ recorded in CD3OD at 

500 MHz. 

 

Figure 11.133: 1H – 13C HMBC spectrum of compound Cat3+ recorded in CD3OD at 

500 MHz.   
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11.4.3 Chapter 7 

 

Figure 11.134: 1H NMR spectrum of 7.7 recorded in CD2Cl2 at 300 MHz. 

 

Figure 11.135: 1H NMR spectrum of 7.8 recorded in CD2Cl2 at 500 MHz. 
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Figure 11.136: 11B{1H} NMR spectrum of 7.8 recorded in CD2Cl2 at 160 MHz. 

 

Figure 11.137: 13C{1H} NMR spectrum of 7.8 recorded in CD2Cl2 at 125 MHz. 
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Figure 11.138: 1H NMR spectrum of 7.15 recorded in CD2Cl2 at 500 MHz. 

 

 

Figure 11.139: 13C{1H} NMR spectrum of 7.15 recorded in CD2Cl2 at 125 MHz. 
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Figure 11.140: 1H NMR spectrum of 7.6 recorded in CD2Cl2 at 500 MHz. 

 

Figure 11.141: 11B{1H} NMR spectrum of 7.6 recorded in CD2Cl2 at 160 MHz. 
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Figure 11.142: 13C{1H} NMR spectrum of 7.6 recorded in CD2Cl2 at 125 MHz. 
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11.5 HRMS Spectra 

11.5.1 Chapter 7 

 

Figure 11.143: HRMS spectrum (ASAP pos) of 7.8 recorded for characterization. 
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Figure 11.144: HRMS spectrum (ASAP pos) of 7.15 recorded for characterization. 
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Figure 11.145: HRMS spectrum (ASAP pos) of 7.6 recorded for characterization. 
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11.6 Crystal Structures 

11.6.1 Chapter 3 

Table 11.3: Single-crystal X-ray diffraction data and structure refinements of 3.2a and 

3.2b. 

Data 3.2a 3.2b 

CCDC number 2045567 2045566 

Empirical formula C55H70B2Cl2N2 C33H45B2NO2 

Formula weight 

(g·mol–1) 

851.65 509.32 

Temperature (K) 100(2) 296(2) 

Radiation, l (Å) Mo-K 0.71073 Mo-K 0.71073 

Crystal system Triclinic Monoclinic 

Space group P1 P21/c 

Unit cell dimensions   

 a (Å) 8.193(4) 8.102(5) 

 b (Å) 16.849(8) 22.572(5) 

 c (Å) 18.995(9) 16.990(4) 

  (°) 113.933(11) 90 

  (°) 92.463(16) 91.67(2) 

  (°) 95.778(10) 90 

Volume (Å3) 2374.3(19) 3106(2) 

Z 2 4 

Calculated density (Mg·m–3) 1.191 1.089 

Abs. coefficient (mm–1) 0.176 0.065 

F(000) 916 1104 

Theta range for collection 1.367 to 26.395° 

 

1.501 to 26.773° 

Reflections collected 79205 54729 

Independent reflections 9726 6616 

Minimum/maximum 

transmission 

0.7101/0.7454 0.7208/0.7449 

Refinement method Full-matrix least-squares 

on F2 

Full-matrix least-squares 

on F2 

Data / parameters / restrains 9726 / 596 / 120 6616 / 356 / 0 

Goodness-of-fit on F2 1.016 1.034 

Final R indices [I>2(I)] R1 = 0.0502, wR2 = 0.1184 R1 = 0.0437, wR2 = 0.1128 

R indices (all data) R1 = 0.0846, wR2 = 0.1361 R1 = 0.0527, wR2 = 0.1202 

Max./min. residual electron 

density (e·Å–3) 

0.390 / –0.314 0.332 / –0.252 
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11.7 TD-DFT Calculations 

11.7.1 Chapter 3 

3.1a         

Functional used: TD-DFT CAM-

B3LYP 6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy [eV] Symmetry 

 

L+4 0.39 B 

L+3 0.33 A 

L+2 0.00 A 

L+1 −0.01 B 

LUMO −1.60 B 

HOMO −5.94 A 

H-1 −6.02 B 

H-2 −6.17 A 

H-3 −6.26 A 

H-4 −6.26 B 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.4: Lowest energy singlet electronic transitions of 3.1a (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.98 310 0.134 B HOMO->LUMO (93%) 0.583 

2 4.07 305 0.010 A H-1->LUMO (91%) 0.634 

3 4.51 275 0.028 B H-2->LUMO (86%) 0.521 

4 4.59 270 0.031 A H-4->LUMO (82%) 0.494 

5 4.60 269 0.034 B H-3->LUMO (84%) 0.506 

6 4.74 261 0.000 A H-5->LUMO (90%) 0.682 

7 5.66 219 0.037 B H-4->L+2 (17%), 

H-1->L+3 (10%), 

HOMO->L+1 (12%), 

HOMO->L+4 (19%) 

0.639 

8 5.66 219 0.028 A H-4->LUMO (14%), 

H-2->L+2 (12%), 

HOMO->L+3 (18%) 

0.655 

9 5.71 217 0.088 B H-6->LUMO (40%) 0.625 

10 5.74 216 0.035 B H-6->LUMO (28%), 

H-3->L+1 (12%), 

H-1->L+2 (15%) 

0.651 
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3.2a      

Functional used: TD-DFT CAM-B3LYP 

6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy [eV] Symmetry 

 

L+4 0.52 A 

L+3 0.48 A 

L+2 0.30 A 

L+1 0.12 A 

LUMO −1.36 A 

HOMO −5.02 A 

H-1 −5.83 A 

H-2 −6.03 A 

H-3 −6.05 A 

H-4 −6.12 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.5: Lowest energy singlet electronic transitions of 3.2a (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.65 339 0.283 A HOMO->LUMO (87%) 0.495 

2 4.13 300 0.101 A H-1->LUMO (87%) 0.572 

3 4.57 271 0.010 A H-2->LUMO (66%), 

HOMO->L+4 (11%) 

0.511 

4 4.61 269 0.016 A H-3->LUMO (79%) 0.576 

5 4.68 265 0.020 A H-5->LUMO (56%), 

H-2->LUMO (13%) 

0.521 

6 4.69 264 0.015 A H-4->LUMO (83%) 0.580 

7 5.24 237 0.091 A H-5->LUMO (26%), 

HOMO->L+1 (24%), 

HOMO->L+4 (33%) 

0.495 

8 5.50 225 0.316 A H-7->LUMO (11%), 

H-6->LUMO (24%), 

HOMO->L+2 (36%), 

HOMO->L+5 (11%) 

0.565 

9 5.64 220 0.014 A H-1->L+3 (15%), 

HOMO->L+2 (13%) 

0.631 

10 5.71 217 0.030 A H-4->L+1 (14%), 

HOMO->L+2 (10%) 

0.621 
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3.3a       

Functional used: TD-DFT CAM-B3LYP 

6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy [eV] Symmetry 

 

L+4 0.67 A 

L+3 0.61 A 

L+2 0.46 A 

L+1 0.31 A 

LUMO −1.16 A 

HOMO −4.79 A 

H-1 −4.98 A 

H-2 −5.89 A 

H-3 −5.91 A 

H-4 −5.99 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.6: Lowest energy singlet electronic transitions of 3.3a (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.58 346 0.343 A HOMO->LUMO (90%) 0.517 

2 3.90 318 0.154 A H-2->LUMO (12%), 

H-1->LUMO (81%) 

0.575 

3 4.57 271 0.001 A H-2->LUMO (81%), 

H-1->LUMO (12%) 

0.567 

4 4.60 270 0.002 A H-3->LUMO (56%) 0.527 

5 4.69 265 0.001 A H-5->LUMO (52%), 

H-1->L+4 (10%), 

HOMO->L+3 (12%) 

0.545 

6 4.72 263 0.034 A H-4->LUMO (62%), 

H-3->LUMO (16%) 

0.514 

7 5.21 238 0.108 A H-4->LUMO (14%), 

H-3->LUMO (19%), 

H-1->L+3 (12%), 

HOMO->L+1 (24%), 

HOMO->L+4 (16%) 

0.553 

8 5.30 234 0.100 A H-5->LUMO (44%), 

H-1->L+1 (14%), 

H-1->L+4 (11%), 

HOMO->L+3 (16%) 

0.552 

9 5.43 229 0.406 A H-8->LUMO (11%), 

H-6->LUMO (24%), 

H-1->L+2 (14%), 

HOMO->L+1 (25%) 

0.606 

10 5.61 221 0.126 A H-1->L+1 (14%), 

HOMO->L+2 (43%), 

HOMO->L+5 (21%) 

0.641 
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3.2c          

Functional used: TD-DFT CAM-B3LYP 

6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy [eV] Symmetry 

 

L+4 −2.17 A 

L+3 −2.37 A 

L+2 −3.25 A 

L+1 −3.36 A 

LUMO −4.36 A 

HOMO −8.23 A 

H-1 −8.37 A 

H-2 −8.46 A 

H-3 −8.55 A 

H-4 −9.58 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.7: Lowest energy singlet electronic transitions of 3.2c (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.71 334 0.122 A HOMO->LUMO (87%) 0.462 

2 4.03 308 0.058 A H-3->LUMO (54%), 

H-2->LUMO (17%), 

H-1->LUMO (14%) 

0.473 

3 4.14 300 0.034 A H-3->LUMO (13%), 

H-1->LUMO (72%) 

0.405 

4 4.24 293 0.041 A H-3->LUMO (17%), 

H-2->LUMO (68%) 

0.397 

5 4.96 250 0.026 A H-4->LUMO (83%) 0.695 

6 5.05 246 0.015 A H-5->LUMO (62%), 

H-4->L+1 (14%) 

0.565 

7 5.25 236 0.075 A HOMO->L+1 (31%), 

HOMO->L+2 (43%) 

0.411 

8 5.40 230 0.003 A H-1->L+1 (10%), 

H-1->L+2 (21%) 

0.481 

9 5.41 229 0.004 A H-2->LUMO (10%), 

H-2->L+2 (23%) 

0.511 

10 5.48 226 0.006 A HOMO->L+1 (51%), 

HOMO->L+2 (32%) 

0.364 
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3.3c         

Functional used: TD-DFT CAM-

B3LYP 6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −5.01 A 

L+3 −5.44 A 

L+2 −5.50 A 

L+1 −5.83 A 

LUMO −6.90 A 

HOMO −10.62 A 

H-1 −10.79 A 

H-2 −11.69 A 

H-3 −11.9 A 

H-4 −11.92 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.8: Lowest energy singlet electronic transitions of 3.3c (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.69 336 0.101 A H-1->LUMO (92%) 0.472 

2 3.80 326 0.011 A HOMO->LUMO (92%) 0.286 

3 4.36 284 0.126 A H-2->LUMO (90%) 0.654 

4 4.85 256 0.014 A H-4->L+1 (11%), 

H-3->LUMO (73%) 

0.580 

5 4.86 255 0.030 A H-4->LUMO (70%), 

H-3->L+1 (12%) 

0.568 

6 4.99 249 0.013 A H-5->LUMO (87%) 0.692 

7 5.32 233 0.022 A H-1->L+1 (52%), 

H-1->L+5 (10%), 

HOMO->L+2 (10%), 

HOMO->L+4 (15%) 

0.342 

8 5.50 225 0.013 A H-1->L+1 (37%), 

H-1->L+5 (11%), 

HOMO->L+2 (19%), 

HOMO->L+4 (16%) 

0.349 

9 5.56 223 0.001 A HOMO->L+1 (94%) 0.136 

10 5.69 218 0.038 A H-1->L+2 (61%), 

H-1->L+4 (12%) 

0.468 
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11.7.2 Chapter 4 

11.7.2.1 Sulfur Atoms of Bithiophene on Same Side 

Neut1         

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −0.02 A 

L+3 −0.41 A 

L+2 −1.13 A 

L+1 −1.54 A 

LUMO −1.85 A 

HOMO −4.89 A 

H-1 −5.06 A 

H-2 −5.82 A 

H-3 −5.93 A 

H-4 −5.95 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.9: Lowest energy singlet electronic transitions of Neut1 (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.21 387 1.841 A HOMO->LUMO (76%) 0.667 

2 3.59 346 0.148 A H-1->LUMO (20%), 

H-1->L+1 (34%), 

H-1->L+2 (16%), 

HOMO->L+1 (10%) 

0.388 

3 3.82 325 0.184 A H-2->LUMO (23%), HOMO-

>L+1 (36%) 

0.544 

4 3.94 314 0.120 A H-3->LUMO (48%), 

H-3->L+1 (34%), 

H-3->L+2 (10%) 

0.362 

5 4.07 305 0.024 A H-2->L+1 (28%), 

HOMO->L+2 (31%) 

0.588 

6 4.37 284 0.004 A H-6->LUMO (12%), 

H-4->L+1 (28%), 

HOMO->L+1 (15%) 

0.529 

7 4.41 281 0.022 A H-11->LUMO (37%), 

H-7->LUMO (22%), 

H-7->L+1 (11%) 

0.376 

8 4.47 278 0.023 A H-8->LUMO (10%), 

H-6->L+1 (15%) 

0.450 

9 4.48 277 0.011 A H-6->LUMO (12%), 

HOMO->L+2 (11%) 

0.467 

10 4.50 275 0.026 A H-11->LUMO (22%), 

H-7->LUMO (23%), 

H-7->L+1 (20%) 

0.364 
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Neut2       

Functional used: TD-DFT CAM-B3LYP 

6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −0.01 A 

L+3 −0.33 A 

L+2 −1.04 A 

L+1 −1.44 A 

LUMO −1.80 A 

HOMO −4.83 A 

H-1 −4.84 A 

H-2 −5.05 A 

H-3 −5.79 A 

H-4 −5.92 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.10: Lowest energy singlet electronic transitions of Neut2 (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.22 385 1.810 A HOMO->LUMO (73%) 0.646 

2 3.50 354 0.317 A H-1->LUMO (15%), 

H-1->L+1 (46%), 

H-1->L+2 (29%) 

0.305 

3 3.73 332 0.152 A H-3->LUMO (16%), 

H-2->L+1 (11%), 

HOMO->L+1 (33%) 

0.531 

4 3.95 314 0.113 A H-4->LUMO (46%), 

H-4->L+1 (25%) 

0.379 

5 3.96 313 0.021 A H-4->LUMO (10%), 

H-2->L+1 (21%), 

HOMO->L+2 (13%) 

0.492 

6 4.26 291 0.015 A H-3->L+1 (16%), 

H-2->L+1 (12%), 

HOMO->L+2 (23%) 

0.522 

7 4.42 280 0.020 A H-11->LUMO (37%), 

H-8->LUMO (27%), 

H-8->L+1 (10%) 

0.386 

8 4.47 278 0.019 A H-7->LUMO (16%), 

H-7->L+1 (10%), 

H-6->LUMO (10%), 

H-6->L+1 (11%), 

HOMO->L+2 (14%) 

0.545 

9 4.50 276 0.010 A H-9->LUMO (19%), 

H-9->L+1 (29%), 

H-5->L+1 (13%) 

0.344 

10 4.51 275 0.029 A H-11->LUMO (27%), 

H-8->LUMO (24%) 

 H-8->L+1 (17%) 

0.370 
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Neut(i)2        

Functional used: TD-DFT CAM-

B3LYP 6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 0.16 B 

L+3 −0.36 A 

L+2 −1.04 B 

L+1 −1.43 A 

LUMO −1.72 B 

HOMO −4.83 A 

H-1 −5.02 B 

H-2 −5.05 A 

H-3 −5.76 B 

H-4 −5.89 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.11: Lowest energy singlet electronic transitions of Neut(i)2 (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.23 383 1.963 B HOMO->LUMO (78%) 0.690 

2 3.57 347 0 A H-2->L+1 (29%), 

H-1->LUMO (30%), 

H-1->L+2 (13%), 

HOMO->L+1 (13%) 

0.427 

3 3.63 342 0.314 B H-2->LUMO (33%), 

H-2->L+2 (11%), 

H-1->L+1 (36%) 

0.460 

4 3.88 320 0.191 A H-4->L+1 (11%), 

H-3->LUMO (25%), 

HOMO->L+1 (34%) 

0.557 

5 4.10 303 0.027 B H-4->LUMO (15%), 

H-3->L+1 (28%), 

HOMO->L+2 (29%) 

0.5721 

6 4.36 285 2E-4 A H-5->LUMO (20%), 

H-4->L+1 (30%), 

HOMO->L+1 (15%) 

0.434 

7 4.44 279 0.036 B H-5->L+1 (28%), 

H-4->LUMO (15%), 

HOMO->L+2 (20%) 

0.544 

8 4.47 277 0.017 A H-11->LUMO (19%), 

H-10->L+1 (10%), 

H-9->LUMO (14%), 

H-8->L+1 (11%) 

0.461 

9 4.48 277 0.002 B H-10->LUMO (17%), 

H-8->LUMO (12%), 

H-7->L+1 (11%), 

H-6->LUMO (10%) 

0.468 

10 4.56 272 1E-4 A H-11->LUMO (10%), 

H-7->LUMO (15%), 

H-7->L+2 (13%), 

H-6->L+1 (25%) 

0.434 
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Neut3       

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 0.16 A 

L+3 −0.29 A 

L+2 −0.95 A 

L+1 −1.34 A 

LUMO −1.67 A 

HOMO −4.77 A 

H-1 −4.81 A 

H-2 −5.01 A 

H-3 −5.04 A 

H-4 −5.73 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.12: Lowest energy singlet electronic transitions of Neut3 (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.23 384 1.768 A HOMO->LUMO (78%) 0.691 

2 3.51 354 0.315 A H-1->LUMO (24%), 

H-1->L+1 (44%), 

H-1->L+2 (22%) 

0.297 

3 3.59 345 0.404 A H-2->LUMO (37%), 

H-2->L+1 (21%), 

H-2->L+2 (10%), 

HOMO->L+1 (11%) 

0.410 

4 3.78 328 0.054 A H-4->LUMO (11%), 

H-3->LUMO (17%), 

H-2->L+1 (11%), 

HOMO->L+1 (21%) 

0.506 

5 4.00 310 0.007 A H-4->LUMO (13%), 

H-3->L+1 (19%), 

HOMO->L+1 (14%), 

HOMO->L+2 (12%) 

0.548 

6 4.26 291 0.016 A H-5->LUMO (13%), 

H-4->L+1 (15%), 

H-3->L+1 (11%), 

HOMO->L+1 (11%), 

HOMO->L+2 (17%) 

0.5224 

7 4.41 281 0.029 A H-5->LUMO (16%), 

H-5->L+1 (22%), 

HOMO->L+2 (19%) 

0.511 

8 4.47 278 0.023 A H-11->LUMO (21%), 

H-9->LUMO (16%), 

H-7->LUMO (11%) 

0.371 

9 4.50 276 0.011 A H-10->LUMO (26%), 

H-10->L+1 (23%), 

H-6->L+1 (12%) 

0.351 

10 4.58 271 0.014 A H-10->L+1 (10%), 

H-6->L+1 (19%), 

H-6->L+2 (15%) 

0.332 
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Cat1+         

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −2.51 A 

L+3 −2.88 A 

L+2 −3.21 A 

L+1 −3.35 A 

LUMO −4.23 A 

HOMO −6.36 A 

H-1 −6.84 A 

H-2 −7.03 A 

H-3 −7.07 A 

H-4 −7.16 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.13: Lowest energy singlet electronic transitions of Cat1+ (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 2.87 432 1.32 A HOMO->LUMO (60%), 

HOMO->L+1 (18%) 

0.353 

2 3.48 356 0.500 A HOMO->L+1 (41%), 

HOMO->L+3 (22%) 

0.519 

3 3.79 327 0.129 A H-8->LUMO (12%), 

H-7->LUMO (57%), 

HOMO->LUMO (10%) 

0.410 

4 3.89 318 0.125 A H-1->L+3 (31%), 

H-1->L+4 (46%) 

0.344 

5 3.95 314 0.074 A H-2->L+3 (12%), 

H-2->L+4 (14%), 

HOMO->L+4 (26%) 

0.502 

6 4.07 304 0.040 A H-10->LUMO (19%), 

H-9->LUMO (16%), 

H-5->LUMO (21%), 

HOMO->LUMO (14%) 

0.370 

7 4.11 302 0.024 A H-9->LUMO (58%) 0.402 

8 4.22 294 0.036 A H-12->LUMO (15%), 

H-11->LUMO (50%) 

0.399 

9 4.38 283 0.038 A H-2->L+3 (14%), 

H-2->L+4 (14%), 

HOMO->L+3 (29%) 

0.542 

10 4.39 282 0.019 A H-6->L+3 (14%), 

H-3->L+3 (18%), 

H-3->L+4 (24%) 

0.259 
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Cat2+         

Functional used: TD-DFT CAM-B3LYP 

6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −4.86 A 

L+3 −5.00 A 

L+2 −5.12 A 

L+1 −5.40 A 

LUMO −6.33 A 

HOMO −7.69 A 

H-1 −7.74 A 

H-2 −7.95 A 

H-3 −7.99 A 

H-4 −8.05 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.14: Lowest energy singlet electronic transitions of Cat2+ (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 2.16 574 1.130 A HOMO->LUMO (79%) 0.311 

2 3.09 402 8E-4 A H-1->LUMO (98%) 0.019 

3 3.12 397 0.775 A HOMO->LUMO (12%), 

HOMO->L+2 (51%), 

HOMO->L+4 (12%), 

HOMO->L+5 (12%) 

0.436 

4 3.24 383 0.046 A H-6->LUMO (24%), 

H-3->LUMO (22%), 

H-2->LUMO (29%) 

0.194 

5 3.36 369 0 A H-3->LUMO (53%), 

H-2->LUMO (45%) 

0.076 

6 3.45 360 0.032 A H-6->LUMO (34%), 

H-3->LUMO (19%), 

H-2->LUMO (23%) 

0.205 

7 3.47 358 0.002 A H-4->LUMO (92%) 0.0230 

8 3.51 354 0.007 A HOMO->L+1 (89%) 0.086 

9 3.70 335 6E-4 A H-5->LUMO (90%) 0.066 

10 3.81 325 0.110 A H-1->L+2 (10%), 

H-1->L+5 (19%), 

H-1->L+9 (48%) 

0.304 
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Cat(i)2+         

Functional used: TD-DFT CAM-B3LYP 

6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −3.99 B 

L+3 −4.06 A 

L+2 −4.40 B 

L+1 −5.05 A 

LUMO −5.15 B 

HOMO −7.77 A 

H-1 −8.80 B 

H-2 −8.96 A 

H-3 −9.03 B 

H-4 −9.07 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.15: Lowest energy singlet electronic transitions of Cat(i)2+ (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.03 410 1.667 B H-1->L+1 (10%), 

HOMO->LUMO (66%), 

HOMO->L+2 (16%) 

0.519 

2 3.40 364 0.160 A H-1->LUMO (25%), 

HOMO->L+1 (56%) 

