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Abstract 

Supervisory Committee 
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Supervisor 

 
Dr. Neil Burford (Department of Chemistry) 
Departmental Member 

 
 A conjugated bis-benzimidazole chromophore is predicted to show absorptions 

in the near-infrared (NIR) region of the electromagnetic spectrum. However, there are 

no reports to-date of any NIR absorbing and emitting dyes that are based on a bis-

benzimidazole structural backbone. This thesis reports recent advancements in the 

discovery and study of this new class of dyes.  

 Following literature procedures, the syntheses of bis(benzimidazolyl)methane 

compounds are successful. An unexpected product isolated during the attempted 

oxidation of a bis(benzimidazolyl)methane compound using p-chloranil showed intense 

absorption in the NIR (λmax = 712 nm, ε = 14600 L·mol-1·cm-1), solubilities in polar 

solvents like methanol and water, and electrochemical activities. X-ray crystallography, 

mass spectrometry, and NMR spectroscopy confirmed the connectivity and structure of 

the product to contain a combination of quinone and benzimidazole moieties, which 

later revealed to be the core chromophore by computational studies. This 

unprecedented combination of moieties gave a chromophore that is predicted to 

absorb in the far-red even without substitution.  
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 Attempts to synthesize boron-based bis-imidazole dyes with N-methylation shed 

light on the feasibility of the design of such moiety. Considering the additional 

functionality that could be accessed through the methylation of the labile benzimidazole 

nitrogen atoms, N-methylated bis(benzimidazolyl)methane precursors were successfully 

synthesized and fully characterized. Attempts of the boron coordination showed 

promising signs, as the 1H, 11B, and 19F NMR spectra showed solid evidence of the 

successful isolation of the boron chelate. Computational studies of methyl, phenyl, and 

triazole-substituted boron chelate derivatives projected absorptions in the NIR region. 

Intense transitions are found to be based on frontier molecular orbitals and differ 

significantly among the derivatives, predicting substantial tunability of this type of dyes.  
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Chapter 1   Introduction 

1.1   Near-Infrared Dyes 

 From 80-metre high frequency radio waves to deadly but life-saving gamma rays, 

the electromagnetic (EM) spectrum consists of waves with different energy levels, 

corresponding to different physical and chemical transitions and properties. Waves in 

the visible region, with wavelengths of approximately 400–700 nm1 and energy levels 

corresponding to valence electron transitions of atoms and molecules, are the most 

illustrated in the daily lives and most accessible and relevant in chemistry, particularly in 

the field of dye chemistry. Natural dyes and pigments like indigo2 (1.1), curcumin3 (1.2) 

and titanium(IV) oxide,4 alongside synthetic ones like azo dyes5 (1.3 as an example) and 

gentian violet6 (1.4), are crucial to research, industry, and daily lives of ordinary peoples. 

Not only in traditional fields of textile dyeing7 and food colouring8 do those dyes play an 

important role, but their potential applications also extend way beyond their visible 

colour, for example in holographic imaging,9 organic electronics,10 and medicinal11 uses. 

It is the current and future applications of dyes that lead to developments in their 

synthesis and functionalization by chemical means.  
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 With the growing and diverse library of functional dyes available to the research 

communities, those capable of absorbing and emitting in the near-infrared (NIR) region, 

approximately1 700–2500 nm, promote similar electronic transitions as visible light. 

Many transition metal complexes inherently allow d-d transitions in the NIR.12,13 More 

recent works focus on the use of lanthanide complexes as NIR absorbing and fluorescing 

dyes, utilizing their similar-principled d-f transitions.14 Nanoparticles and polymer 

nanoparticles15 absorb in the NIR are unique in their tunabilities and photophysical 

properties. By far the most diverse NIR dyes are based on small organic molecules, 

which is the focus of this section. The NIR dyes are particularly of interest due to their 

potential biological and material applications. 