0.428 

3 3.73 332 0.195 B H-3->L+1 (16%), 

H-2->LUMO (32%), 

H-1->L+1 (18%), 

HOMO->L+2 (19%) 

0.510 

4 3.82 325 0.026 A H-3->LUMO (35%), 

H-2->L+1 (36%), 

HOMO->L+1 (11%) 

0.485 

5 3.92 317 0.129 B H-3->L+1 (19%), 

H-2->LUMO (10%), 

HOMO->L+2 (36%) 

0.568 

6 4.09 303 0.038 A H-5->LUMO (43%), 

H-4->L+1 (41%) 

0.333 

7 4.10 303 0.008 B H-5->L+1 (40%), 

H-4->LUMO (42%) 

0.333 

8 4.23 293 0.020 A H-7->LUMO (45%), 

H-6->L+1 (31%) 

0.405 

9 4.24 293 0.018 B H-7->L+1 (34%), 

H-6->LUMO (43%) 

0.416 

10 4.40 282 2E-4 A H-10->L+1 (17%), 

H-1->LUMO (27%), 

HOMO->L+1 (18%) 

0.5256 
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Cat3+         

Functional used: TD-DFT CAM-B3LYP 

6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −5.92 A 

L+3 −5.97 A 

L+2 −6.16 A 

L+1 −6.30 A 

LUMO −7.34 A 

HOMO −9.20 A 

H-1 −9.86 A 

H-2 −9.97 A 

H-3 −10.28 A 

H-4 −10.35 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.16: Lowest energy singlet electronic transitions of Cat3+ (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 2.61 475 1.169 A HOMO->LUMO (74%) 0.333 

2 3.40 364 0.711 A HOMO->L+2 (53%) 0.526 

3 3.70 335 0.129 A H-1->L+2 (17%), 

H-1->L+3 (33%), 

HOMO->L+2 (10%), 

HOMO->L+3 (12%) 

0.395 

4 3.79 327 0.087 A H-6->LUMO (12%), 

H-3->LUMO (41%), 

HOMO->LUMO (19%) 

0.327 

5 3.88 319 0.010 A H-9->LUMO (68%), 

H-7->LUMO (18%) 

0.358 

6 3.90 318 0.071 A H-3->L+2 (10%), 

H-3->L+3 (11%), 

H-1->L+3 (15%), 

HOMO->L+3 (27%) 

0.421 

7 4.07 305 0.015 A H-2->L+2 (21%), 

H-2->L+3 (53%) 

0.233 

8 4.14 299 0.005 A HOMO->L+1 (86%) 0.093 

9 4.30 289 0.022 A H-4->L+2 (32%), 

H-4->L+3 (41%) 

0.259 

10 4.38 283 0.004 A H-1->LUMO (87%) 0.110 
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11.7.2.2 Sulfur Atoms of Bithiophene on Opposite Sides 

Neut0         

Functional used: TD-DFT CAM-B3LYP 

6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −0.06 A 

L+3 −0.49 B 

L+2 −1.25 A 

L+1 −1.69 B 

LUMO −1.96 A 

HOMO −4.97 B 

H-1 −5.93 A 

H-2 −5.97 A 

H-3 −5.97 B 

H-4 −6.16 B 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 

 

Table 11.17: Lowest energy singlet electronic transitions of Neut0 (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 
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State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.18 390 2.002 B HOMO->LUMO (81%) 0.690 

2 3.74 331 0.002 A H-1->LUMO (26%), 

HOMO->L+1 (49%) 

0.553 

3 3.94 315 0.077 A H-3->L+1 (44%), 

H-2->LUMO (34%), 

H-2->L+2 (15%) 

0.485 

4 3.94 315 0.165 B H-3->LUMO (34%), 

H-3->L+2 (15%), 

H-2->L+1 (44%) 

0.484 

5 4.03 308 0.014 B H-4->LUMO (13%), 

H-1->L+1 (27%), 

HOMO->L+2 (37%) 

0.608 

6 4.40 282 0.000 A H-7->LUMO (19%), 

H-4->L+1 (32%), 

HOMO->L+1 (21%) 

0.589 

7 4.41 281 0.011 A H-11->L+1 (17%), 

H-10->LUMO (28%), 

H-6->L+1 (16%), 

H-5->LUMO (16%) 

0.452 

8 4.41 281 0.036 B H-11->LUMO (28%), 

H-10->L+1 (16%), 

H-6->LUMO (17%), 

H-5->L+1 (17%) 

0.447 

9 4.50 276 0.005 B H-7->L+1 (21%), 

H-4->LUMO (16%), 

HOMO->L+2 (17%) 

0.563 

10 4.50 276 0.040 A H-11->L+1 (14%), 

H-10->LUMO (18%), 

H-6->L+1 (24%), 

H-5->LUMO (15%), 

H-5->L+2 (12%) 

0.444 
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Neut1         

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −0.03 A 

L+3 −0.42 A 

L+2 −1.16 A 

L+1 −1.55 A 

LUMO −1.88 A 

HOMO −4.87 A 

H-1 −5.07 A 

H-2 −5.84 A 

H-3 −5.94 A 

H-4 −5.96 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.18: Lowest energy singlet electronic transitions of Neut1 (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.15 394 2.055 A HOMO->LUMO (78%) 0.680 

2 3.58 346 0.169 A H-1->LUMO (20%), 

H-1->L+1 (34%), 

H-1->L+2 (17%), 

HOMO->L+1 (10%) 

0.376 

3 3.80 326 0.032 A H-2->LUMO (22%), 

HOMO->L+1 (38%) 

0.540 

4 3.94 314 0.120 A H-3->LUMO (46%), 

H-3->L+1 (35%), 

H-3->L+2 (11%) 

0.357 

5 4.05 306 0.027 A H-2->L+1 (29%), 

HOMO->L+2 (32%) 

0.592 

6 4.36 284 0.002 A H-6->LUMO (11%), 

H-4->L+1 (27%), 

HOMO->L+1 (16%) 

0.530 

7 4.41 281 0.023 A H-11->LUMO (37%), 

H-11->L+1 (10%),H-7-

>LUMO (21%), 

H-7->L+1 (12%) 

0.365 

8 4.46 278 0.019 A H-6->L+1 (21%), 

HOMO->L+2 (14%) 

0.522 

9 4.48 277 0.014 A H-10->LUMO (11%), 

H-10->L+1 (12%), 

H-8->L+1 (12%), 

H-5->L+1 (10%) 

0.401 

10 4.50 276 0.026 A H-11->LUMO (22%), 

H-7->LUMO (22%), 

H-7->L+1 (21%) 

0.350 
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Neut2         

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −0.01 A 

L+3 −0.35 A 

L+2 −1.06 A 

L+1 −1.46 A 

LUMO −1.83 A 

HOMO −4.82 A 

H-1 −4.84 A 

H-2 −5.05 A 

H-3 −5.82 A 

H-4 −5.93 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.19: Lowest energy singlet electronic transitions of Neut2 (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.16 393 2.062 A HOMO->LUMO (76%) 0.664 

2 3.50 354 0.309 A H-1->LUMO (16%), 

H-1->L+1 (43%), 

H-1->L+2 (31%) 

0.307 

3 3.72 333 0.001 A H-3->LUMO (16%), 

H-2->L+1 (10%), 

H-2->L+2 (10%), 

HOMO->L+1 (34%) 

0.527 

4 3.93 315 0.001 A H-2->L+1 (23%), 

HOMO->L+1 (12%), 

HOMO->L+2 (15%) 

0.510 

5 3.95 314 0.123 A H-4->LUMO (52%), 

H-4->L+1 (34%) 

0.367 

6 4.25 292 0.004 A H-3->L+1 (16%), 

H-2->L+1 (11%), 

HOMO->L+2 (24%) 

0.515 

7 4.42 281 0.021 A H-11->LUMO (37%), 

H-8->LUMO (25%), 

H-8->L+1 (11%) 

0.382 

8 4.45 279 0.015 A H-7->LUMO (15%), 

H-7->L+1 (11%), 

H-6->L+1 (11%), 

HOMO->L+2 (13%) 

0.544 

9 4.49 276 0.014 A H-9->LUMO (21%), 

H-9->L+1 (29%), 

H-5->L+1 (12%) 

0.336 

10 4.51 275 0.027 A H-11->LUMO (25%), 

H-8->LUMO (23%), 

H-8->L+1 (20%) 

0.363 
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Neut(i)2     

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 0.16 A 

L+3 −0.33 B 

L+2 −1.06 A 

L+1 −1.44 B 

LUMO −1.74 A 

HOMO −4.81 B 

H-1 −5.04 A 

H-2 −5.06 B 

H-3 −5.78 A 

H-4 −5.90 B 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 

 

  



CHAPTER 11   TD-DFT Calculations 

364 

Table 11.20: Lowest energy singlet electronic transitions of Neut(i)2 (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

Stat

e 

E [eV] λ [nm] f Sym-

metr

y 

Major Contributions Λ 

1 3.19 389 2.117 B HOMO->LUMO (80%) 0.700 

2 3.57 347 0.322 A H-2->L+1 (30%), 

H-1->LUMO (30%), 

H-1->L+2 (14%), 

HOMO->L+1 (13%) 

0.425 

3 3.63 342 0.044 B H-2->LUMO (32%), 

H-2->L+2 (12%), 

H-1->L+1 (37%) 

0.459 

4 3.88 320 0.064 A H-4->L+1 (11%), 

H-3->LUMO (24%), 

HOMO->L+1 (34%) 

0.553 

5 4.08 304 0.024 B H-4->LUMO (15%), 

H-3->L+1 (29%), 

HOMO->L+2 (30%) 

0.570 

6 4.36 284 0.006 A H-5->LUMO (21%), 

H-5->L+2 (10%), 

H-4->L+1 (31%), 

HOMO->L+1 (16%) 

0.530 

7 4.43 280 0.030 B H-5->L+1 (29%), 

H-4->LUMO (16%), 

HOMO->L+2 (21%) 

0.545 

8 4.47 277 0.003 A H-11->L+1 (10%), 

H-10->LUMO (20%), 

H-9->LUMO (15%), 

H-8->L+1 (11%) 

0.456 

9 4.48 277 0.026 B H-11->LUMO (19%), 

H-9->L+1 (10%), 

H-8->LUMO (12%), 

H-7->L+1 (10%) 

0.452 

10 4.56 272 0.037 A H-11->L+1 (10%), 

H-10->LUMO (12%), 

H-7->LUMO (13%), 

H-7->L+2 (13%), 

0.441 
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H-6->L+1 (24%) 

Neut3         

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 0.18 A 

L+3 −0.26 A 

L+2 −0.97 A 

L+1 −1.35 A 

LUMO −1.69 A 

HOMO −4.76 A 

H-1 −4.82 A 

H-2 −5.02 A 

H-3 −5.04 A 

H-4 −5.74 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.21: Lowest energy singlet electronic transitions of Neut3 (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.19 389 2.080 A HOMO->LUMO (80%) 0.703 

2 3.50 354 0.309 A H-1->LUMO (23%), H-

1->L+1 (43%), 

H-1->L+2 (24%) 

0.295 

3 3.58 346 0.226 A H-2->LUMO (36%), H-

2->L+1 (23%), 

H-2->L+2 (10%), 

HOMO->L+1 (10%) 

0.403 

4 3.77 328 0.034 A H-4->LUMO (11%), H-

3->LUMO (17%), H-2-

>L+1 (10%), HOMO-

>L+1 (21%) 

0.501 

5 3.99 311 0.004 A H-4->LUMO (12%), H-

3->L+1 (18%), HOMO-

>L+1 (15%), HOMO-

>L+2 (12%) 

0.545 

6 4.25 291 0.003 A H-5->LUMO (11%), H-

4->L+1 (16%), 

H-3->L+1 (11%), 

HOMO->L+1 (11%), 

HOMO->L+2 (18%) 

0.515 

7 4.41 281 0.026 A H-5->LUMO (17%), H-

5->L+1 (25%), HOMO-

>L+2 (19%) 

0.507 

8 4.46 278 0.018 A H-11->LUMO (23%), 

H-9->LUMO (15%), H-

7->LUMO (11%) 

0.375 

9 4.50 276 0.014 A H-10->LUMO (27%), 

H-10->L+1 (22%), 

H-6->L+1 (12%) 

0.364 

10 4.58 271 0.019 A H-6->L+1 (19%), 

H-6->L+2 (16%) 

0.360 
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Neut4        

 

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spektrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 0.34 A 

L+3 −0.18 B 

L+2 −0.89 A 

L+1 −1.25 B 

LUMO −1.60 A 

HOMO −4.70 B 

H-1 −4.80 A 

H-2 −4.80 B 

H-3 −4.99 A 

H-4 −5.02 B 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.22: Lowest energy singlet electronic transitions of Neut4 (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 3.2 387 2.156 A HOMO->LUMO (82%) 0.717 

2 3.51 353 0.219 B H-2->L+1 (42%), 

H-1->LUMO (31%), 

H-1->L+2 (18%) 

0.416 

3 3.51 353 0.400 A H-2->LUMO (31%), 

H-2->L+2 (18%), 

H-1->L+1 (42%) 

0.416 

4 3.72 334 0.003 B H-4->L+1 (15%), 

H-3->LUMO (21%), 

H-3->L+2 (10%), 

HOMO->L+1 (31%) 

0.509 

5 3.88 319 0.009 A H-4->LUMO (28%), 

H-3->L+1 (34%), 

HOMO->L+2 (15%) 

0.528 

6 4.17 298 0.000 B H-5->LUMO (12%), 

H-4->L+1 (27%), 

H-3->LUMO (15%), 

HOMO->L+1 (29%) 

0.533 

7 4.34 286 0.024 A H-5->L+1 (23%), 

H-4->LUMO (11%), 

HOMO->L+2 (39%) 

0.581 

8 4.50 276 0.001 B H-11->L+1 (18%), 

H-10->LUMO (33%), 

H-7->L+1 (10%), 

H-6->LUMO (11%) 

0.463 

9 4.50 276 0.026 A H-11->LUMO (33%), 

H-10->L+1 (17%), 

H-7->LUMO (11%), 

H-6->L+1 (11%) 

0.462 

10 4.58 271 0.008 B H-10->LUMO (10%), 

H-7->L+1 (20%), 

H-6->LUMO (10%), 

H-6->L+2 (13%) 

0.456 
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Cat1+         

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −2.49 A 

L+3 −2.87 A 

L+2 −3.22 A 

L+1 −3.36 A 

LUMO −4.24 A 

HOMO −6.33 A 

H-1 −6.78 A 

H-2 −6.98 A 

H-3 −7.02 A 

H-4 −7.10 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.23: Lowest energy singlet electronic transitions of Cat1+ (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 2.85 436 1.477 A HOMO->LUMO (60%), 

HOMO->L+1 (18%) 

0.355 

2 3.47 358 0.515 A HOMO->LUMO (10%), 

HOMO->L+1 (42%), 

HOMO->L+3 (22%) 

0.518 

3 3.78 328 0.115 A H-7->LUMO (62%), 

HOMO->LUMO (10%) 

0.425 

4 3.89 319 0.123 A H-1->L+3 (27%), 

H-1-> L+4 (49%) 

0.345 

5 3.95 314 0.005 A H-2->L+3 (10%), 

H-2-> L+4 (15%), 

HOMO-> L+4 (27%) 

0.499 

6 4.07 305 0.051 A H-10->LUMO (14%), 

H-9->LUMO (20%), 

H-5->LUMO (20%), 

HOMO->LUMO (14%) 

0.377 

7 4.11 302 0.023 A H-9->LUMO (53%) 0.424 

8 4.21 294 0.033 A H-12->LUMO (16%), 

H-11->LUMO (45%) 

0.423 

9 4.36 285 0.003 A H-2->L+3 (13%), 

H-2->L+4 (15%), 

HOMO->L+3 (29%) 

0.541 

10 4.39 283 0.021 A H-6->L+3 (13%), 

H-3->L+3 (17%), 

H-3->L+4 (27%) 

0.261 
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Cat2+         

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −4.87 A 

L+3 −5.00 A 

L+2 −5.12 A 

L+1 −5.40 A 

LUMO −6.34 A 

HOMO −7.66 A 

H-1 −7.66 A 

H-2 −7.88 A 

H-3 −7.92 A 

H-4 −7.97 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.24: Lowest energy singlet electronic transitions of Cat2+ (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 2.15 577 1.227 A HOMO->LUMO (78%) 0.297 

2 3.03 409 5E-4 A H-1->LUMO (98%) 0.017 

3 3.11 399 0.845 A HOMO->LUMO (13%), 

HOMO->L+2 (47%), 

HOMO->L+4 (12%), 

HOMO->L+5 (12%) 

0.411 

4 3.20 387 0.016 A H-6->LUMO (21%), H-3-

>LUMO (48%) 

0.208 

5 3.30 375 1E-4 A H-2->LUMO (90%) 0.044 

6 3.41 364 0.007 A H-6->LUMO (18%), H-4-

>LUMO (51%), H-3-

>LUMO (18%) 

0.111 

7 3.41 363 0.010 A H-6->LUMO (21%), H-4-

>LUMO (48%), H-3-

>LUMO (18%) 

0.121 

8 3.49 355 0.005 A HOMO->L+1 (88%) 0.081 

9 3.67 338 9E-4 A H-5->LUMO (90%) 0.064 

10 3.80 326 0.109 A H-1->L+2 (10%), H-1-

>L+5 (18%), H-1->L+9 

(50%) 

0.301 
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Cat(i)2+         

Functional used: TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −3.99 A 

L+3 −4.05 B 

L+2 −4.41 A 

L+1 −5.04 B 

LUMO −5.14 A 

HOMO −7.72 B 

H-1 −8.79 A 

H-2 −8.93 B 

H-3 −9.01 A 

H-4 −9.04 B 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.25: Lowest energy singlet electronic transitions of Cat(i)2+ (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 2.98 416 1.952 B HOMO->LUMO (67%), 

HOMO->L+2 (17%) 

0.530 

2 3.39 366 0.011 A H-1->LUMO (24%), 

HOMO->L+1 (57%) 

0.423 

3 3.71 335 0.121 B H-3->L+1 (12%), 

H-2->LUMO (30%), 

H-1->L+1 (21%), 

HOMO->L+2 (22%) 

0.516 

4 3.80 326 0.126 A H-3->LUMO (33%), 

H-2->L+1 (36%), 

HOMO->L+1 (11%) 

0.489 

5 3.89 319 0.084 B H-3->L+1 (22%), 

H-2->LUMO (13%), 

HOMO->L+2 (33%) 

0.564 

6 4.08 304 0.002 A H-5->L+1 (41%), 

H-4->LUMO (43%) 

0.328 

7 4.08 304 0.027 B H-5->LUMO (42%), 

H-4->L+1 (40%) 

0.326 

8 4.23 293 0.014 A H-7->L+1 (33%), 

H-6->LUMO (42%) 

0.418 

9 4.23 293 0.022 B H-7->LUMO (46%), 

H-6->L+1 (31%) 

0.405 

10 4.39 282 0.020 A H-10->L+1 (15%), 

H-3->LUMO (12%), 

H-1->LUMO (28%), 

HOMO->L+1 (21%) 

0.517 
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Cat3+         

Functional used: TD-DFT CAM-B3LYP 

6-31G(d,p), gas phase 

Calculated Absorption Spectrum Orbital Energy 

[eV] 

Symmetry 

 

L+4 −5.89 A 

L+3 −5.94 A 

L+2 −6.16 A 

L+1 −6.28 A 

LUMO −7.31 A 

HOMO −9.14 A 

H-1 −9.80 A 

H-2 −9.90 A 

H-3 −10.28 A 

H-4 −10.31 A 

Orbitals Relevant for S1←S0 Transition Other Relevant Orbitals 

 

HOMO 

 

LUMO 

 

HOMO-1 

 

HOMO-2 

 

HOMO-3 

 

LUMO+1 

 

LUMO+2 

 

LUMO+3 
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Table 11.26: Lowest energy singlet electronic transitions of Cat3+ (TD-DFT CAM-B3LYP 6-

31G(d,p), gas phase). 