 Bio-imaging uses of NIR dyes usually exploit the absorption and emission 

wavelengths and requires directed designs on the molecular moieties. The so-called first 

biological window, the part of the EM spectrum between 650 and 900 nm, is well 

established to be the benchmark for designing NIR dyes, due to the low absorption and 

autofluorescence from blood and tissue.16 Naturally, those dyes can be used in the fields 

of biological imaging, fluorescent probing,17 and photodynamic therapy.18  

 The advances in functionalized devices like dye-sensitized solar cells (DSSC) and 

organic light-emitting diode (OLED) saw an increase in the use of materials based of NIR 

dyes for the additional functionality provided by them. Among the whole EM spectrum, 

the low-energy visible region centred around 650 nm is highest in irradiance, making 

those dyes able to absorb and emit light up to the NIR region (~900 nm) suitable for 

efficient energy transfers that are required in DSSC.19 As an example, Yella and 
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colleagues20 in 2011 reported a meso-substituted Zn porphyrin that absorbs and emits 

around 700 nm to achieve a power conversion efficiency of 12.5%, the first dye to 

surpass the 12% threshold, showing comparable energy conversion capabilities to state-

of-the-art Si-based and perovskite-based solar cells. They then further increased the 

efficiency to 13% on a similarly designed NIR-absorbing and emitting Zn porphyrin 

complex,21 showing the striving potential. Similar to the recent development in the DSSC 

field, the increasing need of NIR-emitting OLED drives the incorporation of NIR dyes into 

OLED. In 2014, Yao and co-workers22 reported a phenothiazine and benzothiadiazole-

based dye 1.5, which gave solid-state fluorescence in the NIR and incorporated it into a 

metal-free OLED. In addition, organic NIR dyes also show uses as panchromatic-

absorbing materials,23 proton-coupled electron transfer (PCET) agents,24 and water-

oxidation catalysts.25 

 

 Some of the most common dyes, like the cyanine-type polymethine dyes, were 

synthesized and used long before the discoveries of their modern applications. The 

cyanine chromophore, illustrated by a commercially-available cyanine dye 1.6, consists 

of a highly-conjugated π system. As the low-energy transitions of the dyes are usually 

based on π-π* transitions, those expanded π systems sufficiently promote lower 

energies in to the NIR region. Indeed, the tunability of cyanine dyes is mostly achieved 
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by modifying the length of the chromophore π system. Addition of each pair of π 

electrons equates to a bathochromic shift of 80–100 nm of absorption and fluorescence 

wavelengths.17 In addition, incorporating different heterocycles at the terminal ends can 

sufficiently provide additional sources of tunability. Rather than indoline terminals, 

reports on cyanine dyes containing other heterocyclic terminals,26,27 and they showed 

further redshifted wavelengths and other charming photophysical properties. Using 

both strategies, a recently reported cyanine dye28 with 10 π electrons on the main chain 

and substituted xanthene showed an emission wavelength of 1140 nm and good 

quantum yield. A more recent report29 on an intrinsically-designed heptamethine 

cyanine system fully exploited the cyanine dye chromophore and the effect of steric 

hinderance on photophysical properties to give absorbing and emitting wavelengths in 

the NIR region (~800 nm). However, elongation of the chain to further extend the 

bathochromic shifts of wavelengths prone to experimental and theoretical challenges. 

Although cyanine dyes are known to be challenging for computational studies, 

Jacquemin showed a theoretical limit of 17 carbons for the cyanine main chain,30 

meaning the extended conjugation observed for frontier molecular orbitals (FMOs) does 

not extent beyond this limit. Longer chains can also promote self-aggregations26 and 

increase challenges in photostability.31  
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 Similar to cyanine, many polyaromatic NIR dyes have an expanded conjugation 

system. The rhodamine dyes, a part of the xanthene dye family, are very commonly 

used due to their low price and tunability of photophysical properties. Although the 

most commonly-used dyes in this family, like Rho B (1.7), are not red- or NIR-absorbing 

(λmax=564 nm)32 the absorbing and fluorescent, rhodamine dyes still enjoy widespread 

uses due to their great quantum yields (Φ=0.916)32 and unique on/off fluorescent 

responses that are originated from isomerization promoted by changes in conditions 

such as pH or UV-light.33 In addition to diamino terminals and aryl groups, recent 

developments commonly modify the backbone by changing the heteroatom, and the 

resulting dye observed far-red or NIR absorbing abilities and swift responses to changes 

in electrochemical conditions.34,35  

 

 Porphyrins and phthalocyanines form another distinct class of dyes that absorb 

in the far-red and NIR, including the natural occurring chlorophyll compounds whose 

absorbing abilities. The meso position of the tetrapyrroles are particularly of interest as 

meso-substituents can effectively fine-tune the spectroscopic and electronic properties 

of the compounds.19 The phorphyrin18 (1.8) example exhibits far-red absorptions (λmax = 

648 nm), as the meso-substituents promote bathochromic shifts to their absorbing 

wavelengths. By contrast, with substitution on the meso positions not relatively feasible, 
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the modifications of properties are usually achieved by modifying the iso-indole 

backbone. In addition, the central coordination site can be filled with a number of 

metals and main group elements such as zinc and magnesium, yielding a wide range of 

spectroscopic, photophysical, and electrochemical properties. The commercially-

available phthalocyanine example 1.9 exploits both modification strategies and has an 

absorption wavelength well in the NIR36 (λmax=790 nm).  