State E [eV] λ [nm] f Symmetry Major Contributions Λ 

1 2.57 483 1.338 A HOMO->LUMO (74%), 

HOMO->L+2 (10%) 

0.345 

2 3.35 371 0.729 A HOMO->L+2 (57%) 0.547 

3 3.67 338 0.107 A H-1->L+2 (18%), 

H-1->L+3 (32%), 

HOMO->L+3 (11%) 

0.385 

4 3.80 327 0.063 A H-6->LUMO (12%), 

H-3->LUMO (41%), 

HOMO->LUMO (16%) 

0.336 

5 3.88 319 0.007 A H-10->LUMO (48%), 

H-7->LUMO (14%) 

0.349 

6 3.89 319 0.047 A H-10->LUMO (12%), 

H-1->L+3 (12%), 

HOMO->L+3 (22%) 

0.402 

7 4.05 306 0.016 A H-2->L+2 (22%), 

H-2->L+3 (50%) 

0.211 

8 4.11 302 0.004 A HOMO->L+1 (87%) 0.087 

9 4.27 291 0.023 A H-4->L+2 (33%), 

H-4->L+3 (36%) 

0.265 

10 4.33 284 0.004 A H-1->LUMO (82%) 0.121 
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11.8 XYZ Coordinates 

11.8.1 Chapter 3 

3.1a  

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C2 

Total energy: −648639.32 kcal/mol 

Dipole moment: 0.55 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     0.        0.        4.64884  
C    -0.92274   0.77092   3.94848  
C    -0.9257    0.79423   2.55046  
C     0.        0.        1.82789  
C     0.9257   -0.79423   2.55046  
C     0.92274  -0.77092   3.94848  
B     0.        0.        0.25435  
C    -0.00469  -1.36079  -0.52917  
C     0.00469   1.36079  -0.52917  
C    -0.90551   1.58952  -1.59185  
C    -0.90433   2.81482  -2.26233  
C     0.        3.82913  -1.94322  
C     0.9035    3.5958   -0.90492  
C     0.91092   2.39671  -0.18901  
C     0.90551  -1.58952  -1.59185  
C     0.90433  -2.81482  -2.26233  
C     0.       -3.82913  -1.94322  
C    -0.9035   -3.5958   -0.90492  
C    -0.91092  -2.39671  -0.18901  
C     1.92213   2.24979   0.9286  
C    -1.91939   0.55122  -2.02528  
C     1.91939  -0.55122  -2.02528  

C    -1.92213  -2.24979   0.9286  
C     0.01916   5.12506  -2.71344  
C    -1.94973   1.66915   1.85841  
C     1.94973  -1.66915   1.85841  
C    -0.01916  -5.12506  -2.71344  
H     0.        0.        5.73497  
H    -1.64982   1.36932   4.49081  
H     1.64982  -1.36932   4.49081  
H    -1.62666   2.98088  -3.05839  
H     1.61801   4.37223  -0.64084  
H     1.62666  -2.98088  -3.05839  
H    -1.61801  -4.37223  -0.64084  
H     2.66274   3.05267   0.88123  
H     1.44383   2.28772   1.91137  
H     2.46085   1.2991    0.88068  
H    -2.45189   0.10841  -1.17878  
H    -2.66454   0.99942  -2.68808  
H    -1.44385  -0.27574  -2.56015  
H     2.45189  -0.10841  -1.17878  
H     2.66454  -0.99942  -2.68808  
H     1.44385   0.27574  -2.56015  
H    -2.66274  -3.05267   0.88123  
H    -1.44383  -2.28772   1.91137  
H    -2.46085  -1.2991    0.88068  
H    -0.97249   5.37322  -3.10273  
H     0.35973   5.95609  -2.08885  
H     0.69976   5.06297  -3.57171  
H    -2.70343   2.0121    2.57241  
H    -1.48557   2.55018   1.40614  
H    -2.4714    1.14428   1.05293  
H     2.4714   -1.14428   1.05293  
H     2.70343  -2.0121    2.57241  
H     1.48557  -2.55018   1.40614  
H     0.97249  -5.37322  -3.10273  
H    -0.35973  -5.95609  -2.08885  
H    -0.69976  -5.06297  -3.57171 

3.2a 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 
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Point group: C1 

Total energy: −708017.08 kcal/mol 

Dipole moment: 2.73 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     1.97458   4.47391   0.12215  
C     2.46312   3.59744  -0.84191  
C     2.02787   2.26941  -0.89143  
C     1.05428   1.80799   0.02827  
C     0.55188   2.71232   0.99726  
C     1.02896   4.0262    1.03982  
B     0.55137   0.31343   0.00103  
C    -0.97347  -0.00834  -0.0186  
C     1.61602  -0.84622  -0.00604  
C     1.53668  -1.88591  -0.96622  
C     2.50962  -2.88818  -0.99462  
C     3.55867  -2.92406  -0.07443  
C     3.62729  -1.90493   0.87694  
C     2.69123  -0.86889   0.91603  
C    -1.52425  -1.03316   0.79779  
C    -2.89025  -1.30025   0.79243  
C    -3.77907  -0.60477  -0.05134  
C    -3.23385   0.40752  -0.86597  
C    -1.87634   0.71368  -0.84542  
C     2.85963   0.19701   1.97787  
C     0.43034  -1.9494   -1.99914  
C    -0.67354  -1.85798   1.74259  
C    -1.41509   1.82475  -1.76688  
C     4.56985  -4.04258  -0.09024  
C     2.61154   1.3682   -1.95873  
C    -0.49087   2.30315   2.01685  
N    -5.12878  -0.90585  -0.0831  
C    -6.03969  -0.02945  -0.79676  
C    -5.67845  -1.83168   0.89  
H     2.32903   5.50002   0.15854  
H     3.19699   3.94305  -1.56518  
H     0.64888   4.70462   1.79908  
H     2.44494  -3.66464  -1.75377  
H     4.43605  -1.91323   1.60443  
H    -3.26511  -2.06385   1.46223  
H    -3.87575   0.9713   -1.53118  
H     3.18256   1.14802   1.5452  
H     1.92744   0.39833   2.514  
H     3.60564  -0.11101   2.71559  
H     0.2545   -0.98467  -2.4832  
H     0.6785   -2.67431  -2.77942  
H    -0.52198  -2.24669  -1.55044  
H     0.01764  -1.24229   2.32383  
H    -1.30603  -2.40591   2.44644  

H    -0.06127  -2.58444   1.20145  
H    -1.1518    2.72735  -1.20891  
H    -0.52815   1.5452   -2.34129  
H    -2.20443   2.08418  -2.47764  
H     4.70823  -4.44188  -1.09927  
H     5.5427   -3.70709   0.28111  
H     4.24785  -4.87512   0.5478  
H     3.16768   1.95565  -2.69448  
H     3.29248   0.62719  -1.53057  
H     1.84016   0.80891  -2.49664  
H    -0.25507   1.34824   2.49533  
H    -0.57247   3.05866   2.80333  
H    -1.4765    2.18264   1.55785  
H    -7.05237  -0.42631  -0.71795  
H    -6.03857   0.99689  -0.40022  
H    -5.78519   0.02052  -1.86121  
H    -6.74087  -1.97287   0.68823  
H    -5.19369  -2.81106   0.81606  
H    -5.5677   -1.47639   1.92581  
 

3.3a 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −767388.41 kcal/mol 

Dipole moment: 2.65 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     0.07324   5.06539  -0.04675  
C    -0.67274   4.39003   0.91463  
C    -0.717     2.99235   0.93791  
C     0.02686   2.24408  -0.0071  
C     0.79481   2.94071  -0.97226  
C     0.79637   4.33915  -0.98835  
B     0.00032   0.66532   0.01506  
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C     1.34712  -0.12862   0.03011  
C    -1.37287  -0.08217   0.02094  
C    -1.61425  -1.16465   0.90791  
C    -2.84846  -1.8092    0.93599  
C    -3.89934  -1.43898   0.07419  
C    -3.65176  -0.38342  -0.82477  
C    -2.43589   0.29551  -0.84024  
C     1.55225  -1.23784  -0.8323  
C     2.76528  -1.92209  -0.84757  
C     3.82214  -1.5779    0.01772  
C     3.61868  -0.47961   0.87567  
C     2.42533   0.23809   0.87722  
C    -2.29393   1.42263  -1.84263  
C    -0.56514  -1.65899   1.88412  
C     0.48912  -1.71326  -1.80264  
C     2.32804   1.40266   1.84146  
C    -1.56222   2.32376   2.00184  
C     1.61815   2.21536  -2.01598  
N     5.00984  -2.29258   0.02907  
C     6.15138  -1.76017   0.75032  
C     5.25357  -3.28204  -1.00399  
H     0.09102   6.15141  -0.06206  
H    -1.23433   4.95179   1.65655  
H     1.37587   4.86114  -1.7454  
H    -2.98867  -2.61471   1.64597  
H    -4.41601  -0.08042  -1.52941  
H     2.88431  -2.73644  -1.55121  
H     4.40193  -0.17178   1.55708  
H    -2.29313   2.39897  -1.35046  
H    -1.36017   1.35824  -2.40784  
H    -3.11927   1.40526  -2.55982  
H    -0.06918  -0.83907   2.40991  
H    -1.01947  -2.31251   2.63417  
H     0.22425  -2.22142   1.37771  
H     0.02541  -0.88715  -2.34793  
H     0.9212   -2.39945  -2.53655  
H    -0.32201  -2.23505  -1.28709  
H     2.35868   2.36171   1.31728  
H     1.39531   1.38951   2.41177  
H     3.15546   1.3798    2.55603  
H    -1.86463   3.04894   2.76269  
H    -2.4667    1.87985   1.57594  
H    -1.02906   1.51316   2.5075  
H     1.05855   1.40979  -2.5006  
H     1.94556   2.90911  -2.79557  
H     2.50668   1.75298  -1.57636  
H     6.98852  -2.45287   0.65498  
H     6.47162  -0.77602   0.37542  
H     5.92785  -1.657     1.81762  
H     6.21511  -3.7625   -0.8184  
H     4.48515  -4.06207  -0.98658  
H     5.2729   -2.84873  -2.01606  
C    -6.1086   -1.8056   -0.91676  
H    -5.7586   -2.07881  -1.92437  
H    -7.01775  -2.36988  -0.70489  

H    -6.37407  -0.74331  -0.9293  
C    -5.25908  -3.3109    0.87554  
H    -5.0466   -3.14153   1.93666  
H    -6.28642  -3.66924   0.79891  
H    -4.58714  -4.10665   0.5192  
N    -5.12701  -2.08131   0.11578  
 

3.2c 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −732910.16 kcal/mol 

Dipole moment: 17.30 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C    -2.21131   4.49974   0.03195  
C    -2.74042   3.57547   0.92721  
C    -2.33727   2.23695   0.90467  
C    -1.34575   1.81668  -0.0219  
C    -0.80232   2.77117  -0.92032  
C    -1.2533    4.09299  -0.89217  
B    -0.84906   0.33344  -0.00098  
C     0.7183    0.05813  -0.00078  
C    -1.83234  -0.87505   0.01969  
C    -1.63509  -1.98472   0.88342  
C    -2.52696  -3.05701   0.86122  
C    -3.61164  -3.09526  -0.01847  
C    -3.79225  -2.01157  -0.88071  
C    -2.94454  -0.90274  -0.86546  
C     1.29516  -0.8019   -0.96032  
C     2.67985  -1.02315  -0.97548  
C     3.48479  -0.41299  -0.02464  
C     2.9366    0.42731   0.93927  
C     1.56242   0.67784   0.9516  
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C    -3.24742   0.22055  -1.83524  
C    -0.49381  -2.04625   1.8777  
C     0.46424  -1.51521  -2.00255  
C     1.02563   1.61626   2.00715  
C    -4.57355  -4.25412  -0.01594  
C    -2.97781   1.29315   1.90112  
C     0.24264   2.40492  -1.95357  
N     4.9793   -0.63597  -0.00175  
C     5.44689  -1.56307  -1.09128  
C     5.68917   0.68605  -0.18821  
C     5.37827  -1.24694   1.32252  
H    -2.54638   5.5321    0.05203  
H    -3.48491   3.89229   1.65162  
H    -0.84925   4.80917  -1.60187  
H    -2.37448  -3.88643   1.54736  
H    -4.62307  -2.02841  -1.58137  
H     3.0807   -1.67918  -1.73578  
H     3.55415   0.90883   1.68963  
H    -3.65134   1.09713  -1.32109  
H    -2.36196   0.56055  -2.37925  
H    -3.98492  -0.10431  -2.57289  
H    -0.36707  -1.10869   2.42638  
H    -0.67281  -2.83301   2.61443  
H     0.46116  -2.26336   1.38814  
H    -0.24818  -0.84429  -2.48796  
H     1.09849  -1.94917  -2.77962  
H    -0.12377  -2.31784  -1.5496  
H     0.70835   2.5629    1.5625  
H     0.15121   1.20119   2.51429  
H     1.78298   1.82778   2.76609  
H    -4.08904  -5.17645   0.31562  
H    -5.41046  -4.06142   0.66606  
H    -4.99716  -4.42427  -1.00938  
H    -3.51952   1.85768   2.66373  
H    -3.68823   0.61836   1.41513  
H    -2.24935   0.65851   2.41346  
H    -0.00121   1.47992  -2.48407  
H     0.33171   3.19517  -2.70288  
H     1.23007   2.26524  -1.50149  
H     6.52725  -1.66679  -1.00044  
H     4.9683   -2.53234  -0.96629  
H     5.1946   -1.13414  -2.05901  
H     6.76516   0.50946  -0.18151  
H     5.41374   1.3575    0.6208  
H     5.37322   1.10787  -1.14116  
H     4.84188  -2.18783   1.43603  
H     6.45576  -1.41408   1.32007  
H     5.10548  -0.56852   2.12654  
 

3.3c 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −817135.15 kcal/mol 

Dipole moment: 12.83 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C    -0.0006    5.15561  -0.00051  
C     0.85111   4.45681  -0.8509  
C     0.87988   3.06062  -0.85172  
C    -0.00007   2.33455   0.0001  
C    -0.88022   3.06068   0.85172  
C    -0.85199   4.45685   0.85027  
B     0.00002   0.78      0.00015  
C    -1.37342  -0.0113   -0.01976  
C     1.37345  -0.0113    0.02001  
C     1.66414  -1.01341  -0.93109  
C     2.91796  -1.64156  -0.94464  
C     3.87197  -1.29814   0.0029  
C     3.59259  -0.34099   0.97327  
C     2.35871   0.31478   0.98573  
C    -1.6643   -1.01309   0.93156  
C    -2.91812  -1.64128   0.94504  
C    -3.87187  -1.29822  -0.00286  
C    -3.59226  -0.34139  -0.97351  
C    -2.35844   0.31444  -0.98588  
C     2.1402    1.37045   2.04563  
C     0.66298  -1.42616  -1.98585  
C    -0.66328  -1.42547   1.98661  
C    -2.13968   1.36973  -2.04611  
C     1.84003   2.38753  -1.81115  
C    -1.83972   2.38755   1.81176  
N    -5.23935  -1.93781  -0.01026  
C    -5.41674  -2.95279   1.0897  
C    -5.46425  -2.64664  -1.329  
C    -6.29607  -0.8687    0.17903  
N     5.23947  -1.93767   0.01013  
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C     5.41655  -2.95316  -1.08942  
C     5.46485  -2.6459    1.32911  
C     6.29607  -0.8686   -0.17999  
H    -0.00084   6.24079  -0.00077  
H     1.50539   5.00259  -1.52371  
H    -1.5064    5.00269   1.5229  
H     3.10678  -2.38438  -1.70703  
H     4.32383  -0.06981   1.72627  
H    -3.10709  -2.38381   1.70767  
H    -4.32334  -0.07055  -1.7268  
H     2.87855   1.27879   2.84543  
H     2.22313   2.37382   1.61915  
H     1.14869   1.30541   2.49861  
H     0.28112  -0.56552  -2.54215  
H     1.11026  -2.11036  -2.70995  
H    -0.19925  -1.926    -1.53647  
H    -0.28142  -0.56463   2.54258  
H    -1.11063  -2.10939   2.71092  
H     0.19897  -1.92551   1.53747  
H    -2.87797   1.27792  -2.84594  
H    -2.22239   2.37326  -1.61997  
H    -1.14813   1.30438  -2.49898  
H     2.19706   3.10533  -2.55267  
H     2.71729   1.98718  -1.29304  
H     1.3831    1.55765  -2.35704  
H    -1.38175   1.55886   2.35864  
H    -2.19765   3.10573   2.55247  
H    -2.71643   1.98543   1.29412  
H    -5.29183  -2.46323   2.05361  
H    -6.42421  -3.35803   1.00903  
H    -4.68669  -3.75011   0.96396  
H    -5.40782  -1.92514  -2.13995  
H    -6.45041  -3.11063  -1.3098  
H    -4.68739  -3.40071  -1.4466  
H    -7.27556  -1.34698   0.1881  
H    -6.10469  -0.36596   1.1259  
H    -6.23623  -0.1552   -0.63877  
H     5.29125  -2.46405  -2.05352  
H     6.42409  -3.35826  -1.00893  
H     4.68662  -3.75047  -0.96305  
H     5.40873  -1.92403   2.13975  
H     6.451    -3.1099    1.30977  
H     4.68802  -3.39991   1.44735  
H     7.27559  -1.34682  -0.18914  
H     6.10437  -0.36632  -1.12705  
H     6.23643  -0.15471   0.63749  

11.8.2 Chapter 4 

11.8.2.1 Sulfur Atoms of Bithiophene on 

Same Side 

Neut1 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2048455.90 kcal/mol 

Dipole moment: 2.67 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C    -2.73078  -2.22937  -0.75892  
C    -2.46186  -3.50928  -1.19669  
C    -1.0869   -3.84734  -1.17229  
C    -0.2776   -2.83094  -0.7048  
S    -1.24413  -1.43294  -0.27755  
C    -4.01895  -1.54869  -0.66485  
C     1.15711  -2.84827  -0.54271  
S     2.09973  -1.37351  -0.45807  
C     3.60262  -2.26311  -0.28937  
C     3.35305  -3.61956  -0.30933  
C     1.98335  -3.95052  -0.44617  
C     4.88133  -1.57263  -0.15037  
C     5.04679  -0.23962  -0.55141  
C     6.26198   0.42676  -0.40385  
C    7.38893   -0.25241   0.12469  
C    7.23137   -1.60794   0.51362  
C    5.99256   -2.23371   0.39424  
C    -4.11566  -0.15065  -0.67318  
C    -5.3469    0.49919  -0.60149  
C    -6.5449   -0.24929  -0.49215  
C    -6.45014  -1.66458  -0.46991  
C    -5.20714  -2.28726  -0.56432  
B    -7.95012   0.45955  -0.41864  
B     8.77219   0.47697   0.27902  
C    10.08218  -0.21101  -0.24669  
C     8.84035   1.89074   0.95855  
C    -8.9672    0.08046   0.69915  
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C    -8.30394   1.55458  -1.4924  
C    -8.1175    1.31906  -2.87663  
C    -8.42716   2.31509  -3.8057  
C    -8.89561   3.56957  -3.41162  
C    -9.05991   3.80544  -2.04551  
C    -8.79103   2.82311  -1.08925  
C   -10.34793  -0.10183   0.41436  
C   -11.24629  -0.46144   1.41456  
C   -10.8389   -0.63046   2.75303  
C    -9.47589  -0.41985   3.04259  
C    -8.557    -0.09728   2.04834  
C    11.23747  -0.29407   0.57063  
C    12.38568  -0.93194   0.09565  
C    12.45172  -1.46945  -1.19101  
C    11.31679  -1.37347  -1.99823  
C    10.1394   -0.77296  -1.54696  
C     9.55309   2.95527   0.35127  
C     9.58137   4.21332   0.95729  
C     8.95228   4.45738   2.17933  
C     8.26334   3.40312   2.7816  
C     8.18424   2.14035   2.19036  
C    11.2736    0.26773   1.97657  
C     9.03755   5.80902   2.84175  
C    13.71771  -2.10833  -1.70302  
C     7.39935   1.06944   2.91875  
C    10.27859   2.79212  -0.96804  
C     8.95987  -0.73304  -2.49593  
C    -9.01893   3.17514   0.36636  
C    -7.60232  -0.00395  -3.40251  
C   -10.9119    0.05059  -0.984  
C    -7.11879   0.09264   2.48647  
C    -5.34824   2.01263  -0.63221  
C    -7.67247  -2.55043  -0.34655  
C     8.37131  -2.41331   1.1009  
C     6.32976   1.87068  -0.85454  
N   -11.73813  -0.99277   3.73899  
C   -11.31617  -0.99461   5.12767  
C   -13.15972  -0.99348   3.44537  
C    -9.23912   4.62663  -4.43061  
H    -3.23389  -4.17279  -1.56693  
H    -0.69188  -4.79441  -1.51969  
H     4.14088  -4.35972  -0.2403  
H     1.60564  -4.96576  -0.45797  
H     4.21128   0.28837  -1.00234  
H     5.88251  -3.25359   0.74887  
H    -3.21143   0.44482  -0.76472  
H    -5.15628  -3.37129  -0.53028  
H    -8.29253   2.109    -4.86529  
H    -9.41055   4.78086  -1.71545  
H   -12.28316  -0.61228   1.14155  
H    -9.11927  -0.50488   4.06131  
H    13.25405  -1.00801   0.74619  
H    11.3474   -1.78364  -3.00518  
H    10.11202   5.02452   0.46396  
H     7.76775   3.57108   3.73515  

H    10.39371  -0.01459   2.56172  
H    12.15674  -0.09449   2.50973  
H    11.30547   1.36094   1.97143  
H     9.9093    5.86802   3.50528  
H     9.13653   6.61015   2.10359  
H     8.15185   6.01203   3.45084  
H    14.36236  -1.36776  -2.19258  
H    14.29667  -2.55567  -0.88988  
H    13.50227  -2.88812  -2.43936  
H     6.45029   0.85541   2.419  
H     7.94217   0.12169   2.97668  
H     7.17797   1.38726   3.94115  
H     9.66503   2.29166  -1.72265  
H    10.56628   3.76794  -1.36852  
H    11.18522   2.19092  -0.85595  
H     8.17453  -1.43111  -2.1922  
H     8.49623   0.2564   -2.54294  
H     9.27509  -0.99938  -3.50838  
H    -9.16614   4.2528    0.47958  
H    -9.90057   2.66804   0.76919  
H    -8.17879   2.88407   1.00314  
H    -8.11515  -0.85771  -2.94966  
H    -7.74477  -0.06834  -4.48469  
H    -6.53643  -0.13231  -3.19347  
H   -10.95817   1.10008  -1.28707  
H   -10.3043   -0.4617   -1.73435  
H   -11.92333  -0.36167  -1.03485  
H    -6.48632  -0.73902   2.16382  
H    -6.67462   1.00072   2.07084  
H    -7.05665   0.15958   3.57603  
H    -4.33431   2.40015  -0.50214  
H    -5.74015   2.39367  -1.5792  
H    -5.97129   2.44026   0.15875  
H    -8.47423  -2.24769  -1.02586  
H    -7.41637  -3.58906  -0.57309  
H    -8.0931   -2.5155    0.66235  
H     8.90488  -1.86794   1.8845  
H     7.99732  -3.34253   1.53897  
H     9.11317  -2.67051   0.33987  
H     5.44215   2.13158  -1.43684  
H     6.38924   2.55299  -0.00209  
H     7.20659   2.0714   -1.47647  
H   -10.4756   -1.67995   5.28095  
H   -11.00943   0.00174   5.48028  
H   -12.14168  -1.3393    5.75137  
H   -13.53036  -0.00248   3.14373  
H   -13.396    -1.70026   2.64216  
H   -13.7078   -1.30841   4.33395  
H    -9.09931   5.63294  -4.02506  
H   -10.28694   4.54546  -4.74581  
H    -8.62202   4.53121  -5.32888 
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Neut2 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2107825.36 kcal/mol 

Dipole moment: 2.19 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     5.7314    2.2123   -2.46813  
C     5.21609   2.62609  -3.63743  
C     4.02883   2.0584   -3.86726  
C     3.69591   1.23422  -2.86296  
S     4.77686   1.26744  -1.86304  
C     6.91273   2.58475  -1.9205  
C     2.55843   0.50687  -2.80266  
S     2.15575  -0.41512  -1.727  
C     0.85627  -0.91084  -2.21243  
C     0.60209  -0.31569  -3.3894  
C     1.59439   0.50931  -3.73506  
C     0.07612  -1.812    -1.56941  
C     0.41462  -2.37275  -0.39072  
C    -0.34819  -3.27519   0.25295  
C    -1.52285  -3.65298  -0.29035  
C    -1.90605  -3.11486  -1.46568  
C    -1.10571  -2.21872  -2.07131  
C     7.34929   2.12982  -0.72855  
C     8.51843   2.49645  -0.17246  
C     9.31785   3.36156  -0.82831  
C     8.92464   3.84117  -2.02546  
C     7.74313   3.44846  -2.5357  
B     10.7157   3.80583  -0.19925  
B    -2.44737  -4.72473   0.44698  
C    -3.02914  -5.96805  -0.36728  
C    -2.78651  -4.55636   1.99742  
C     11.1074   5.35154  -0.13648  
C     11.7226   2.7049    0.36698  
C     12.0375   1.62201  -0.37071  
C     12.8825   0.70484   0.13484  
C     13.4534   0.79151   1.35346  

C     13.1065   1.8939    2.04826  
C     12.2654   2.84051   1.593  
C     12.3111   5.77056  -0.57407  
C     12.6154   7.07973  -0.50883  
C     11.7852   8.02703  -0.02747  
C     10.5957   7.55445   0.39708  
C     10.2399   6.2573    0.35661  
C    -4.34322  -6.27077  -0.29075  
C    -4.81386  -7.3214   -0.98563  
C    -4.01852  -8.08178  -1.75257  
C    -2.7171   -7.76257  -1.81212  
C    -2.20813  -6.71902  -1.13321  
C    -2.62965  -5.59966   2.84077  
C    -2.92335  -5.43776   4.14292  
C    -3.36952  -4.27157   4.63264  
C    -3.51774  -3.24996   3.77617  
C    -3.23393  -3.37157   2.46708  
C    -5.32258  -5.46892   0.53977  
C    -3.68752  -4.13184   6.10257  
C    -4.58725  -9.25289  -2.51836  
C    -3.44047  -2.16388   1.57754  
C    -2.12296  -6.95227   2.38737  
C    -0.72464  -6.4431   -1.25852  
C     11.9555   4.0223    2.48945  
C     11.4805   1.39997  -1.76242  
C     13.3391   4.81853  -1.15141  
C     8.87137   5.86762   0.87787  
C     8.87972   1.92422   1.18313  
C     9.77087   4.80627  -2.83061  
C    -3.21564  -3.47757  -2.13574  
C     0.15854  -3.83954   1.56452  
N     12.0997   9.26995   0.0221  
C     11.13     10.2567   0.56742  
C     13.4318   9.71548  -0.4663  
N     14.257   -0.0974    1.81207  
C     14.8465   0.06778   3.16733  
C     14.5918  -1.28775   0.98605  
H     5.65771   3.33303  -4.35211  
H     3.4418    2.26552  -4.77234  
H    -0.27762  -0.44992  -4.03253  
H     1.58067   1.08936  -4.66778  
H     1.36096  -2.10607   0.10663  
H    -1.47272  -1.82269  -3.02929  
H     6.74494   1.41814  -0.14344  
H     7.47878   3.87922  -3.51232  
H     13.0874  -0.15129  -0.52493  
H     13.5107   2.0769    3.05489  
H     13.6161   7.34315  -0.88232  
H     9.83323   8.23247   0.80836  
H    -5.88447  -7.57841  -0.93063  
H    -2.05113  -8.37663  -2.43971  
H    -2.79977  -6.28225   4.84068  
H    -3.88131  -2.28456   4.16387  
H    -5.13552  -4.37656   0.47856  
H    -6.37412  -5.60596   0.20227  
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H    -5.27549  -5.78754   1.60549  
H    -4.49883  -4.8389    6.38996  
H    -2.78652  -4.35995   6.7165  
H    -4.025    -3.10681   6.37414  
H    -4.99894  -10.01    -1.81264  
H    -5.40774  -8.91441  -3.19138  
H    -3.82728  -9.76252  -3.15165  
H    -2.47389  -1.63646   1.41294  
H    -3.88006  -2.43191   0.59415  
H    -4.14525  -1.42649   2.02244  
H    -1.30078  -6.87028   1.64626  
H    -1.70227  -7.54906   3.22717  
H    -2.95388  -7.54724   1.94574  
H    -0.54364  -5.64058  -2.00868  
H    -0.26495  -6.14778  -0.29238  
H    -0.15472  -7.33884  -1.59205  
H    12.1425    3.80537   3.56466  
H    12.593     4.89218   2.21289  
H    10.8886    4.32417   2.43883  
H    11.4012    2.34166  -2.34441  
H    12.1243    0.73382  -2.37881  
H    10.475     0.92552  -1.70215  
H    13.9161    4.33326  -0.33208  
H    12.8797    4.03216  -1.78577  
H    14.0727    5.3303   -1.81323  
H     8.14779   5.78852   0.03529  
H     8.8858    4.90681   1.43326  
H     8.46069   6.61024   1.59763  
H     7.98774   1.581     1.75306  
H     9.55279   1.04549   1.06299  
H     9.37141   2.67063   1.84116  
H     10.8523   4.56067  -2.78508  
H     9.51815   4.79483  -3.9142  
H     9.61783   5.84777  -2.46806  
H    -4.04478  -3.59881  -1.40802  
H    -3.56507  -2.6926   -2.84283  
H    -3.10187  -4.41945  -2.71845  
H     1.2623   -3.74781   1.67178  
H    -0.30206  -3.29654   2.42046  
H    -0.05133  -4.9244    1.66822  
H     11.5542   11.2846   0.54267  
H     10.2026   10.2997  -0.04811  
H     10.8992   10.0531   1.63792  
H     13.5463   10.8165  -0.35665  
H     14.2568   9.26671   0.13265  
H     13.5581   9.50769  -1.55332  
H     15.5156  -0.78553   3.41522  
H     15.4863   0.97774   3.22558  
H     14.0603   0.07145   3.95646  
H     15.2977  -1.95789   1.52447  
H     13.6894  -1.90682   0.77845  
H     15.1121  -0.99782   0.04483 

 

Neut(i)2 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C2 

Total energy: −2107825.49 kcal/mol 

Dipole moment: 1.45 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C    -0.85961   4.37527  -1.55815  
C    -0.67947   4.5146   -0.17531  
C    -0.95446   5.71245   0.48275  
C    -1.45278   6.82594  -0.23774  
C    -1.64915   6.68478  -1.63562  
C    -1.34608   5.48181  -2.26994  
B    -1.76189   8.19427   0.47895  
C    -3.1327    8.90461   0.26772  
C    -0.66264   8.82886   1.40976  
C    -0.99063   9.24978   2.72289  
C     0.        9.77209   3.55812  
C     1.31918   9.92891   3.12918  
C     1.63605   9.52409   1.83141  
C     0.67947   8.96829   0.97865  
C    -3.21402   10.30568  0.04328  
C    -4.44005   10.92975 -0.1678  
C    -5.65394   10.21533 -0.12206  
C    -5.57566   8.82716   0.10763  
C    -4.35577   8.18069   0.283  
C     1.12534   8.54702  -0.40559  
C    -2.39474   9.13677   3.27999  
C    -1.982     11.18576 -0.02094  
C    -4.40611   6.68477   0.52026  
C     2.36253   10.54121  4.0293  
C    -0.71415   5.76824   1.97626  
C    -2.18521   7.81453  -2.49027  
N    -6.87125   10.84963 -0.28997  
C    -8.07592   10.05516 -0.44748  
C    -6.9029    12.24469 -0.6886  
H    -0.29066   3.6773    0.39773  
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H    -1.51822   5.39112  -3.33811  
H    -0.26583   10.06784  4.57063  
H     2.65781   9.63784   1.47586  
H    -4.44477   11.9926  -0.37422  
H    -6.48045   8.23409   0.15208  
H     1.1651    7.45819  -0.50135  
H     0.44769   8.90518  -1.18618  
H     2.12105   8.94222  -0.62461  
H    -2.84547   8.16026   3.08176  
H    -2.3887    9.28819   4.36299  
H    -3.0639    9.88023   2.83717  
H    -1.19243   10.75031 -0.63884  
H    -2.23275   12.16429 -0.43957  
H    -1.54845   11.34281  0.97045  
H    -4.05757   6.12593  -0.35262  
H    -3.77612   6.37658   1.35855  
H    -5.42924   6.36644   0.73771  
H     2.14629   10.34402  5.08337  
H     3.36049   10.15233  3.80643  
H     2.40242   11.63046  3.90353  
H    -0.54004   4.76532   2.37499  
H     0.15369   6.38738   2.21938  
H    -1.5646    6.19681   2.51456  
H    -1.67927   8.76291  -2.28851  
H    -2.05555   7.58561  -3.55162  
H    -3.24933   7.98704  -2.30619  
H    -8.9311    10.722   -0.56209  
H    -8.03439   9.39226  -1.32457  
H    -8.25636   9.43333   0.43639  
H    -7.93974   12.57952 -0.73512  
H    -6.38361   12.87321  0.04291  
H    -6.43991   12.41683 -1.67211  
C    -0.55475   3.12661  -2.25065  
C    -0.25767   2.93087  -3.58322  
S    -0.53583   1.59365  -1.39833  
C     0.0057    1.58092  -3.9207  
H    -0.18887   3.74791  -4.29112  
C    -0.09539   0.71563  -2.84965  
H     0.29763   1.25075  -4.91037  
C     0.09539  -0.71563  -2.84965  
C    -0.0057   -1.58092  -3.9207  
S     0.53583  -1.59365  -1.39833  
C     0.25767  -2.93087  -3.58322  
H    -0.29763  -1.25075  -4.91037  
C     0.55475  -3.12661  -2.25065  
H     0.18887  -3.74791  -4.29112  
C     0.85961  -4.37527  -1.55815  
C     0.67947  -4.5146   -0.17531  
C     1.34608  -5.48181  -2.26994  
C     0.95446  -5.71245   0.48275  
H     0.29066  -3.6773    0.39773  
C     1.64915  -6.68478  -1.63562  
H     1.51822  -5.39112  -3.33811  
C     1.45278  -6.82594  -0.23774  

C     0.71415  -5.76824   1.97626  
C     2.18521  -7.81453   -2.49027  
B     1.76189  -8.19427    0.47895  
H     0.54004  -4.76532    2.37499  
H    -0.15369  -6.38738    2.21938  
H     1.5646   -6.19681    2.51456  
H     1.67927  -8.76291   -2.28851  
H     2.05555  -7.58561   -3.55162  
H     3.24933  -7.98704   -2.30619  
C     3.1327   -8.90461    0.26772  
C     0.66264  -8.82886    1.40976  
C     3.21402  -10.30568   0.04328  
C     4.35577  -8.18069    0.283  
C     0.99063  -9.24978    2.72289  
C    -0.67947  -8.96829    0.97865  
C     4.44005  -10.92975  -0.1678  
C     1.982    -11.18576  -0.02094  
C     5.57566  -8.82716    0.10763  
C     4.40611  -6.68477    0.52026  
C     0.       -9.77209    3.55812  
C     2.39474  -9.13677    3.27999  
C    -1.63605  -9.52409    1.83141  
C    -1.12534  -8.54702   -0.40559  
C     5.65394  -10.21533  -0.12206  
H     4.44477  -11.9926   -0.37422  
H     1.19243  -10.75031  -0.63884  
H     2.23275  -12.16429  -0.43957  
H     1.54845  -11.34281   0.97045  
H     6.48045  -8.23409    0.15208  
H     4.05757  -6.12593   -0.35262  
H     3.77612  -6.37658    1.35855  
H     5.42924  -6.36644    0.73771  
C    -1.31918  -9.92891    3.12918  
H     0.26583  -10.06784   4.57063  
H     2.84547  -8.16026    3.08176  
H     2.3887   -9.28819    4.36299  
H     3.0639   -9.88023    2.83717  
H    -2.65781  -9.63784    1.47586  
H    -1.1651   -7.45819   -0.50135  
H    -0.44769  -8.90518   -1.18618  
H    -2.12105  -8.94222   -0.62461  
N     6.87125  -10.84963  -0.28997  
C    -2.36253  -10.54121   4.0293  
C     8.07592  -10.05516  -0.44748  
C     6.9029   -12.24469  -0.6886  
H    -2.14629  -10.34402   5.08337  
H    -3.36049  -10.15233   3.80643  
H    -2.40242  -11.63046   3.90353  
H     8.9311   -10.722    -0.56209  
H     8.03439  -9.39226   -1.32457  
H     8.25636  -9.43333    0.43639  
H     7.93974  -12.57952  -0.73512  
H     6.38361  -12.87321   0.04291  
H     6.43991  -12.41683  -1.67211 
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Neut3 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2167195.35 kcal/mol 

Dipole moment: 3.44 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     3.53402  -2.62534  -0.42756  
C     3.2603   -3.92376  -0.80329  
C     1.87982  -4.23989  -0.81467  
C     1.07045  -3.1873   -0.43648  
S     2.04313  -1.78162  -0.04952  
C     4.8294   -1.95983  -0.32416  
C    -0.36931  -3.17416  -0.32865  
S    -1.29496  -1.68947  -0.4338  
C    -2.81353  -2.54189  -0.22333  
C    -2.5832   -3.89661  -0.10667  
C    -1.21349  -4.25331  -0.15981  
C    -4.08656  -1.82693  -0.19672  
C    -4.16272  -0.47014   0.14678  
C    -5.37657   0.21576   0.1585  
C    -6.58316  -0.4623   -0.14332  
C    -6.51205  -1.83878  -0.47412  
C    -5.28058  -2.48967  -0.51743  
C     4.94856  -0.56457  -0.38806  
C     6.18368   0.07259  -0.2779  
C     7.37027  -0.69023  -0.13649  
C     7.25511  -2.10243  -0.08784  
C     6.00316  -2.70981  -0.15846  
B     8.77416   0.02095  -0.06408  
B    -7.96745   0.29454  -0.11556  
C    -9.15652  -0.3068    0.70162  
C    -8.1281    1.63344  -0.90533  
C     9.92337  -0.4755   -1.01872  
C     9.01731   1.19297   0.9332  
C     8.54615   1.13888   2.27319  
C     8.78082   2.18515   3.16026  
C     9.46519   3.35254   2.76691  

C     9.90704   3.42036   1.43045  
C     9.71436   2.36777   0.54049  
C    11.20562  -0.78372  -0.49921  
C    12.20847  -1.25939  -1.34748  
C    12.00024  -1.41959  -2.7186  
C    10.74193  -1.0975   -3.22966  
C     9.70528  -0.64934  -2.40743  
C   -10.45974  -0.3902    0.14389  
C   -11.51121  -0.96123   0.85663  
C   -11.34389  -1.43751   2.1718  
C   -10.05217  -1.35232   2.72707  
C    -8.98202  -0.81782   2.01431  
C    -8.74703   2.76466  -0.3102  
C    -8.85356   3.97063  -0.9985  
C    -8.39712   4.11156  -2.32377  
C    -7.78664   2.98893  -2.91635  
C    -7.63957   1.78679  -2.22937  
C   -10.77026   0.09692  -1.25748  
N    -8.54719   5.30155  -3.01781  
N   -12.40563  -1.96224   2.89147  
C    -6.96239   0.65306  -2.97239  
C    -9.28617   2.73779   1.10621  
C    -7.64006  -0.78403   2.71705  
C    10.24529   2.55964  -0.86585  
C     7.79726  -0.06047   2.81854  
C    11.53999  -0.62875   0.97007  
C     8.3729   -0.33708  -3.0553  
C     6.20202   1.5856   -0.34134  
C     8.46527  -2.9968    0.0777  
C    -7.74864  -2.64141  -0.81988  
C    -5.35492   1.68419   0.52713  
C    13.09125  -1.95069  -3.61383  
N     9.69765   4.38507   3.65702  
C   -12.14365  -2.65832   4.13795  
C   -13.66596  -2.21408   2.21769  
C    -8.99831   6.48545  -2.31017  
C    -7.85037   5.4808   -4.2786  
C    10.25423   5.63525   3.1738  
C     9.04526   4.37158   4.95381  
H     4.03455  -4.6187   -1.10508  
H     1.48145  -5.19822  -1.1254  
H    -3.38099  -4.61113   0.0559  
H    -0.84738  -5.26615  -0.04195  
H    -3.25608   0.05906   0.42706  
H    -5.24348  -3.53023  -0.82499  
H     4.05815   0.03818  -0.54384  
H     5.93433  -3.78919  -0.06529  
H     8.4219    2.08487   4.17685  
H    10.4087    4.30977   1.07053  
H    13.18134  -1.50603  -0.92778  
H    10.5613   -1.20175  -4.29728  
H   -12.47654  -1.03621   0.37189  
H    -9.87027  -1.7083    3.73342  
H    -9.29861   4.81432  -0.48614  
H    -7.41582   3.04671  -3.93206  
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H   -10.02083  -0.22576  -1.98486  
H   -11.74245  -0.2807   -1.58666  
H   -10.79657   1.18909  -1.3073  
H    -5.9534    0.46892  -2.59311  
H    -7.50866  -0.28895  -2.87545  
H    -6.88516   0.88478  -4.03823  
H    -8.58826   2.27262   1.80724  
H    -9.48801   3.75363   1.45749  
H   -10.21564   2.16545   1.17233  
H    -6.94972  -1.52369   2.30216  
H    -7.14875   0.18804   2.62233  
H    -7.75949  -0.994     3.78351  
H    10.52289   3.60443  -1.03012  
H    11.12858   1.94202  -1.0499  
H     9.51119   2.28533  -1.6278  
H     8.27588  -1.00548   2.5492  
H     7.74294  -0.01338   3.90953  
H     6.7756   -0.10797   2.43186  
H    11.6416    0.42362   1.25092  
H    10.76669  -1.04729   1.62035  
H    12.48147  -1.13426   1.20239  
H     7.61632  -1.08421  -2.7992  
H     7.97479   0.63167  -2.73929  
H     8.47147  -0.31506  -4.14404  
H     5.23461   1.96578  -0.68048  
H     6.41582   2.02398   0.63762  
H     6.9686    1.96414  -1.02318  
H     9.12772  -2.65164   0.87695  
H     8.15825  -4.01812   0.31883  
H     9.06688  -3.02816  -0.83486  
H    -8.39355  -2.12048  -1.53359  
H    -7.47159  -3.60338  -1.26007  
H    -8.36013  -2.83412   0.06613  
H    -4.38236   1.96134   0.94304  
H    -5.54675   2.31704  -0.34396  
H    -6.11983   1.93622   1.2674  
H    14.08286  -1.68     -3.23918  
H    13.05433  -3.0456   -3.67437  
H    12.99417  -1.56606  -4.63331  
H   -11.49147  -3.53538   4.00758  
H   -11.67004  -1.9924    4.86733  
H   -13.08949  -2.9943    4.56474  
H   -14.07413  -1.29005   1.79486  
H   -13.57618  -2.94853   1.40234  
H   -14.38853  -2.5925    2.9419  
H    -9.98477   6.32128  -1.86392  
H    -8.31039   6.79236  -1.50715  
H    -9.0897    7.31085  -3.01739  
H    -6.75733   5.40207  -4.17627  
H    -8.17383   4.73731  -5.01503  
H    -8.08749   6.4667   -4.68035  
H     9.60448   6.13456   2.4391  
H    10.39973   6.3111    4.01723  
H    11.23107   5.47407   2.70524  
H     9.34164   3.49129   5.53489  

H     9.34906   5.25547   5.5156  
H     7.94785   4.37164   4.87589  

Cat1+ 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2073358.59 kcal/mol 

Dipole moment: 41.42 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C    -2.61631  -2.45432  -1.22375  
C    -2.31362  -3.6631   -1.81997  
C    -0.93189  -3.87247  -2.02585  
C    -0.14404  -2.81837  -1.59872  
S    -1.1436   -1.5424   -0.93591  
C    -3.91843  -1.92606  -0.85001  
C     1.29093  -2.70074  -1.67331  
S     2.18495  -1.5498   -0.69987  
C     3.71762  -2.07182  -1.37194  
C     3.51392  -3.0809   -2.29151  
C     2.15505  -3.43283  -2.46478  
C     4.97569  -1.46092  -0.95259  
C     5.10063  -0.80425   0.27899  
C     6.30707  -0.23803   0.68756  
C     7.44278  -0.29376  -0.15847  
C     7.31645  -0.94498  -1.41195  
C     6.10348  -1.52135  -1.78377  
C    -4.05041  -0.85532   0.04951  
C    -5.2924   -0.33173   0.39199  
C    -6.48486  -0.90063  -0.13317  
C    -6.35775  -2.00531  -1.02393  
C    -5.09791  -2.47492  -1.38125  
B    -7.88959  -0.32013   0.198  
B     8.80979   0.35412   0.28136  
C     9.56043   1.32385  -0.69647  
C     9.4077    0.02478   1.69324  
C    -9.11428  -1.22448   0.5463  
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C    -8.0899    1.25926   0.18089  
C    -7.71816   2.01669  -0.95088  
C    -7.90623   3.40621  -0.97005  
C    -8.4394    4.04352   0.14072  
C    -8.80524   3.3189    1.27089  
C    -8.64686   1.93131   1.29514  
C   -10.39295  -1.01415  -0.03101  
C   -11.46816  -1.82688   0.33031  
C   -11.33728  -2.8414    1.28138  
C   -10.0821   -3.03326   1.86319  
C    -8.97321  -2.26511   1.50364  
C    10.94643   1.16231  -0.95201  
C    11.59537   2.01501  -1.84739  
C    10.92788   3.06248  -2.48521  
C     9.56697   3.22648  -2.22123  
C     8.87523   2.3736   -1.35848  
C     9.87074   1.0621    2.54244  
C    10.37448   0.75574   3.80847  
C    10.47529  -0.55999   4.26425  
C    10.03049  -1.57953   3.42045  
C     9.48933  -1.31123   2.16156  
C    11.76666   0.06632  -0.30424  
C    11.07201  -0.8725    5.61274  
C    11.66071   4.00256  -3.40793  
C     9.0258   -2.48843   1.32926  
C     9.81924   2.52153   2.14067  
C     7.39716   2.63042  -1.15085  
C    -9.08016   1.192     2.53957  
C    -7.10673   1.3797   -2.17812  
C   -10.64246   0.05726  -1.07207  
C    -7.65712  -2.57353   2.18716  
C    -5.3091    0.82072   1.37528  
C    -7.55453  -2.68564  -1.65583  
C     8.47323  -1.04818  -2.38292  
C     6.34793   0.4321    2.0443  
C   -12.50462  -3.72068   1.6466  
N    -8.64087   5.54123   0.1645  
C    -8.20726   6.20761  -1.11325  
C   -10.10652   5.85033   0.36873  
C    -7.83102   6.14061   1.29175  
H    -3.06716  -4.40083  -2.0677  
H    -0.51541  -4.78002  -2.44468  
H     4.32851  -3.56795  -2.81281  
H     1.81356  -4.19255  -3.15748  
H     4.24628  -0.75854   0.94889  
H     6.02479  -2.00257  -2.75362  
H    -3.15986  -0.43501   0.50726  
H    -5.02715  -3.27995  -2.10481  
H    -7.61669   3.94545  -1.86144  
H    -9.22211   3.80497   2.14633  
H   -12.43472  -1.66644  -0.14107  
H    -9.96259  -3.80937   2.61495  
H    12.65263   1.86056  -2.04998  
H     9.02839   4.03782  -2.70559  
H    10.70255   1.566     4.45548  

H    10.10282  -2.61197   3.75464  
H    11.27248  -0.9083   -0.34905  
H    12.73511  -0.02968  -0.80206  
H    11.94937   0.27361   0.7539  
H    12.15517  -1.02802   5.53585  
H    10.91088  -0.05443   6.32057  
H    10.64286  -1.78418   6.03835  
H    12.11161   4.83082  -2.84747  
H    12.46999   3.49202  -3.93791  
H    10.98725   4.44015  -4.15033  
H     7.93443  -2.54067   1.27673  
H     9.38756  -2.43767   0.29834  
H     9.38699  -3.42606   1.75978  
H     8.85398   2.80384   1.71084  
H     9.99634   3.16194   3.00882  
H    10.57563   2.75753   1.38681  
H     6.78251   1.87287  -1.6457  
H     7.11698   2.61972  -0.0936  
H     7.11922   3.60695  -1.55641  
H    -9.29181   1.88718   3.35595  
H    -9.97827   0.59924   2.34819  
H    -8.31405   0.4932    2.88446  
H    -7.64123   0.47596  -2.47905  
H    -7.11429   2.07202  -3.02391  
H    -6.07238   1.08029  -1.98845  
H   -10.67215   1.0574   -0.62745  
H    -9.86944   0.07332  -1.84581  
H   -11.59986  -0.11053  -1.5713  
H    -6.96007  -3.07499   1.50968  
H    -7.14608  -1.67598   2.5463  
H    -7.81975  -3.22961   3.0456  
H    -4.3378    0.91638   1.86635  
H    -5.52434   1.77319   0.8805  
H    -6.06045   0.68828   2.15857  
H    -8.27549  -1.9736   -2.06656  
H    -7.23292  -3.34037  -2.46917  
H    -8.10026  -3.29418  -0.92975  
H     9.39263  -1.38502  -1.89581  
H     8.24175  -1.75766  -3.18166  
H     8.69902  -0.08117  -2.84034  
H     5.33686   0.55581   2.44139  
H     6.92689  -0.15493   2.76233  
H     6.81299   1.42111   2.00354  
H   -13.45716  -3.20589   1.49478  
H   -12.51912  -4.62469   1.02592  
H   -12.45007  -4.04466   2.68954  
H    -8.38575   7.277    -1.0094  
H    -7.14708   6.0209   -1.2722  
H    -8.79301   5.81117  -1.94018  
H   -10.23882   6.93269   0.37311  
H   -10.43271   5.42818   1.31557  
H   -10.66467   5.39647  -0.44879  
H    -6.78432   5.88981   1.12629  
H    -7.97468   7.22152   1.28974  
H    -8.16527   5.71893   2.23597  
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Cat2+ 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2157601.66 kcal/mol 

Dipole moment: 79.15 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C    -2.07149  -2.08916  -1.41167  
C    -1.80164  -3.19227  -2.21298  
C    -0.43725  -3.48543  -2.34997  
C     0.3923   -2.61357  -1.64887  
S    -0.56271  -1.41474  -0.80559  
C    -3.347    -1.51286  -1.07333  
C     1.82279  -2.63568  -1.57688  
S     2.75126  -1.33377  -0.85679  
C     4.26657  -2.15371  -1.17102  
C     4.03432  -3.35798  -1.81531  
C     2.67155  -3.62986  -2.04157  
C     5.53947  -1.56286  -0.78154  
C     5.62025  -0.58564   0.22086  
C     6.84004  -0.03166   0.60289  
C     8.0363   -0.43408  -0.04208  
C     7.9579   -1.41308  -1.06487  
C     6.72713  -1.96655  -1.41047  
C    -3.45324  -0.3279   -0.31625  
C    -4.67395   0.24827  -0.00246  
C    -5.90019  -0.37273  -0.40731  
C    -5.79444  -1.59051  -1.15813  
C    -4.55518  -2.11485  -1.48599  
B    -7.26342   0.2385   -0.05469  
B     9.42628   0.19675   0.36686  
C    10.35768   0.79175  -0.7422  
C     9.84934   0.21741   1.87467  
C    -8.49785  -0.68575   0.33321  
C    -7.47623   1.81419  -0.06878  
C    -7.13186   2.55178  -1.22556  
C    -7.28992   3.94538  -1.25327  
C    -7.76758   4.61212  -0.13467  
C    -8.1248    3.90608   1.0106  

C    -7.99539   2.51562   1.04584  
C    -9.74553  -0.59051  -0.32034  
C   -10.80082  -1.44974   0.01835  
C   -10.62823  -2.38871   1.02551  
C    -9.41883  -2.47982   1.7074  
C    -8.34991  -1.64712   1.36588  
C    11.73755   0.45956  -0.7752  
C    12.55213   0.96561  -1.78992  
C    12.06144   1.83093  -2.76995  
C    10.70673   2.16569  -2.72646  
C     9.85191   1.65311  -1.74885  
C    10.35309   1.40639   2.46331  
C    10.69699   1.42296   3.8166  
C    10.59781   0.28421   4.61842  
C    10.11271  -0.88686   4.03279  
C     9.72587  -0.93497   2.69228  
C    12.37731  -0.46007   0.24415  
C    11.02882   0.31025   6.06229  
C    12.9722    2.40598  -3.82391  
C     9.20667  -2.25308   2.15714  
C    10.51645   2.6939    1.68241  
C     8.39729   2.07187  -1.79867  
C    -8.38449   1.80028   2.31801  
C    -6.56039   1.9004   -2.46485  
C    -9.98187   0.40435  -1.43277  
C    -7.05261  -1.83555   2.11866  
C    -4.6258    1.51244   0.83254  
C    -7.00311  -2.3361   -1.6882  
C     9.18462  -1.89162  -1.81026  
C     6.83573   0.99915   1.71051  
N   -11.73167  -3.34674   1.40668  
C   -12.98588  -3.14481   0.5973  
C   -11.26393  -4.76876   1.17883  
C   -12.09123  -3.15775   2.86418  
N    -7.90409   6.11606  -0.11632  
C    -7.48694   6.75666  -1.41504  
C    -9.34599   6.49513   0.13866  
C    -7.02657   6.68691   0.97735  
H    -2.57586  -3.76713  -2.70604  
H    -0.0535   -4.29654  -2.9552  
H     4.83245  -4.03805  -2.08365  
H     2.3122   -4.53926  -2.50779  
H     4.71698  -0.27287   0.73791  
H     6.68695  -2.70236  -2.20731  
H    -2.54712   0.15445   0.03694  
H    -4.51696  -3.02006  -2.08149  
H    -7.01381   4.46752  -2.15887  
H    -8.50015   4.41186   1.89322  
H   -11.72913  -1.35637  -0.52804  
H    -9.27093  -3.20345   2.50127  
H    13.60115   0.68058  -1.81431  
H    10.30496   2.8411   -3.47816  
H    11.05958   2.34892   4.25659  
H    10.03166  -1.78646   4.6384  
H    11.78768  -1.36335   0.42365  
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H    13.36812  -0.77266  -0.09504  
H    12.49287   0.03293   1.21352  
H    12.09186   0.05744   6.15739  
H    10.89053   1.30145   6.50328  
H    10.46826  -0.41374   6.66049  
H    13.46345   3.31726  -3.46148  
H    13.7615    1.70027  -4.09808  
H    12.41924   2.67152  -4.72919  
H     8.12715  -2.22178   1.98208  
H     9.67282  -2.52906   1.20694  
H     9.40749  -3.05917   2.86745  
H     9.6407    2.92875   1.07094  
H    10.68173   3.53306   2.36307  
H    11.36767   2.64268   0.99768  
H     7.75262   1.25483  -2.13608  
H     8.02109   2.38819  -0.82148  
H     8.26531   2.90919  -2.4889  
H    -8.64995   2.50735   3.1071  
H    -9.23827   1.13788   2.15366  
H    -7.5655    1.17973   2.69332  
H    -7.05908   0.96029  -2.70689  
H    -6.64642   2.56322  -3.32937  
H    -5.50237   1.65951  -2.32565  
H    -9.94473   1.4311   -1.05956  
H    -9.22024   0.31992  -2.21332  
H   -10.95479   0.24999  -1.90463  
H    -6.31879  -2.36482   1.50427  
H    -6.59206  -0.88481   2.39405  
H    -7.21144  -2.41303   3.03258  
H    -3.63066   1.64017   1.26377  
H    -4.84249   2.40465   0.23746  
H    -5.34221   1.49622   1.65763  
H    -7.73945  -1.66839  -2.14278  
H    -6.69696  -3.05513  -2.45107  
H    -7.5198   -2.89324  -0.90088  
H    10.00707  -2.13973  -1.13388  
H     8.95515  -2.785    -2.39669  
H     9.56152  -1.12323  -2.49044  
H     5.81465   1.32007   1.93353  
H     7.27742   0.59955   2.62719  
H     7.41496   1.88875   1.448  
H   -13.7223   -3.87174   0.93662  
H   -13.3592   -2.13562   0.76021  
H   -12.76341  -3.30753  -0.45545  
H   -12.07477  -5.44835   1.44186  
H   -10.39453  -4.96435   1.80114  
H   -10.99867  -4.87385   0.1279  
H   -12.41392  -2.12702   3.00328  
H   -12.89456  -3.84986   3.1173  
H   -11.2179   -3.35902   3.47905  
H    -7.61655   7.83297  -1.31187  
H    -6.44114   6.52665  -1.60887  
H    -8.11825   6.3828   -2.21877  
H    -9.42573   7.58237   0.13952  
H    -9.65713   6.09746   1.10117  

H    -9.95518   6.06617  -0.65558  
H    -5.99859   6.38831   0.77745  
H    -7.12125   7.77294   0.96858  
H    -7.34673   6.29074   1.93754  

Cat(i)2+ 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C2 

Total energy: −2157604.10 kcal/mol 

Dipole moment: 5.13 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     1.3291    2.8835    2.18084  
C     0.97884   2.76766   3.5113  
C     0.3817    1.52911   3.84089  
C     0.27178   0.66876   2.76541  
S     0.92976   1.40771   1.32093  
H     1.10941   3.57189   4.22482  
H     0.00804   1.28174   4.82683  
C    -0.27178  -0.66876   2.76541  
C    -0.3817   -1.52911   3.84089  
S    -0.92976  -1.40771   1.32093  
C    -0.97884  -2.76766   3.5113  
H    -0.00804  -1.28174   4.82683  
C    -1.3291   -2.8835    2.18084  
H    -1.10941  -3.57189   4.22482  
C     1.94026   4.01937   1.50077  
C     1.87829   4.16791   0.10771  
C     2.61426   5.00974   2.23317  
C     2.43548   5.26611  -0.54379  
H     1.35751   3.42051  -0.48372  
C     3.20248   6.10667   1.61119  
H     2.69597   4.91021   3.31057  
C     3.11696   6.26678   0.2016  
C     2.2902    5.32601  -2.05014  
C     3.90012   7.11803   2.49685  
B     3.75604   7.48877  -0.5302  
H     1.97064   4.35643  -2.43945  
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H     1.54934   6.07123  -2.35243  
H     3.22327   5.59522  -2.55181  
H     3.60164   8.14488   2.26743  
H     3.66197   6.9358    3.54738  
H     4.98811   7.06879   2.3897  
C     5.23457   7.94022  -0.15402  
C     2.98676   8.29172  -1.62449  
C     5.51005   9.27953   0.19715  
C     6.30251   7.01164  -0.18118  
C     3.59768   8.65741  -2.85249  
C     1.64707   8.70583  -1.3919  
C     6.81677   9.67669   0.51555  
C     4.4293    10.33535  0.24647  
C     7.60283   7.42805   0.11422  
C     6.0877    5.55713  -0.5303  
C     2.88205   9.38915  -3.80059  
C     5.01111   8.24508  -3.20877  
C     0.97884   9.46738  -2.35202  
C     0.89725   8.37575  -0.11766  
C     7.84995   8.75256   0.46233  
H     6.98093   10.71015  0.78784  
H     3.5356    9.98181   0.76581  
H     4.78164   11.2334   0.75996  
H     4.11306   10.61661 -0.76148  
H     8.40102   6.69517   0.06946  
H     5.54741   5.03995   0.26689  
H     5.49063   5.44003  -1.43811  
H     7.04054   5.04584  -0.68817  
C     1.57267   9.81643  -3.5671  
H     3.35565   9.63276  -4.74832  
H     5.20932   7.19362  -2.98179  
H     5.19201   8.38725  -4.27685  
H     5.75572   8.83655  -2.66619  
H    -0.03865   9.79259  -2.15045  
H     0.58417   7.32793  -0.09406  
H     1.4975    8.54051   0.78132  
H     0.0004    8.99422  -0.0349  
C     0.83272   10.64721 -4.58237  
C     9.7788    8.33631   1.9474  
C     9.40757   10.60403  1.1396  
H     1.18042   10.44111 -5.59807  
H    -0.24391   10.46121 -4.54225  
H     0.98502   11.71713 -4.39537  
H    10.80196   8.64095   2.16913  
H     9.12663   8.52754   2.79829  
H     9.74917   7.28078   1.69016  
H    10.45822   10.80051  1.34851  
H     9.07489   11.21414  0.30222  
H     8.8081    10.8089   2.02438  
C    -1.94026  -4.01937   1.50077  
C    -1.87829  -4.16791   0.10771  
C    -2.61426  -5.00974   2.23317  
C    -2.43548  -5.26611  -0.54379  
H    -1.35751  -3.42051  -0.48372  
C    -3.20248  -6.10667   1.61119  

H    -2.69597  -4.91021   3.31057  
C    -3.11696  -6.26678   0.2016  
C    -2.2902   -5.32601  -2.05014  
C    -3.90012  -7.11803   2.49685  
B    -3.75604  -7.48877  -0.5302  
H    -1.97064  -4.35643  -2.43945  
H    -1.54934  -6.07123  -2.35243  
H    -3.22327  -5.59522  -2.55181  
H    -3.60164  -8.14488   2.26743  
H    -3.66197  -6.9358    3.54738  
H    -4.98811  -7.06879   2.3897  
C    -5.23457  -7.94022  -0.15402  
C    -2.98676  -8.29172  -1.62449  
C    -5.51005  -9.27953   0.19715  
C    -6.30251  -7.01164  -0.18118  
C    -3.59768  -8.65741  -2.85249  
C    -1.64707  -8.70583  -1.3919  
C    -6.81677  -9.67669   0.51555  
C    -4.4293   -10.33535  0.24647  
C    -7.60283  -7.42805   0.11422  
C    -6.0877   -5.55713  -0.5303  
C    -2.88205  -9.38915  -3.80059  
C    -5.01111  -8.24508  -3.20877  
C    -0.97884  -9.46738  -2.35202  
C    -0.89725  -8.37575  -0.11766  
C    -7.84995  -8.75256   0.46233  
H    -6.98093  -10.71015  0.78784  
H    -3.5356   -9.98181   0.76581  
H    -4.78164  -11.2334   0.75996  
H    -4.11306  -10.61661 -0.76148  
H    -8.40102  -6.69517   0.06946  
H    -5.54741  -5.03995   0.26689  
H    -5.49063  -5.44003  -1.43811  
H    -7.04054  -5.04584  -0.68817  
C    -1.57267  -9.81643  -3.5671  
H    -3.35565  -9.63276  -4.74832  
H    -5.20932  -7.19362  -2.98179  
H    -5.19201  -8.38725  -4.27685  
H    -5.75572  -8.83655  -2.66619  
H     0.03865  -9.79259  -2.15045  
H    -0.58417  -7.32793  -0.09406  
H    -1.4975   -8.54051   0.78132  
H    -0.0004   -8.99422  -0.0349  
C    -0.83272  -10.64721 -4.58237  
C    -9.7788   -8.33631   1.9474  
C    -9.40757  -10.60403  1.1396  
H    -1.18042  -10.44111 -5.59807  
H     0.24391  -10.46121 -4.54225  
H    -0.98502  -11.71713 -4.39537  
H   -10.80196  -8.64095   2.16913  
H    -9.12663  -8.52754   2.79829  
H    -9.74917  -7.28078   1.69016  
H   -10.45822  -10.80051  1.34851  
H    -9.07489  -11.21414  0.30222  
H    -8.8081   -10.8089   2.02438  
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C   -10.1457   -8.89688  -0.4332  
H   -10.11562  -7.83936  -0.68207  
H    -9.75124  -9.4825   -1.26225  
H   -11.16639  -9.19953  -0.19773  
N    -9.27384  -9.14904   0.7766  
C    10.1457    8.89688  -0.4332  
H    10.11562   7.83936  -0.68207  
H     9.75124   9.4825   -1.26225  
H    11.16639   9.19953  -0.19773  
N     9.27384   9.14904   0.7766  

Cat3+  

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2241823.38 kcal/mol 

Dipole moment: 40.50 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     3.66113  -0.39604  -2.25592  
C     3.36874  -0.55302  -3.59553  
C     1.99683  -0.76507  -3.85821  
C     1.21319  -0.77367  -2.71933  
S     2.20092  -0.51635  -1.29429  
C     4.96861  -0.15183  -1.65011  
C    -0.21627  -0.95873  -2.66673  
S    -1.2019   -0.35506  -1.35311  
C    -2.67825  -0.94517  -2.10438  
C    -2.38031  -1.56229  -3.30777  
C    -1.00788  -1.57447  -3.62283  
C    -3.98247  -0.7422   -1.50442  
C    -4.17979   0.12982  -0.41828  
C    -5.4383    0.37046   0.11862  
C    -6.58836  -0.30243  -0.39671  
C    -6.38359  -1.22309  -1.47203  
C    -5.11627  -1.40934  -2.0065  
C     5.2864   -0.59094  -0.35759  
C     6.54948  -0.37607   0.19261  
C     7.53685   0.33388  -0.5365  

C     7.21248   0.79398  -1.84057  
C     5.95308   0.53318  -2.37658  
B     8.96089   0.61862   0.05385  
B    -8.00033  -0.0213    0.15872  
C    -9.05497  -1.19376   0.35246  
C    -8.44425   1.4578    0.53395  
C     9.58222   2.04713   0.02491  
C     9.80709  -0.56938   0.68748  
C    10.05322  -1.75416  -0.03985  
C    10.87973  -2.75576   0.49001  
C    11.43576  -2.59502   1.75087  
C    11.17488  -1.45308   2.50186  
C    10.37467  -0.43481   1.97786  
C    10.93413   2.26654  -0.35566  
C    11.46093   3.55777  -0.35333  
C    10.70575   4.66326   0.04697  
C     9.38307   4.44277   0.43723  
C     8.80499   3.1726    0.41401  
C   -10.35057  -1.1346   -0.20492  
C   -11.2484   -2.19995  -0.04328  
C   -10.87236  -3.31389   0.69357  
C    -9.61029  -3.38233   1.27606  
C    -8.69451  -2.34096   1.10379  
C    -8.99533   1.77732   1.79378  
C    -9.36884   3.09411   2.09927  
C    -9.2199    4.0919    1.14636  
C    -8.69908   3.79686  -0.10964  
C    -8.29861   2.49484  -0.4225  
C   -10.81286   0.05046  -1.02122  
N    -9.60763   5.52203   1.43681  
N   -11.80627  -4.48555   0.88002  
C    -7.70639   2.25984  -1.79381  
C    -9.17718   0.7312    2.86925  
C    -7.32672  -2.50206   1.72721  
C    10.15954   0.79692   2.82698  
C     9.46782  -1.98541  -1.41414  
C    11.84635   1.14621  -0.81215  
C     7.35792   3.06019   0.84812  
C     6.81367  -0.89968   1.58767  
C     8.18967   1.5712   -2.69695  
C    -7.51365  -1.99704  -2.12054  
C    -5.5086    1.33748   1.28312  
C    11.29144   6.0502    0.02849  
N    12.34684  -3.64258   2.34689  
C    12.5499   -4.82534   1.43729  
C    13.70582  -3.03284   2.61504  
C    11.75486  -4.15518   3.64054  
C   -13.13713  -4.28711   0.20093  
C   -11.1754   -5.73164   0.29409  
C   -12.07179  -4.69636   2.35533  
C   -10.15716   5.70805   2.82771  
C    -8.39018   6.41272   1.30285  
C   -10.67387   5.96939   0.45949  
H     4.13041  -0.53437  -4.36499  
H     1.58548  -0.88561  -4.85283  
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H    -3.13551  -1.98648  -3.95763  
H    -0.59645  -2.03391  -4.51251  
H    -3.3257    0.64883   0.00621  
H    -4.99923  -2.10041  -2.83359  
H     4.54414  -1.13686   0.2179  
H     5.7168    0.90244  -3.36928  
H    11.06109  -3.63566  -0.11144  
H    11.59444  -1.31849   3.49277  
H    12.48911   3.70963  -0.67185  
H     8.78324   5.28794   0.76465  
H   -12.22135  -2.12037  -0.50789  
H    -9.30355  -4.24332   1.85924  
H    -9.76753   3.29488   3.08397  
H    -8.58031   4.56451  -0.86597  
H   -10.09474   0.30526  -1.80545  
H   -11.76989  -0.15192  -1.50685  
H   -10.93279   0.93843  -0.39477  
H    -6.62008   2.1472   -1.73585  
H    -8.08592   1.34831  -2.25981  
H    -7.92598   3.09579  -2.462  
H    -8.25773   0.16397   3.03896  
H    -9.46208   1.18539   3.82073  
H    -9.95221   0.01139   2.59267  
H    -6.5754   -2.72786   0.96537  
H    -6.99157  -1.59307   2.2313  
H    -7.32347  -3.31291   2.45933  
H    10.43976   0.60921   3.86649  
H    10.75657   1.63442   2.45624  
H     9.11847   1.12668   2.81438  
H     9.66652  -1.14687  -2.08683  
H     9.8851   -2.88455  -1.87354  
H     8.38188  -2.09727  -1.36422  
H    12.20825   0.54737   0.02995  
H    11.35277   0.45977  -1.50542  
H    12.72039   1.55423  -1.32493  
H     6.69483   2.87602  -0.00201  
H     7.19111   2.24511   1.55775  
H     7.03497   3.98666   1.3287  
H     5.89303  -1.27249   2.04254  
H     7.53818  -1.71946   1.57904  
H     7.21454  -0.12511   2.24884  
H     9.18893   1.12793  -2.70257  
H     7.84044   1.61496  -3.73118  
H     8.30745   2.59659  -2.33615  
H    -8.37486  -1.36542  -2.35343  
H    -7.17519  -2.44576  -3.0567  
H    -7.87467  -2.80647  -1.47926  
H    -4.51301   1.49697   1.7027  
H    -5.89638   2.31397   0.97724  
H    -6.15074   0.97589   2.09011  
H    12.36416   6.03465   0.23922  
H    11.16083   6.51194  -0.95756  
H    10.80496   6.70023   0.76023  
H    13.21541  -5.52398   1.94227  
H    11.58924  -5.29957   1.24624  

H    13.003    -4.48832   0.50708  
H    14.3575   -3.80191   3.03042  
H    13.59769  -2.21213   3.31933  
H    14.10177  -2.66043   1.67144  
H    10.77453  -4.57567   3.4213  
H    12.41847  -4.917     4.0503  
H    11.65495  -3.33031   4.34112  
H   -13.74126  -5.17377   0.38701  
H   -13.62745  -3.41102   0.621  
H   -12.97974  -4.16547  -0.869  
H   -11.86733  -6.56421   0.42197  
H   -10.24189  -5.93862   0.81097  
H   -10.9832   -5.55011  -0.76233  
H   -12.51584  -3.78554   2.75429  
H   -12.7549   -5.53824   2.4687  
H   -11.13408  -4.90603   2.86338  
H   -10.4088    6.76063   2.94833  
H   -11.05116   5.09861   2.94499  
H    -9.39855   5.42388   3.55441  
H    -8.68311   7.43785   1.53005  
H    -8.00885   6.34952   0.28696  
H    -7.63525   6.06359   2.00577  
H   -11.53278   5.30875   0.56774  
H   -10.94881   6.99826   0.69204  
H   -10.28295   5.90763  -0.5528 

11.8.2.2 Sulfur Atoms of Bithiophene on 

Opposite Sides 

Neut0 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C2 

Total energy: −1989087.35 kcal/mol 

Dipole moment: 0.15 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 
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C     0.18473   0.69669   -0.31627  
C     1.43729   1.26254   -0.44564  
C     1.42634   2.67795   -0.40302  
C     0.16965   3.22238   -0.24378  
S    -1.02967   1.94681   -0.12052  
H     2.33355   0.67133   -0.59358  
H     2.31483   3.28563   -0.5233  
C    -0.18473  -0.69669   -0.31627  
C    -1.43729  -1.26254   -0.44564  
S     1.02967  -1.94681   -0.12052  
C    -1.42634  -2.67795   -0.40302  
H    -2.33355  -0.67133   -0.59358  
C    -0.16965  -3.22238   -0.24378  
H    -2.31483  -3.28563   -0.5233  
C    -0.21129   4.62953   -0.17033  
C    -1.51208   5.05767   -0.46943  
C     0.72784   5.60163    0.20549  
C    -1.88093   6.3992    -0.38525  
H    -2.25069   4.329     -0.79132  
C     0.40001   6.95461    0.25679  
H     1.73072   5.2914     0.48147  
C    -0.9225    7.38177   -0.02955  
C    -3.3149    6.75519   -0.71626  
C     1.48873   7.92665    0.66009  
B    -1.31485   8.90194    0.04653  
H    -3.82204   5.90595   -1.1817  
H    -3.87445   7.03516    0.18054  
H    -3.38469   7.60224   -1.40444  
H     1.15477   8.62857    1.42948  
H     2.35489   7.38883    1.05465  
H     1.82091   8.52999   -0.18922  
C    -0.41888   9.9773    -0.66495  
C    -2.60099   9.33999    0.83309  
C    -0.00591  11.14735    0.02097  
C     0.00591   9.80175   -2.00612  
C    -3.5439   10.22328    0.24938  
C    -2.8555    8.85757    2.14172  
C     0.812    12.08118   -0.61917  
C    -0.39985  11.42307   1.45702  
C     0.79624  10.77429   -2.62254  
C    -0.38393   8.58839   -2.82423  
C    -4.69462  10.58305    0.95446  
C    -3.36785  10.78524   -1.14589  
C    -4.00137   9.26644    2.82739  
C    -1.90941   7.91194    2.85175  
C     1.21642  11.92063   -1.9456  
H     1.13934  12.96039   -0.06887  
H    -0.25659  10.55293    2.10395  
H     0.19738  12.24251    1.86593  
H    -1.4549   11.69963    1.53747  
H     1.09793  10.63057   -3.65763  
H    -0.16201   8.75374   -3.88194  
H     0.15706   7.69417   -2.50167  
H    -1.44927   8.35502   -2.74191  
C    -4.93863  10.12531    2.2505  

H    -5.41898  11.24177    0.48076  
H    -3.09041  10.01711   -1.87341  
H    -4.29621  11.24864   -1.49053  
H    -2.57919  11.54228   -1.17734  
H    -4.17099   8.89946    3.83715  
H    -2.15693   7.851      3.9149  
H    -1.96142   6.90209    2.43485  
H    -0.86565   8.22893    2.77229  
C     2.05681  12.9657    -2.63447  
C    -6.1615   10.56655    3.01392  
H     2.698    13.49504   -1.92373  
H     2.69341  12.52201   -3.40553  
H     1.42599  13.71684   -3.12595  
H    -6.99493  10.78688    2.34064  
H    -6.48761   9.80045    3.72344  
H    -5.95832  11.47799    3.58984  
C     0.21129  -4.62953   -0.17033  
C     1.51208  -5.05767   -0.46943  
C    -0.72784  -5.60163    0.20549  
C     1.88093  -6.3992    -0.38525  
H     2.25069  -4.329     -0.79132  
C    -0.40001  -6.95461    0.25679  
H    -1.73072  -5.2914     0.48147  
C     0.9225   -7.38177   -0.02955  
C     3.3149   -6.75519   -0.71626  
C    -1.48873  -7.92665    0.66009  
B     1.31485  -8.90194    0.04653  
H     3.82204  -5.90595   -1.1817  
H     3.87445  -7.03516    0.18054  
H     3.38469  -7.60224   -1.40444  
H    -1.15477  -8.62857    1.42948  
H    -2.35489  -7.38883    1.05465  
H    -1.82091  -8.52999   -0.18922  
C     0.41888  -9.9773    -0.66495  
C     2.60099  -9.33999    0.83309  
C     0.00591  -11.14735   0.02097  
C    -0.00591  -9.80175   -2.00612  
C     3.5439   -10.22328   0.24938  
C     2.8555   -8.85757    2.14172  
C    -0.812    -12.08118  -0.61917  
C     0.39985  -11.42307   1.45702  
C    -0.79624  -10.77429  -2.62254  
C     0.38393  -8.58839   -2.82423  
C     4.69462  -10.58305   0.95446  
C     3.36785  -10.78524  -1.14589  
C     4.00137  -9.26644    2.82739  
C     1.90941  -7.91194    2.85175  
C    -1.21642  -11.92063  -1.9456  
H    -1.13934  -12.96039  -0.06887  
H     0.25659  -10.55293   2.10395  
H    -0.19738  -12.24251   1.86593  
H     1.4549   -11.69963   1.53747  
H    -1.09793  -10.63057  -3.65763  
H     0.16201  -8.75374   -3.88194  
H    -0.15706  -7.69417   -2.50167  



CHAPTER 11   XYZ Coordinates 

395 

H     1.44927  -8.35502   -2.74191  
C     4.93863  -10.12531   2.2505  
H     5.41898  -11.24177   0.48076  
H     3.09041  -10.01711  -1.87341  
H     4.29621  -11.24864  -1.49053  
H     2.57919  -11.54228  -1.17734  
H     4.17099  -8.89946    3.83715  
H     2.15693  -7.851      3.9149  
H     1.96142  -6.90209    2.43485  
H     0.86565  -8.22893    2.77229  
C    -2.05681  -12.9657   -2.63447  
C     6.1615   -10.56655   3.01392  
H    -2.698    -13.49504  -1.92373  
H    -2.69341  -12.52201  -3.40553  
H    -1.42599  -13.71684  -3.12595  
H     6.99493  -10.78688   2.34064  
H     6.48761  -9.80045    3.72344  
H     5.95832  -11.47799   3.58984 

Neut1 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2048457.89 kcal/mol 

Dipole moment: 2.68 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C    -2.74756  -0.3049    0.56457  
C    -2.02546  -0.35756   1.73777  
C    -0.62241  -0.32098   1.55019  
C    -0.24306  -0.23868   0.2253  
S    -1.65998  -0.19544  -0.80887  
C    -4.19602  -0.32397   0.38359  
C     1.08345  -0.18656  -0.33597  
S     2.4982   -0.15499   0.70117  
C     3.58755  -0.09367  -0.67449  
C     2.86673  -0.10423  -1.84965  
C     1.46423  -0.15632  -1.66284  

C     5.03482  -0.04466  -0.49274  
C     5.61322   0.3887    0.70849  
C     6.99486   0.42118   0.88889  
C     7.86195   0.05057  -0.17014  
C     7.28094  -0.37038  -1.39447  
C     5.89601  -0.43361  -1.52991  
C    -4.78374  -0.73052  -0.82201  
C    -6.16748  -0.76591  -0.98762  
C    -7.02417  -0.36217   0.06616  
C    -6.43286   0.06273   1.28369  
C    -5.04697   0.06761   1.42774  
B    -8.59154  -0.4015   -0.09059  
B     9.42237   0.10088   0.0084  
C    10.31335   0.79884  -1.08004  
C    10.0865   -0.54724   1.27494  
C    -9.45196   0.84494   0.27447  
C    -9.26733  -1.72008  -0.6215  
C    -8.95176  -2.98581  -0.06957  
C    -9.55659  -4.14053  -0.57153  
C   -10.45687  -4.09631  -1.63738  
C   -10.75127  -2.84942  -2.19193  
C   -10.19045  -1.66998  -1.69591  
C   -10.66261   0.72058   1.00896  
C   -11.41331   1.84129   1.35131  
C   -11.02845   3.14013   0.96264  
C    -9.84471   3.262     0.20768  
C    -9.06188   2.15625  -0.11074  
C    11.4628    0.1533   -1.60146  
C    12.23052   0.77983  -2.58579  
C    11.92336   2.05675  -3.05896  
C    10.79858   2.69516  -2.53346  
C     9.9873    2.08764  -1.5726  
C    11.04519   0.16592   2.03795  
C    11.60789  -0.41732   3.17547  
C    11.28237  -1.7141    3.57693  
C    10.34837  -2.41871   2.81535  
C     9.73922  -1.85733   1.69095  
C    11.88975  -1.22688  -1.14713  
C    11.93946  -2.34432   4.77861  
C    12.79456   2.73657  -4.08456  
C     8.72832  -2.70083   0.94255  
C    11.47632   1.57316   1.68109  
C     8.78192   2.85955  -1.07798  
C   -10.58878  -0.36702  -2.35803  
C    -7.97807  -3.13914   1.07968  
C   -11.1843   -0.61977   1.48654  
C    -7.80651   2.42045  -0.9174  
C    -6.70648  -1.23431  -2.32231  
C    -7.26372   0.52086   2.46429  
C     8.12266  -0.79807  -2.57829  
C     7.51656   0.89187   2.23015  
N   -11.77833   4.24788   1.3122  
C   -11.44017   5.54602   0.75824  
C   -13.09136   4.0655    1.90361  
C   -11.11133  -5.35222  -2.15514  
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H    -2.4958   -0.45143   2.70885  
H     0.09334  -0.3672    2.36289  
H     3.33657  -0.04978  -2.82401  
H     0.74977  -0.16623  -2.47782  
H     4.97064   0.72313   1.51805  
H     5.47452  -0.81062  -2.45634  
H    -4.14806  -1.05292  -1.64211  
H    -4.6156    0.4109    2.36304  
H    -9.3134   -5.10141  -0.12331  
H   -11.43961  -2.79342  -3.0324  
H   -12.31486   1.6956    1.93301  
H    -9.52408   4.23469  -0.14345  
H    13.09457   0.2587   -2.99184  
H    10.54231   3.69149  -2.88663  
H    12.32294   0.15462   3.7625  
H    10.08189  -3.43148   3.10922  
H    11.05601  -1.93429  -1.12077  
H    12.64816  -1.63303  -1.82185  
H    12.31068  -1.20509  -0.13792  
H    12.8563   -2.87488   4.49292  
H    12.21803  -1.59194   5.52212  
H    11.27944  -3.07258   5.25888  
H    13.58791   3.32094  -3.60206  
H    13.28074   2.00917  -4.7411  
H    12.21611   3.42616  -4.70629  
H     7.70713  -2.34415   1.10458  
H     8.8949   -2.68949  -0.13833  
H     8.77877  -3.74129   1.2745  
H    10.62748   2.22656   1.46024  
H    12.03461   2.02223   2.50694  
H    12.11594   1.58413   0.79402  
H     7.84844   2.43835  -1.46205  
H     8.7015    2.85261   0.01277  
H     8.83864   3.90307  -1.39918  
H   -11.11551  -0.56149  -3.29644  
H   -11.24705   0.22543  -1.71589  
H    -9.72704   0.26735  -2.58402  
H    -8.1712   -2.42356   1.88439  
H    -8.04399  -4.14343   1.50701  
H    -6.94579  -2.9761    0.75698  
H   -11.58986  -1.21151   0.66142  
H   -10.40259  -1.22804   1.94876  
H   -11.97846  -0.47924   2.22486  
H    -6.90549   2.3092   -0.30786  
H    -7.70055   1.73031  -1.75835  
H    -7.81725   3.43709  -1.31966  
H    -5.90293  -1.29516  -3.0611  
H    -7.17178  -2.2205   -2.24227  
H    -7.47094  -0.55911  -2.71776  
H    -8.09209  -0.1605    2.6775  
H    -6.64561   0.58778   3.36378  
H    -7.71023   1.50276   2.28389  
H     8.91877  -1.49169  -2.29329  
H     7.50247  -1.29473  -3.3292  
H     8.61037   0.0582   -3.05226  

H     6.71186   1.34356   2.81622  
H     7.93495   0.06394   2.80911  
H     8.3122    1.63533   2.12924  
H   -10.417     5.83167   1.0253  
H   -11.52463   5.57543  -0.33863  
H   -12.11229   6.29772   1.17353  
H   -13.77946   3.51494   1.24498  
H   -13.02458   3.52066   2.85191  
H   -13.52709   5.04267   2.11428  
H   -11.35424  -5.267    -3.21836  
H   -12.04848  -5.55736  -1.62268  
H   -10.46459  -6.2243   -2.02098  

Neut2 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2107827.53 kcal/mol 

Dipole moment: 2.36 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     2.39264  -0.56318   0.36365  
C     1.66064  -1.51957   1.03444  
C     0.25884  -1.36155   0.91012  
C    -0.10986  -0.27732   0.13932  
S     1.31566   0.57023  -0.43452  
C     3.84301  -0.42044   0.27389  
C    -1.43174   0.18319  -0.204  
S    -2.85713  -0.62997   0.41693  
C    -3.93426   0.48154  -0.41228  
C    -3.20188   1.40899  -1.12224  
C    -1.80032   1.2441   -1.00727  
C    -5.38391   0.35377  -0.30389  
C    -5.98709  -0.3228    0.76544  
C    -7.372    -0.42994   0.87957  
C    -8.21587   0.13014  -0.113  
C    -7.60886   0.80363  -1.20481  
C    -6.22232   0.91366  -1.27959  
C     4.45154   0.28029  -0.77657  
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C     5.83583   0.42772  -0.85423  
C     6.67331  -0.16868   0.12014  
C     6.06246  -0.8929    1.17444  
C     4.6744   -0.99065   1.24944  
B     8.24301  -0.02677   0.03708  
B    -9.77829   0.00314  -0.00912  
C   -10.60908  -0.48363  -1.24961  
C   -10.50574   0.36235   1.33532  
C     9.13674  -1.3061    0.12151  
C     8.87839   1.39138  -0.12762  
C     8.43747   2.50465   0.635  
C     9.01204   3.76235   0.47159  
C    10.03132   3.99475  -0.47253  
C    10.44736   2.89803  -1.25274  
C     9.90867   1.62595  -1.07651  
C    10.28578  -1.34233   0.95539  
C    11.06068  -2.49462   1.06139  
C    10.77051  -3.65516   0.31735  
C     9.63267  -3.61927  -0.51231  
C     8.82649  -2.48755  -0.60173  
C   -11.76181   0.22343  -1.67513  
C   -12.47503  -0.21098  -2.7947  
C   -12.10939  -1.35713  -3.50277  
C   -10.9817   -2.05875  -3.07277  
C   -10.2236   -1.63707  -1.97825  
C   -11.46296  -0.51701   1.90133  
C   -12.08269  -0.19177   3.10999  
C   -11.8164   1.00562   3.77643  
C   -10.8834   1.87544   3.20926  
C   -10.2185   1.57017   2.01961  
C   -12.24981   1.47126  -0.96923  
C   -12.53422   1.36115   5.05368  
C   -12.92264  -1.8382   -4.6776  
C    -9.21306   2.57472   1.49665  
C   -11.83146  -1.8349    1.25254  
C    -9.00938  -2.46057  -1.60285  
C    10.44917   0.52691  -1.96963  
C     7.3472    2.38154   1.68006  
C    10.70923  -0.15581   1.79823  
C     7.6277   -2.57279  -1.5245  
C     6.39874   1.21618  -2.0178  
C     6.87825  -1.55498   2.26477  
C    -8.42384   1.43199  -2.31575  
C    -7.92167  -1.16938   2.08123  
N    11.57266  -4.7823    0.39343  
C    11.10947  -6.02524  -0.19604  
C    12.61542  -4.84712   1.40053  
N    10.6037    5.24755  -0.62255  
C    11.50614   5.48927  -1.73296  
C     9.98648   6.39248   0.02187  
H     2.12393  -2.3331    1.57903  
H    -0.46322  -2.03146   1.36274  
H    -3.66357   2.20662  -1.69124  
H    -1.07777   1.88856  -1.49443  
H    -5.36212  -0.75498   1.54196  

H    -5.78011   1.42201  -2.13072  
H     3.83218   0.70703  -1.56072  
H     4.22615  -1.50474   2.09406  
H     8.65461   4.57326   1.09382  
H    11.2033    3.03205  -2.01628  
H    11.90398  -2.48312   1.74043  
H     9.36427  -4.48695  -1.10191  
H   -13.34229   0.35857  -3.12108  
H   -10.68022  -2.95576  -3.60901  
H   -12.79589  -0.89039   3.54165  
H   -10.66231   2.81479   3.7111  
H   -11.44176   2.18056  -0.7687  
H   -12.99913   1.98531  -1.57727  
H   -12.70245   1.23436  -0.00221  
H   -13.46083   1.91026   4.84487  
H   -12.80779   0.46654   5.62056  
H   -11.91735   1.99756   5.69485  
H   -13.70987  -2.53066  -4.35439  
H   -13.41291  -1.00637  -5.19161  
H   -12.30045  -2.37026  -5.40318  
H    -8.18606   2.22123   1.62606  
H    -9.3415    2.77582   0.42931  
H    -9.31191   3.52551   2.02729  
H   -10.95261  -2.40817   0.94369  
H   -12.40453  -2.45506   1.94708  
H   -12.43619  -1.68482   0.35376  
H    -8.07887  -1.94708  -1.86139  
H    -8.96275  -2.66916  -0.53026  
H    -9.02189  -3.42008  -2.12678  
H    11.0387    0.95347  -2.78605  
H    11.08965  -0.16432  -1.41467  
H     9.65334  -0.07868  -2.4109  
H     7.49176   1.51245   2.32737  
H     7.32364   3.2702    2.31675  
H     6.36082   2.26846   1.22174  
H    11.15583   0.63321   1.1867  
H     9.86712   0.30214   2.32342  
H    11.4457   -0.46211   2.54648  
H     6.69128  -2.63438  -0.96309  
H     7.54398  -1.69821  -2.1751  
H     7.69712  -3.45739  -2.16351  
H     5.62564   1.39568  -2.77001  
H     6.78963   2.18413  -1.69171  
H     7.2276    0.69646  -2.50716  
H     7.64541  -0.88845   2.66966  
H     6.23408  -1.86483   3.09235  
H     7.40266  -2.43841   1.88995  
H    -9.24841   2.03937  -1.9318  
H    -7.79442   2.07872  -2.9328  
H    -8.87091   0.67354  -2.96412  
H    -7.12182  -1.70585   2.59839  
H    -8.38852  -0.48467   2.79456  
H    -8.68668  -1.90005   1.80388  
H    11.86691  -6.79553  -0.046  
H    10.16421  -6.37881   0.24319  
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H    10.95867  -5.91571  -1.27544  
H    13.16185  -5.78449   1.28884  
H    13.33226  -4.02899   1.27375  
H    12.22206  -4.79627   2.42761  
H    11.88255   6.51114  -1.67114  
H    12.36848   4.81569  -1.6891  
H    11.02308   5.35725  -2.71348  
H    10.57161   7.28564  -0.20058  
H     8.9522    6.56361  -0.31331  
H     9.97152   6.26969   1.11023  

Neut(i)2 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C2 

Total energy: −2107827.20 kcal/mol 

Dipole moment: 3.83 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     0.47212   4.61157  -0.45084  
C     1.79357   4.96514  -0.75561  
C     2.22704   6.28937  -0.71158  
C     1.33503   7.3213   -0.32878  
C     0.00052   6.96565  -0.00417  
C    -0.41012   5.6362   -0.07692  
B     1.79357   8.82787  -0.28892  
C     1.52334   9.70597   0.96953  
C     2.52951   9.42846  -1.54411  
C     3.75535  10.12356  -1.39199  
C     4.42428  10.61637  -2.51512  
C     3.90484  10.47658  -3.80331  
C     2.69171   9.80143  -3.94819  
C     2.01015   9.26735  -2.8521  
C     1.04708  11.04013   0.85375  
C     0.78998  11.812    1.98299  
C     1.03242  11.32758   3.28397  
C     1.51058  10.00708   3.40047  
C     1.73729   9.20825   2.28368  

C     0.70849   8.53983  -3.11449  
C     4.39695  10.34214  -0.03725  
C     0.75439  11.67956  -0.48866  
C     2.24919   7.80564   2.54296  
C     4.61757  11.05975  -4.99731  
C     3.66968   6.57178  -1.0728  
C    -1.02357   7.99558   0.4254  
N     0.8153   12.11555   4.39939  
C     0.87153  11.51619   5.72034  
C     0.16804  13.40585   4.2498  
H     2.49409   4.19284  -1.06122  
H    -1.43216   5.3848    0.18947  
H     5.37565  11.12645  -2.38074  
H     2.26803   9.68133  -4.94288  
H     0.39026  12.80829   1.84196  
H     1.71192   9.58879   4.37865  
H     0.81683   7.45984  -2.97962  
H    -0.08936   8.86113  -2.43841  
H     0.36784   8.72021  -4.13772  
H     4.40879   9.43329   0.57093  
H     5.43071  10.67893  -0.1547  
H     3.85891  11.09537   0.54562  
H     0.19247  11.01606  -1.15093  
H     0.16956  12.59403  -0.3567  
H     1.67451  11.94009  -1.01881  
H     1.478     7.05368   2.35461  
H     3.09693   7.54861   1.90271  
H     2.5732    7.70304   3.58214  
H     5.69966  11.09221  -4.84012  
H     4.42089  10.47868  -5.90313  
H     4.28602  12.08741  -5.19188  
H     4.24172   5.64155  -1.12473  
H     3.74913   7.07551  -2.04001  
H     4.15794   7.22166  -0.34072  
H    -1.03411   8.86889  -0.23295  
H    -2.02722   7.56167   0.42134  
H    -0.81809   8.3704    1.43199  
H     0.68161  12.28517   6.46984  
H     0.13086  10.71357   5.85305  
H     1.86331  11.09576   5.92049  
H     0.11672  13.89475   5.22328  
H     0.74165  14.05681   3.58123  
H    -0.85394  13.32537   3.84938  
C     0.01207   3.22781  -0.51878  
C    -1.27265   2.75442  -0.68048  
S     1.13687   1.88652  -0.38723  
C    -1.3634    1.34146  -0.71912  
H    -2.12462   3.41114  -0.80716  
C    -0.14546   0.70597  -0.5846  
H    -2.29091   0.80128  -0.86976  
C     0.14546  -0.70597  -0.5846  
C     1.3634   -1.34146  -0.71912  
S    -1.13687  -1.88652  -0.38723  
C     1.27265  -2.75442  -0.68048  
H     2.29091  -0.80128  -0.86976  
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C    -0.01207  -3.22781  -0.51878  
H     2.12462  -3.41114  -0.80716  
C    -0.47212  -4.61157  -0.45084  
C    -1.79357  -4.96514  -0.75561  
C     0.41012  -5.6362   -0.07692  
C    -2.22704  -6.28937  -0.71158  
H    -2.49409  -4.19284  -1.06122  
C    -0.00052  -6.96565  -0.00417  
H     1.43216  -5.3848    0.18947  
C    -1.33503  -7.3213   -0.32878  
C    -3.66968  -6.57178  -1.0728  
C     1.02357  -7.99558   0.4254  
B    -1.79357  -8.82787  -0.28892  
H    -4.24172  -5.64155  -1.12473  
H    -3.74913  -7.07551  -2.04001  
H    -4.15794  -7.22166  -0.34072  
H     1.03411  -8.86889  -0.23295  
H     2.02722  -7.56167   0.42134  
H     0.81809  -8.3704    1.43199  
C    -1.52334  -9.70597   0.96953  
C    -2.52951  -9.42846  -1.54411  
C    -1.04708 -11.04013   0.85375  
C    -1.73729  -9.20825   2.28368  
C    -3.75535 -10.12356  -1.39199  
C    -2.01015  -9.26735  -2.8521  
C    -0.78998 -11.812     1.98299  
C    -0.75439 -11.67956  -0.48866  
C    -1.51058 -10.00708   3.40047  
C    -2.24919  -7.80564   2.54296  
C    -4.42428 -10.61637  -2.51512  
C    -4.39695 -10.34214  -0.03725  
C    -2.69171  -9.80143  -3.94819  
C    -0.70849  -8.53983  -3.11449  
C    -1.03242 -11.32758   3.28397  
H    -0.39026 -12.80829   1.84196  
H    -0.19247 -11.01606  -1.15093  
H    -0.16956 -12.59403  -0.3567  
H    -1.67451 -11.94009  -1.01881  
H    -1.71192  -9.58879   4.37865  
H    -1.478    -7.05368   2.35461  
H    -3.09693  -7.54861   1.90271  
H    -2.5732   -7.70304   3.58214  
C    -3.90484 -10.47658  -3.80331  
H    -5.37565 -11.12645  -2.38074  
H    -4.40879  -9.43329   0.57093  
H    -5.43071 -10.67893  -0.1547  
H    -3.85891 -11.09537   0.54562  
H    -2.26803  -9.68133  -4.94288  
H    -0.81683  -7.45984  -2.97962  
H     0.08936  -8.86113  -2.43841  
H    -0.36784  -8.72021  -4.13772  
N    -0.8153  -12.11555   4.39939  
C    -4.61757 -11.05975  -4.99731  
C    -0.87153 -11.51619   5.72034  
C    -0.16804 -13.40585   4.2498  

H    -5.69966 -11.09221  -4.84012  
H    -4.42089 -10.47868  -5.90313  
H    -4.28602 -12.08741  -5.19188  
H    -0.68161 -12.28517   6.46984  
H    -0.13086 -10.71357   5.85305  
H    -1.86331 -11.09576   5.92049  
H    -0.11672 -13.89475   5.22328  
H    -0.74165 -14.05681   3.58123  
H     0.85394 -13.32537   3.84938 

Neut3 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2167196.94 kcal/mol 

Dipole moment: 2.47 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C    -3.52784   0.77948  -0.57225  
C    -2.77529   1.87572  -0.9361  
C    -1.37775   1.64539  -0.91665  
C    -1.03448   0.36449  -0.53367  
S    -2.47571  -0.56785  -0.17216  
C    -4.98015   0.65564  -0.49106  
C     0.27533  -0.22375  -0.40443  
S     1.71128   0.78294  -0.35719  
C     2.76605  -0.61338  -0.21757  
C     2.01764  -1.77079  -0.18787  
C     0.62166  -1.55518  -0.29369  
C     4.21654  -0.46299  -0.1434  
C     4.86657   0.67492  -0.64081  
C     6.25058   0.82302  -0.55889  
C     7.04702  -0.20539   0.00193  
C     6.39465  -1.36462   0.49177  
C     5.00627  -1.46863   0.43379  
C    -5.61867  -0.59046  -0.55896  
C    -7.00427  -0.7117   -0.46446  
C    -7.81487   0.44413  -0.33565  
C    -7.17382   1.70785  -0.28691  
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C    -5.78432   1.79531  -0.34152  
B    -9.38373   0.31724  -0.2691  
B     8.61683  -0.06481   0.07863  
C     9.51836  -1.21588  -0.47404  
C     9.24543   1.22144   0.70493  
C   -10.25968   1.2069   -1.22765  
C   -10.05333  -0.67323   0.73022  
C    -9.60233  -0.79383   2.07276  
C   -10.21674  -1.67139   2.9611  
C   -11.28765  -2.4981    2.56674  
C   -11.71644  -2.40135   1.22782  
C   -11.13866  -1.50211   0.33638  
C   -11.33445   1.97442  -0.71291  
C   -12.08521   2.78714  -1.56574  
C   -11.82992   2.85226  -2.93672  
C   -10.78228   2.08122  -3.44297  
C    -9.98981   1.28127  -2.61618  
C    10.62369  -1.70225   0.27311  
C    11.40266  -2.75574  -0.19917  
C    11.16128  -3.35375  -1.4516  
C    10.06745  -2.86932  -2.19526  
C     9.25665  -1.8414   -1.72106  
C    10.31738   1.89833   0.06502  
C    10.85144   3.06737   0.60136  
C    10.38816   3.60463   1.81844  
C     9.32744   2.93176   2.45595  
C     8.75784   1.78247   1.91436  
C    10.99228  -1.13593   1.62992  
N    10.95488   4.74311   2.36874  
N    11.96853  -4.37124  -1.9349  
C     7.61982   1.15176   2.69087  
C    10.91003   1.41562  -1.24394  
C     8.1082   -1.40999  -2.61038  
C   -11.69682  -1.48663  -1.07251  
C    -8.46048   0.03922   2.61955  
C   -11.70489   1.96141   0.75575  
C    -8.86969   0.49073  -3.25867  
C    -7.59336  -2.10542  -0.5292  
C    -7.95681   2.99482  -0.13758  
C     7.16391  -2.50917   1.11721  
C     6.85914   2.0953   -1.10987  
C   -12.64189   3.7489   -3.837  
N   -11.89515  -3.36342   3.45821  
C    11.5449   -5.11868  -3.10486  
C    12.95578  -4.97294  -1.0579  
C    11.90339   5.51445   1.58688  
C    10.29561   5.39602   3.48508  
C   -12.87879  -4.31484   2.97504  
C   -11.29167  -3.58973   4.75894  
H    -3.22149   2.81298  -1.2455  
H    -0.64071   2.38719  -1.20167  
H     2.46731  -2.7544   -0.12866  
H    -0.11126  -2.3534   -0.3168  
H     4.28097   1.45588  -1.11803  
H     4.52364  -2.34154   0.86245  

H    -5.02144  -1.48628  -0.70445  
H    -5.31284   2.76856  -0.24706  
H    -9.85115  -1.70846   3.97959  
H   -12.51375  -3.03897   0.86724  
H   -12.89605   3.38128  -1.14982  
H   -10.57394   2.10625  -4.51033  
H    12.21008  -3.11512   0.42639  
H     9.83753  -3.29761  -3.16285  
H    11.64139   3.56661   0.05442  
H     8.93261   3.30636   3.39206  
H    10.12058  -1.00713   2.2768  
H    11.69587  -1.7982    2.14219  
H    11.45773  -0.1503    1.54157  
H     6.65808   1.30913   2.19482  
H     7.74218   0.07063   2.79793  
H     7.55602   1.58041   3.69478  
H    10.14173   1.13937  -1.9707  
H    11.53193   2.19548  -1.69241  
H    11.53161   0.52724  -1.10102  
H     7.1443   -1.73535  -2.20935  
H     8.0517   -0.32306  -2.71383  
H     8.2179   -1.8342   -3.61223  
H   -12.34368  -2.35282  -1.23661  
H   -12.28501  -0.58459  -1.26225  
H   -10.9102   -1.50881  -1.83109  
H    -8.54745   1.09335   2.34402  
H    -8.43365  -0.01877   3.71104  
H    -7.49374  -0.30275   2.23995  
H   -12.19298   1.02438   1.03911  
H   -10.83214   2.06277   1.40694  
H   -12.38936   2.78319   0.9839  
H    -7.88893   0.89857  -2.99802  
H    -8.86663  -0.55658  -2.94228  
H    -8.96422   0.50703  -4.34786  
H    -6.84032  -2.82339  -0.86535  
H    -7.96029  -2.4299    0.44875  
H    -8.44372  -2.16643  -1.21391  
H    -8.706     2.9328    0.6572  
H    -7.28796   3.82624   0.10073  
H    -8.49581   3.24318  -1.05597  
H     7.9055   -2.16166   1.84239  
H     6.48393  -3.19124   1.63521  
H     7.71257  -3.08065   0.36322  
H     6.12176   2.65154  -1.69518  
H     7.21911   2.74536  -0.30742  
H     7.71882   1.89656  -1.75641  
H   -13.66331   3.87026  -3.46435  
H   -12.19809   4.75028  -3.90123  
H   -12.69418   3.35146  -4.85485  
H    10.58207  -5.63134  -2.95759  
H    11.4465   -4.46185  -3.97584  
H    12.30042  -5.86873  -3.34208  
H    13.67159  -4.22376  -0.70358  
H    12.50715  -5.45602  -0.17606  
H    13.51531  -5.7263   -1.61393  
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H    12.76998   4.90427   1.31135  
H    11.46597   5.9188    0.66092  
H    12.26591   6.34942   2.18785  
H     9.27751   5.73489   3.23992  
H    10.22816   4.72488   4.34806  
H    10.88262   6.26386   3.78825  
H   -12.46113  -5.02552   2.24581  
H   -13.27184  -4.88214   3.81944  
H   -13.72102  -3.8004    2.49992  
H   -11.23832  -2.65977   5.33579  
H   -11.90797  -4.29199   5.32126  
H   -10.27432  -4.00249   4.68785  

Neut4 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C2 

Total energy: −2226566.36 kcal/mol 

Dipole moment: 0.6266 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     0.28414   0.66252  -0.47675  
C     1.6026    1.04216  -0.62621  
C     1.79771   2.44444  -0.5762  
C     0.63687   3.16442  -0.39011  
S    -0.73213   2.07423  -0.24997  
H     2.40027   0.3281   -0.79544  
H     2.76256   2.91815  -0.71006  
C    -0.28414  -0.66252  -0.47675  
C    -1.6026   -1.04216  -0.62621  
S     0.73213  -2.07423  -0.24997  
C    -1.79771  -2.44444  -0.5762  
H    -2.40027  -0.3281   -0.79544  
C    -0.63687  -3.16442  -0.39011  
H    -2.76256  -2.91815  -0.71006  
C     0.46442   4.61135  -0.29731  
C    -0.76731   5.22553  -0.56273  
C     1.54133   5.43412   0.0655  
C    -0.93714   6.60517  -0.45482  

H    -1.60971   4.61455  -0.87521  
C     1.41011   6.81941   0.14073  
H     2.4959    4.98003   0.31296  
C     0.1573    7.43468  -0.10739  
C    -2.3106    7.17263  -0.74525  
C     2.63348   7.62536   0.52391  
B    -0.01639   8.99832   0.01149  
H    -2.94503   6.41864  -1.21931  
H    -2.80557   7.50835   0.17038  
H    -2.26766   8.04006  -1.41025  
H     2.41871   8.35556   1.3096  
H     3.4283    6.96783   0.88693  
H     3.02093   8.19229  -0.32732  
C     0.97117   9.94494  -0.7445  
C    -1.17529   9.57459   0.8878  
C     1.55397  11.06504  -0.09472  
C     1.34882   9.71212  -2.09282  
C    -2.00316  10.62474   0.40962  
C    -1.46163   9.06471   2.18108  
C     2.46468  11.88565  -0.75567  
C     1.25199  11.40647   1.35086  
C     2.23304  10.56348  -2.75027  
C     0.79411   8.55076  -2.89234  
C    -3.05921  11.11235   1.17527  
C    -1.80605  11.24978  -0.95722  
C    -2.49906   9.58835   2.94837  
C    -0.63687   7.95946   2.80877  
C     2.81337  11.67226  -2.10379  
H     2.91012  12.70382  -0.20376  
H     1.2861   10.52815   2.00066  
H     1.97508  12.13376   1.73076  
H     0.25131  11.8331    1.46298  
H     2.47134  10.35374  -3.78553  
H     1.22709   7.59895  -2.5724  
H    -0.28911   8.4529   -2.78141  
H     1.00955   8.67933  -3.95665  
C    -3.33782  10.60988   2.46153  
H    -3.67466  11.89854   0.75609  
H    -1.65541  10.49981  -1.73803  
H    -2.67799  11.84992  -1.23211  
H    -0.92639  11.89908  -0.98097  
H    -2.65085   9.19003   3.9437  
H    -0.8503    6.98942   2.35133  
H     0.43716   8.12887   2.69422  
H    -0.84938   7.88184   3.87861  
N     3.68549  12.52001  -2.76821  
N    -4.39684  11.09524   3.21193  
C     4.20404  12.12953  -4.06654  
C     4.41155  13.52566  -2.01499  
C    -4.53045  10.69024   4.59899  
C    -5.07984  12.30088   2.78017  
H     4.86402  12.91445  -4.43802  
H     4.7714   11.18691  -4.03312  
H     3.3931   12.00856  -4.79278  
H     5.01961  14.11605  -2.70165  
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H     3.72107  14.21069  -1.51185  
H     5.07497  13.09203  -1.25069  
H    -3.67319  10.996     5.21855  
H    -5.43265  11.13899   5.01664  
H    -4.63359   9.60306   4.68009  
H    -5.53519  12.16251   1.79355  
H    -5.88169  12.5283    3.48369  
H    -4.41056  13.17296   2.72414  
C    -0.46442  -4.61135  -0.29731  
C     0.76731  -5.22553  -0.56273  
C    -1.54133  -5.43412   0.0655  
C     0.93714  -6.60517  -0.45482  
H     1.60971  -4.61455  -0.87521  
C    -1.41011  -6.81941   0.14073  
H    -2.4959   -4.98003   0.31296  
C    -0.1573   -7.43468  -0.10739  
C     2.3106   -7.17263  -0.74525  
C    -2.63348  -7.62536   0.52391  
B     0.01639  -8.99832   0.01149  
H     2.94503  -6.41864  -1.21931  
H     2.80557  -7.50835   0.17038  
H     2.26766  -8.04006  -1.41025  
H    -2.41871  -8.35556   1.3096  
H    -3.4283   -6.96783   0.88693  
H    -3.02093  -8.19229  -0.32732  
C    -0.97117  -9.94494  -0.7445  
C     1.17529  -9.57459   0.8878  
C    -1.55397 -11.06504  -0.09472  
C    -1.34882  -9.71212  -2.09282  
C     2.00316 -10.62474   0.40962  
C     1.46163  -9.06471   2.18108  
C    -2.46468 -11.88565  -0.75567  
C    -1.25199 -11.40647   1.35086  
C    -2.23304 -10.56348  -2.75027  
C    -0.79411  -8.55076  -2.89234  
C     3.05921 -11.11235   1.17527  
C     1.80605 -11.24978  -0.95722  
C     2.49906  -9.58835   2.94837  
C     0.63687  -7.95946   2.80877  
C    -2.81337 -11.67226  -2.10379  
H    -2.91012 -12.70382  -0.20376  
H    -1.2861  -10.52815   2.00066  
H    -1.97508 -12.13376   1.73076  
H    -0.25131 -11.8331    1.46298  
H    -2.47134 -10.35374  -3.78553  
H    -1.22709  -7.59895  -2.5724  
H     0.28911  -8.4529   -2.78141  
H    -1.00955  -8.67933  -3.95665  
C     3.33782 -10.60988   2.46153  
H     3.67466 -11.89854   0.75609  
H     1.65541 -10.49981  -1.73803  
H     2.67799 -11.84992  -1.23211  
H     0.92639 -11.89908  -0.98097  
H     2.65085  -9.19003   3.9437  
H     0.8503   -6.98942   2.35133  

H    -0.43716  -8.12887   2.69422  
H     0.84938  -7.88184   3.87861  
N    -3.68549 -12.52001  -2.76821  
N     4.39684 -11.09524   3.21193  
C    -4.20404 -12.12953  -4.06654  
C    -4.41155 -13.52566  -2.01499  
C     4.53045 -10.69024   4.59899  
C     5.07984 -12.30088   2.78017  
H    -4.86402 -12.91445  -4.43802  
H    -4.7714  -11.18691  -4.03312  
H    -3.3931  -12.00856  -4.79278  
H    -5.01961 -14.11605  -2.70165  
H    -3.72107 -14.21069  -1.51185  
H    -5.07497 -13.09203  -1.25069  
H     3.67319 -10.996     5.21855  
H     5.43265 -11.13899   5.01664  
H     4.63359  -9.60306   4.68009  
H     5.53519  -12.16251   1.79355  
H     5.88169  -12.5283    3.48369  
H     4.41056  -13.17296   2.72414  

Cat1+ 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2073359.69 kcal/mol 

Dipole moment: 47.70 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C    -2.54897  -3.58563  -1.71223  
C    -2.38839  -2.33078  -1.15741  
C    -1.04564  -1.89622  -1.09767  
C    -0.14404  -2.81837  -1.59872  
S    -0.98431  -4.25366  -2.14685  
C    -3.77867  -4.32568  -1.94545  
C     1.29093  -2.70074  -1.67331  
S     2.18495  -1.5498   -0.69987  
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C     3.71762  -2.07182  -1.37194  
C     3.51392  -3.0809   -2.29151  
C     2.15505  -3.43283  -2.46478  
C     4.97569  -1.46092  -0.95259  
C     5.10063  -0.80425   0.27899  
C     6.30707  -0.23803   0.68756  
C     7.44278  -0.29376  -0.15847  
C     7.31645  -0.94498  -1.41195  
C     6.10348  -1.52135  -1.78377  
C    -3.82514  -5.42352  -2.82046  
C    -4.99342  -6.14855  -3.02888  
C    -6.20293  -5.76832  -2.38553  
C    -6.16768  -4.63799  -1.51892  
C    -4.97157  -3.963    -1.2973  
B    -7.52048  -6.57556  -2.56544  
B     8.80979   0.35412   0.28136  
C     9.56043   1.32385  -0.69647  
C     9.4077    0.02478   1.69324  
C    -8.9053   -5.88913  -2.78928  
C    -7.45768  -8.16577  -2.51891  
C    -6.85405  -8.82764  -1.42786  
C    -6.81    -10.2285   -1.3816  
C    -7.34237 -10.9683   -2.4273  
C    -7.9347  -10.33783  -3.5172  
C    -8.00809  -8.94378  -3.56541  
C   -10.06701  -6.29046  -2.08082  
C   -11.29152  -5.67055  -2.33267  
C   -11.42544  -4.66974  -3.29774  
C   -10.28424  -4.29053  -4.00813  
C    -9.03412  -4.86106  -3.76179  
C    10.94643   1.16231  -0.95201  
C    11.59537   2.01501  -1.84739  
C    10.92788   3.06248  -2.48521  
C     9.56697   3.22648  -2.22123  
C     8.87523   2.3736   -1.35848  
C     9.87074   1.0621    2.54244  
C    10.37448   0.75574   3.80847  
C    10.47529  -0.55999   4.26425  
C    10.03049  -1.57953   3.42045  
C     9.48933  -1.31123   2.16156  
C    11.76666   0.06632  -0.30424  
C    11.07201  -0.8725    5.61274  
C    11.66071   4.00256  -3.40793  
C     9.0258   -2.48843   1.32926  
C     9.81924   2.52153   2.14067  
C     7.39716   2.63042  -1.15085  
C    -8.68064  -8.31228  -4.76199  
C    -6.23296  -8.07289  -0.27447  
C   -10.03106  -7.36456  -1.01358  
C    -7.86252  -4.35928  -4.58031  
C    -4.92196  -7.31024  -3.99875  
C    -7.38875  -4.14614  -0.76957  
C     8.47323  -1.04818  -2.38292  
C     6.34793   0.4321    2.0443  
C   -12.75161  -3.99915  -3.54424  

N    -7.2982  -12.47904  -2.42177  
C    -6.63385 -13.0378   -1.19249  
C    -8.70687 -13.02552  -2.47058  
C    -6.5205  -12.96465  -3.62391  
H    -3.22298  -1.71924  -0.83661  
H    -0.74231  -0.92414  -0.72946  
H     4.32851  -3.56795  -2.81281  
H     1.81356  -4.19255  -3.15748  
H     4.24628  -0.75854   0.94889  
H     6.02479  -2.00257  -2.75362  
H    -2.92927  -5.70445  -3.36613  
H    -4.95976  -3.14114  -0.58947  
H    -6.34711 -10.69376  -0.52226  
H    -8.35365 -10.90436  -4.34179  
H   -12.16586  -5.97457  -1.76233  
H   -10.37012  -3.52232  -4.77248  
H    12.65263   1.86056  -2.04998  
H     9.02839   4.03782  -2.70559  
H    10.70255   1.566     4.45548  
H    10.10282  -2.61197   3.75464  
H    11.27248  -0.9083   -0.34905  
H    12.73511  -0.02968  -0.80206  
H    11.94937   0.27361   0.7539  
H    12.15517  -1.02802   5.53585  
H    10.91088  -0.05443   6.32057  
H    10.64286  -1.78418   6.03835  
H    12.11161   4.83082  -2.84747  
H    12.46999   3.49202  -3.93791  
H    10.98725   4.44015  -4.15033  
H     7.93443  -2.54067   1.27673  
H     9.38756  -2.43767   0.29834  
H     9.38699  -3.42606   1.75978  
H     8.85398   2.80384   1.71084  
H     9.99634   3.16194   3.00882  
H    10.57563   2.75753   1.38681  
H     6.78251   1.87287  -1.6457  
H     7.11698   2.61972  -0.0936  
H     7.11922   3.60695  -1.55641  
H    -8.85808  -9.0506   -5.54807  
H    -9.63919  -7.86838  -4.48138  
H    -8.07795  -7.50669  -5.18861  
H    -6.87426  -7.26095   0.07552  
H    -6.0413   -8.73823   0.57129  
H    -5.28607  -7.6145   -0.57245  
H    -9.94233  -8.36603  -1.4472  
H    -9.19104  -7.23812  -0.32446  
H   -10.94711  -7.34265  -0.4183  
H    -7.19128  -3.7367   -3.98186  
H    -7.25118  -5.1702   -4.98579  
H    -8.21657  -3.75749  -5.42074  
H    -4.00319  -7.25856  -4.58775  
H    -4.92742  -8.27367  -3.47903  
H    -5.76066  -7.31856  -4.70026  
H    -7.93826  -4.95601  -0.28211  
H    -7.09711  -3.43      0.00226  
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H    -8.0975   -3.65023  -1.4382  
H     9.39263  -1.38502  -1.89581  
H     8.24175  -1.75766  -3.18166  
H     8.69902  -0.08117  -2.84034  
H     5.33686   0.55581   2.44139  
H     6.92689  -0.15493   2.76233  
H     6.81299   1.42111   2.00354  
H   -13.58694  -4.65765  -3.29124  
H   -12.8501   -3.09573  -2.93038  
H   -12.85715  -3.69402  -4.58895  
H    -6.64514 -14.12403  -1.27132  
H    -5.60772 -12.67863  -1.14582  
H    -7.18912 -12.72288  -0.31124  
H    -8.66058 -14.11486  -2.45522  
H    -9.19226 -12.68294  -3.38061  
H    -9.24538 -12.6497   -1.60189  
H    -5.51739 -12.54429  -3.56972  
H    -6.48495 -14.05425  -3.60104  
H    -7.01346 -12.62378  -4.53049  

Cat2+ 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2157602.57 kcal/mol 

Dipole moment: 85.40 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     1.98343  -0.3578    0.56799  
C     1.23503  -1.05531   1.50745  
C    -0.15307  -0.92284   1.35165  
C    -0.51904  -0.11475   0.27948  
S     0.90691   0.48161  -0.54563  
C     3.41587  -0.2726    0.44423  
C    -1.83304   0.2323   -0.16698  
S    -3.25705  -0.4671    0.58546  
C    -4.33025   0.43364  -0.4635  
C    -3.59892   1.21069  -1.34784  

C    -2.20503   1.09981  -1.1824  
C    -5.77713   0.31053  -0.34824  
C    -6.38459  -0.13345   0.83501  
C    -7.76938  -0.23292   0.95085  
C    -8.59939   0.09384  -0.15061  
C    -7.98859   0.52763  -1.35439  
C    -6.60243   0.64047  -1.43409  
C     4.03476   0.57324  -0.49904  
C     5.41199   0.6795   -0.6131  
C     6.27593  -0.11363   0.20974  
C     5.6478   -0.99111   1.15474  
C     4.26823  -1.04011   1.26683  
B     7.80366  -0.02904   0.08384  
B   -10.17185  -0.02035  -0.0385  
C   -10.96449  -0.8263   -1.12185  
C   -10.90905   0.67614   1.15457  
C     8.70747  -1.3302    0.21989  
C     8.522     1.36352  -0.18578  
C     8.25238   2.46077   0.66521  
C     8.85918   3.70449   0.43536  
C     9.71416   3.87071  -0.64419  
C    10.00329   2.80234  -1.48849  
C     9.42551   1.55134  -1.2592  
C     9.78844  -1.40584   1.12476  
C    10.53888  -2.58391   1.24973  
C    10.23461  -3.68163   0.45705  
C     9.19558  -3.62063  -0.46629  
C     8.42314  -2.4624   -0.58625  
C   -12.12405  -0.27116  -1.72384  
C   -12.80232  -0.98174  -2.71601  
C   -12.39859  -2.25601  -3.11999  
C   -11.26513  -2.80396  -2.51645  
C   -10.53928  -2.11111  -1.54574  
C   -11.88135  -0.03156   1.90859  
C   -12.50662   0.58562   2.9939  
C   -12.23485   1.90817   3.3496  
C   -11.28707   2.60521   2.59766  
C   -10.61473   2.01265   1.52728  
C   -12.6577    1.09672  -1.35209  
C   -12.9626    2.57099   4.49072  
C   -13.17883  -3.02585  -4.15423  
C    -9.59948   2.85452   0.78296  
C   -12.26354  -1.46469   1.60175  
C    -9.3197   -2.79242  -0.96101  
C     9.76285   0.42975  -2.21301  
C     7.29545   2.36798   1.83237  
C    10.15374  -0.2445    2.01973  
C     7.28245  -2.48604  -1.57789  
C     5.92796   1.61961  -1.68436  
C     6.43381  -1.85865   2.11771  
C    -8.80111   0.88265  -2.58047  
C    -8.34001  -0.69637   2.27319  
N    11.00435  -4.97557   0.57454  
C    12.09962  -4.91186   1.60668  
C    10.05962  -6.0881    0.97784  
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C    11.64553  -5.31062  -0.75436  
N    10.346     5.20882  -0.94599  
C     9.95588   6.27601   0.04394  
C    11.8528    5.08162  -0.9118  
C     9.90527   5.67437  -2.31748  
H     1.68164  -1.6389    2.30294  
H    -0.88021  -1.39151   2.0033  
H    -4.06688   1.86623  -2.07079  
H    -1.48558   1.65283  -1.77582  
H    -5.76762  -0.37507   1.69631  
H    -6.15356   0.95932  -2.36953  
H     3.41286   1.16624  -1.16236  
H     3.83212  -1.6946    2.0131  
H     8.6241    4.51442   1.11192  
H    10.66924   2.91546  -2.33671  
H    11.34043  -2.60278   1.97512  
H     8.95047  -4.46731  -1.09781  
H   -13.6743   -0.53091  -3.18371  
H   -10.936    -3.79696  -2.81348  
H   -13.23118   0.0205    3.57526  
H   -11.06366   3.63789   2.85514  
H   -11.87184   1.85567  -1.30377  
H   -13.39574   1.42924  -2.08646  
H   -13.13983   1.08649  -0.3705  
H   -13.89215   3.03795   4.14292  
H   -13.23311   1.84848   5.26585  
H   -12.35598   3.35677   4.94969  
H   -13.99344  -3.59286  -3.68736  
H   -13.63129  -2.35768  -4.8925  
H   -12.54418  -3.74265  -4.68273  
H    -8.57476   2.53855   1.00009  
H    -9.72514   2.7958   -0.30197  
H    -9.69322   3.90557   1.06801  
H   -11.39333  -2.10503   1.4329  
H   -12.83442  -1.89154   2.4303  
H   -12.87771  -1.53189   0.69932  
H    -8.39142  -2.33593  -1.31734  
H    -9.29789  -2.74145   0.13136  
H    -9.30204  -3.84889  -1.24094  
H    10.37719   0.78458  -3.04353  
H    10.3071   -0.3706   -1.7051  
H     8.85973  -0.01746  -2.63855  
H     7.40693   1.43461   2.38697  
H     7.44657   3.19685   2.52824  
H     6.25746   2.39814   1.48836  
H    10.53015   0.60044   1.43714  
H     9.28733   0.11528   2.58203  
H    10.9218   -0.52617   2.74347  
H     6.32287  -2.59959  -1.06558  
H     7.21476  -1.56041  -2.15268  
H     7.39307  -3.31507  -2.28106  
H     5.11947   1.89287  -2.36574  
H     6.32605   2.54588  -1.25923  
H     6.72595   1.17354  -2.28324  
H     7.26065  -1.31885   2.58642  

H     5.78258  -2.21952   2.91668  
H     6.86357  -2.73525   1.62362  
H    -9.63471   1.54943  -2.34335  
H    -8.17657   1.38267  -3.32533  
H    -9.23628  -0.00838  -3.04063  
H    -7.55018  -1.0952    2.91513  
H    -8.83095   0.12402   2.80335  
H    -9.0925   -1.47941   2.14556  
H    12.59839  -5.87974   1.62376  
H    12.8089   -4.13447   1.32928  
H    11.66232  -4.7038    2.58123  
H    10.63068  -7.01166   1.07489  
H     9.29216  -6.20059   0.21645  
H     9.60211  -5.81633   1.92794  
H    12.31103  -4.49255  -1.026  
H    12.2035   -6.241    -0.64713  
H    10.87126  -5.42471  -1.50854  
H    10.45347   7.19933  -0.24888  
H     8.87664   6.41277   0.01741  
H    10.28156   5.97897   1.03894  
H    12.29002   6.05778  -1.12248  
H    12.1695    4.3613   -1.6616  
H    12.14184   4.73748   0.08015  
H     8.81853   5.74399  -2.31854  
H    10.35412   6.64787  -2.51587  
H    10.23041   4.95301  -3.0627 

Cat(i)2+ 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C2 

Total energy: −2157605.56 kcal/mol 

Dipole moment: 25.77 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C     1.3291    2.8835    2.18084  
C     0.97884   2.76766   3.5113  
C     0.3817    1.52911   3.84089  
C     0.27178   0.66876   2.76541  
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S     0.92976   1.40771   1.32093  
H     1.10941   3.57189   4.22482  
H     0.00804   1.28174   4.82683  
C    -0.27178  -0.66876   2.76541  
C    -0.3817   -1.52911   3.84089  
S    -0.92976  -1.40771   1.32093  
C    -0.97884  -2.76766   3.5113  
H    -0.00804  -1.28174   4.82683  
C    -1.3291   -2.8835    2.18084  
H    -1.10941  -3.57189   4.22482  
C     1.94026   4.01937   1.50077  
C     1.87829   4.16791   0.10771  
C     2.61426   5.00974   2.23317  
C     2.43548   5.26611  -0.54379  
H     1.35751   3.42051  -0.48372  
C     3.20248   6.10667   1.61119  
H     2.69597   4.91021   3.31057  
C     3.11696   6.26678   0.2016  
C     2.2902    5.32601  -2.05014  
C     3.90012   7.11803   2.49685  
B     3.75604   7.48877  -0.5302  
H     1.97064   4.35643  -2.43945  
H     1.54934   6.07123  -2.35243  
H     3.22327   5.59522  -2.55181  
H     3.60164   8.14488   2.26743  
H     3.66197   6.9358    3.54738  
H     4.98811   7.06879   2.3897  
C     5.23457   7.94022  -0.15402  
C     2.98676   8.29172  -1.62449  
C     5.51005   9.27953   0.19715  
C     6.30251   7.01164  -0.18118  
C     3.59768   8.65741  -2.85249  
C     1.64707   8.70583  -1.3919  
C     6.81677   9.67669   0.51555  
C     4.4293   10.33535   0.24647  
C     7.60283   7.42805   0.11422  
C     6.0877    5.55713  -0.5303  
C     2.88205   9.38915  -3.80059  
C     5.01111   8.24508  -3.20877  
C     0.97884   9.46738  -2.35202  
C     0.89725   8.37575  -0.11766  
C     7.84995   8.75256   0.46233  
H     6.98093  10.71015   0.78784  
H     3.5356    9.98181   0.76581  
H     4.78164  11.2334    0.75996  
H     4.11306  10.61661  -0.76148  
H     8.40102   6.69517   0.06946  
H     5.54741   5.03995   0.26689  
H     5.49063   5.44003  -1.43811  
H     7.04054   5.04584  -0.68817  
C     1.57267   9.81643  -3.5671  
H     3.35565   9.63276  -4.74832  
H     5.20932   7.19362  -2.98179  
H     5.19201   8.38725  -4.27685  
H     5.75572   8.83655  -2.66619  

H    -0.03865   9.79259  -2.15045  
H     0.58417   7.32793  -0.09406  
H     1.4975    8.54051   0.78132  
H     0.0004    8.99422  -0.0349  
C     0.83272  10.64721  -4.58237  
C     9.7788    8.33631   1.9474  
C     9.40757  10.60403   1.1396  
H     1.18042  10.44111  -5.59807  
H    -0.24391  10.46121  -4.54225  
H     0.98502  11.71713  -4.39537  
H    10.80196   8.64095   2.16913  
H     9.12663   8.52754   2.79829  
H     9.74917   7.28078   1.69016  
H    10.45822  10.80051   1.34851  
H     9.07489  11.21414   0.30222  
H     8.8081   10.8089    2.02438  
C    -1.94026  -4.01937   1.50077  
C    -1.87829  -4.16791   0.10771  
C    -2.61426  -5.00974   2.23317  
C    -2.43548  -5.26611  -0.54379  
H    -1.35751  -3.42051  -0.48372  
C    -3.20248  -6.10667   1.61119  
H    -2.69597  -4.91021   3.31057  
C    -3.11696  -6.26678   0.2016  
C    -2.2902   -5.32601  -2.05014  
C    -3.90012  -7.11803   2.49685  
B    -3.75604  -7.48877  -0.5302  
H    -1.97064  -4.35643  -2.43945  
H    -1.54934  -6.07123  -2.35243  
H    -3.22327  -5.59522  -2.55181  
H    -3.60164  -8.14488   2.26743  
H    -3.66197  -6.9358    3.54738  
H    -4.98811  -7.06879   2.3897  
C    -5.23457  -7.94022  -0.15402  
C    -2.98676  -8.29172  -1.62449  
C    -5.51005  -9.27953   0.19715  
C    -6.30251  -7.01164  -0.18118  
C    -3.59768  -8.65741  -2.85249  
C    -1.64707  -8.70583  -1.3919  
C    -6.81677  -9.67669   0.51555  
C    -4.4293  -10.33535   0.24647  
C    -7.60283  -7.42805   0.11422  
C    -6.0877   -5.55713  -0.5303  
C    -2.88205  -9.38915  -3.80059  
C    -5.01111  -8.24508  -3.20877  
C    -0.97884  -9.46738  -2.35202  
C    -0.89725  -8.37575  -0.11766  
C    -7.84995  -8.75256   0.46233  
H    -6.98093 -10.71015   0.78784  
H    -3.5356   -9.98181   0.76581  
H    -4.78164 -11.2334    0.75996  
H    -4.11306 -10.61661  -0.76148  
H    -8.40102  -6.69517   0.06946  
H    -5.54741  -5.03995   0.26689  
H    -5.49063  -5.44003  -1.43811  
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H    -7.04054  -5.04584  -0.68817  
C    -1.57267  -9.81643  -3.5671  
H    -3.35565  -9.63276  -4.74832  
H    -5.20932  -7.19362  -2.98179  
H    -5.19201  -8.38725  -4.27685  
H    -5.75572  -8.83655  -2.66619  
H     0.03865  -9.79259  -2.15045  
H    -0.58417  -7.32793  -0.09406  
H    -1.4975   -8.54051   0.78132  
H    -0.0004   -8.99422  -0.0349  
C    -0.83272 -10.64721  -4.58237  
C    -9.7788   -8.33631   1.9474  
C    -9.40757 -10.60403   1.1396  
H    -1.18042 -10.44111  -5.59807  
H     0.24391 -10.46121  -4.54225  
H    -0.98502-11.71713   -4.39537  
H   -10.80196  -8.64095   2.16913  
H    -9.12663  -8.52754   2.79829  
H    -9.74917  -7.28078   1.69016  
H   -10.45822 -10.80051   1.34851  
H    -9.07489 -11.21414   0.30222  
H    -8.8081  -10.8089    2.02438  
C   -10.1457   -8.89688  -0.4332  
H   -10.11562  -7.83936  -0.68207  
H    -9.75124  -9.4825   -1.26225  
H   -11.16639  -9.19953  -0.19773  
N    -9.27384  -9.14904   0.7766  
C    10.1457    8.89688  -0.4332  
H    10.11562   7.83936  -0.68207  
H     9.75124   9.4825   -1.26225  
H    11.16639   9.19953  -0.19773  
N     9.27384   9.14904   0.7766  

Cat3+ 

TD-DFT CAM-B3LYP 6-31G(d,p), gas 

phase, S0 

 

Point group: C1 

Total energy: −2241826.32 kcal/mol 

Dipole moment: 40.27 D 

Imaginary frequencies: 0 

Optimized x, y, z coordinates 

C    -3.66446   0.45801  -0.66012  
C    -2.92193   1.08263  -1.64318  
C    -1.53109   1.07764  -1.39525  
C    -1.1826    0.44466  -0.21636  
S    -2.61324  -0.16385   0.59554  
C    -5.11104   0.26399  -0.60439  
C     0.12794   0.23935   0.34125  
S     1.56535   0.50626  -0.62281  
C     2.62022   0.05066   0.70773  
C     1.86307  -0.2965    1.81368  
C     0.47223  -0.19051   1.6129  
C     4.0632    0.06024   0.57038  
C     4.7045    0.69408  -0.50928  
C     6.08731   0.7171   -0.64115  
C     6.91678   0.05154   0.31317  
C     6.26601  -0.60623   1.40377  
C     4.88325  -0.57764   1.52076  
C    -5.78722   0.0715    0.60855  
C    -7.16669  -0.1234    0.65166  
C    -7.92151  -0.1627   -0.54854  
C    -7.24049   0.03796  -1.77931  
C    -5.86475   0.25726  -1.78722  
B    -9.46354  -0.44491  -0.54748  
B     8.45289   0.03213   0.16552  
C     9.28461  -1.28288   0.48847  
C     9.24501   1.32295  -0.31478  
C   -10.0915   -1.51089  -1.49484  
C   -10.41998   0.36133   0.43365  
C   -10.41753   1.77271   0.45314  
C   -11.32172   2.47543   1.26269  
C   -12.20611   1.7779    2.07303  
C   -12.20248   0.38676   2.09599  
C   -11.32585  -0.328     1.27596  
C   -11.28177  -1.25028  -2.22634  
C   -11.82547  -2.23415  -3.05167  
C   -11.25185  -3.50339  -3.16464  
C   -10.09277  -3.76311  -2.43012  
C    -9.49443  -2.79523  -1.62174  
C    10.38094  -1.27569   1.37782  
C    11.08063  -2.4576    1.66152  
C    10.71095  -3.64358   1.0432  
C     9.65017  -3.66989   0.14305  
C     8.92593  -2.50666  -0.13186  
C    10.14978   1.28595  -1.39774  
C    10.81956   2.44681  -1.81102  
C    10.61295   3.64048  -1.13428  
C     9.74465   3.69563  -0.04824  
C     9.04986   2.55425   0.36095  
C    10.82489  -0.01455   2.08263  
N    11.31031   4.91283  -1.55213  
N    11.43396  -4.93822   1.32775  
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C     8.09134   2.69897   1.52115  
C    10.41055   0.01481  -2.17261  
C     7.76004  -2.62106  -1.0877  
C   -11.39542  -1.83713   1.3202  
C    -9.46761   2.57991  -0.40171  
C   -11.98857   0.08915  -2.18327  
C    -8.23305  -3.19166  -0.88207  
C    -7.80929  -0.32134   2.00759  
C    -7.95233   0.0202   -3.11556  
C     7.02633  -1.32287   2.50145  
C     6.64202   1.43242  -1.85637  
C   -11.84882  -4.54655  -4.07156  
N   -13.20421   2.49784   2.94943  
C   -13.11177   3.99588   2.82984  
C   -14.60727   2.09273   2.55234  
C   -12.9612    2.13717   4.39798  
C    12.55883  -4.77491   2.31741  
C    10.45974  -5.94421   1.90459  
C    12.02701  -5.48316   0.0459  
C    12.2185    4.71953  -2.73927  
C    10.27752   5.95369  -1.93108  
C    12.15588   5.42973  -0.40775  
H    -3.3737    1.559    -2.50414  
H    -0.8034    1.54322  -2.04987  
H     2.30012  -0.59222   2.75942  
H    -0.26432  -0.40244   2.37843  
H     4.10252   1.19439  -1.26157  
H     4.42227  -1.07952   2.36435  
H    -5.22904   0.09344   1.54017  
H    -5.36009   0.38644  -2.73917  
H   -11.30045   3.55591   1.22943  
H   -12.88178  -0.17112   2.73107  
H   -12.72218  -2.00842  -3.62321  
H    -9.63971  -4.74905  -2.49308  
H    11.89908  -2.40793   2.36614  
H     9.35275  -4.58739  -0.35211  
H    11.48634   2.37519  -2.65906  
H     9.57635   4.61945   0.49371  
H     9.98826   0.48735   2.57654  
H    11.57452  -0.23028   2.84699  
H    11.25719   0.70036   1.37743  
H     7.05484   2.70102   1.17236  
H     8.17513   1.87588   2.23385  
H     8.27003   3.63129   2.06183  
H     9.4793   -0.4611   -2.49195  
H    11.00231   0.21108  -3.06929  
H    10.95143  -0.7145   -1.56356  
H     6.80939  -2.60093  -0.54736  
H     7.72606  -1.79587  -1.80194  
H     7.80927  -3.55408  -1.65389  
H   -11.95205  -2.17755   2.19683  
H   -11.88743  -2.23045   0.42665  
H   -10.40336  -2.29259   1.35535  
H    -9.49676   2.26601  -1.44856  
H    -9.71343   3.64392  -0.36753  

H    -8.4353    2.45456  -0.06526  
H   -12.5554    0.22071  -1.25584  
H   -11.29518   0.93143  -2.25781  
H   -12.69321   0.17328  -3.01383  
H    -7.34464  -2.73065  -1.32336  
H    -8.24849  -2.89651   0.17064  
H    -8.09881  -4.27524  -0.91838  
H    -7.04848  -0.41641   2.78571  
H    -8.4563    0.51981   2.27331  
H    -8.42678  -1.22401   2.04281  
H    -8.88881   0.58363  -3.09967  
H    -7.31729   0.45319  -3.8921  
H    -8.208    -0.99905  -3.41772  
H     7.88554  -0.74971   2.85893  
H     6.37336  -1.50194   3.35826  
H     7.4049   -2.29386   2.16823  
H     5.84275   1.63693  -2.57173  
H     7.09924   2.39028  -1.59094  
H     7.40469   0.84683  -2.37604  
H   -12.93478  -4.44154  -4.14228  
H   -11.4463   -4.45216  -5.08727  
H   -11.62142  -5.55734  -3.72336  
H   -13.86227   4.43009   3.48879  
H   -12.11838   4.31904   3.13477  
H   -13.3101    4.28578   1.79987  
H   -15.31686   2.63073   3.18139  
H   -14.72311   1.02073   2.68882  
H   -14.74969   2.3495    1.50371  
H   -11.94332   2.42809   4.65329  
H   -13.68206   2.67226   5.01663  
H   -13.0819    1.06463   4.52569  
H    13.02027  -5.75074   2.46099  
H    13.29037  -4.07555   1.91723  
H    12.15655  -4.41406   3.26204  
H    10.99945  -6.8667    2.11913  
H     9.66902  -6.13305   1.1831  
H    10.03839  -5.52411   2.81667  
H    12.71498  -4.73938  -0.35336  
H    12.5532   -6.4104    0.27304  
H    11.2293   -5.67235  -0.66773  
H    12.67535   5.68094  -2.96892  
H    12.99      3.99471  -2.48671  
H    11.63088   4.37737  -3.58896  
H    10.79632   6.85961  -2.24488  
H     9.64649   6.16326  -1.07125  
H     9.6754    5.55357  -2.7455  
H    12.88247   4.66129  -0.14798  
H    12.65938   6.34076  -0.73145  
H    11.51643   5.64011   0.44563  
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