  

 Alongside other highly conjugated, polyaromatic far-red/NIR dyes like rylene37 

and squaraine,38 this large, diverse family of dyes provided state-of-the-art properties 

for synthetic and computational chemists for intrinsically designing new NIR dyes.   

   

1.2   Boron-based Fluorescent Dyes 

 The boron-dipyrromethene compounds (BODIPY, formally 4,4-difluoro-4-bora-

3a,4a-diaza-s-indacene) are among the most popular BF2-based fluorescent dyes that 

are extensively studied for their syntheses and applications. From the first synthesized39 

BODIPY in 1968 (1.10), to the first synthesis of the “naked”, fully unsubstituted 
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compound40 40 years after (1.11), to the recent NIR-absorbing and emitting 

examples,41,42 the search for BODIPY derivatives with tunable and more preferable 

spectral, photochemical, and electronic properties continues, motivated by the current 

wide applications of BODIPY compounds. BODIPY compounds usually show small Stokes 

shifts and intensifies self-quenching,43 which makes higher quantum yields, larger Stokes 

shifts, and bathochromic-shifted absorbing and emitting wavelengths main driving 

forces of the rapid expansion of this class of compounds. 

 

 The most common synthetic strategy of designing NIR-absorbing is extending π-

conjugation, as the extension, as explained in section 1.1, decreasing HOMO-LUMO gaps 

results in expanding scope for the NIR dyes. Aromatic substituents on the pyrrole 

backbone like phenyl and substituted phenyl groups and more exotic and property-

oriented-designed heteroaromatic and metallocycles all gave examples of NIR dyes with 

ideal properties like extended Stoke shifts, improved solid state emissions, and higher 

quantum yields. Fused aromatic moieties can very efficiently extend the π-conjugation, 

lead to significantly red-shifted absorbing and emitting wavelengths, like the reported 

example44 1.12 that has the absorbance wavelength at 765 nm, however not stable in 

air. The recent work on BODIPY oligomers45 further exploits the extension of π system, 

where the BODIPY octamer 1.13 absorbs well in the NIR region (λmax = 957 nm).  
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 Modification of the substituents on the meso position (highlighted on structure 

of 1.11) are the most commonly incorporated synthetic strategy to fine tune properties 

of BODIPY compounds. Calculated FMOs of a sample meso-aniline substituted BODIPY 

reported by de Jong and colleagues46 showed extensive contributions from the meso 

substituents to the HOMO and LUMO, which opens pathways for the said tunability at 

the meso position. Furthermore, substituents on the meso substituent even showed 

extensive electron density on the HOMO, adding to the fine tunability needed. The 

meso-position also can be accessed synthetically at ease.47 Hence, a vast majority of 

BODIPY compounds incorporate substitutions at the meso positions: from a simple 

phenyl substituent48 (1.14), to triazole (1.15) linkers,49 to polyaromatic groups like 

anthracene50 (1.16) that drastically altered the photophysical and electronic properties 

of the chromophore.  
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 Rapid expansion of BODIPY derivatives has led to other dipyrrole-based dyes, 

most notably the aza-BODIPY compounds. As substituents on the meso position have 

shown large participation in the LUMO of BODIPY, introducing a more electron-rich 

heteroatom to that position would lower the energy of LUMO and narrow the HOMO-

LUMO gap for NIR transitions. Under those rationales, aza-BODIPY compounds are 

designed and synthesized, first in 1993 (1.17a) by Sathyamoorthi and colleagues, 

absorbs in far-red (λmax = 653 nm) and is a significant bathochromic shift from that of the 

parent BODIPY compound.51 First NIR-absorbing aza-BOPIDY 1.17b was synthesized a 

decade after by substituting the phenyl substituents,52 and exploiting this strategy can 

lead to further bathochromic shifts on the absorbing wavelength.53 Extension of the π-

system can also sufficiently drive the absorbing wavelength in the NIR region,54,55 a 

phenomenon similar to BODIPY, as demonstrated by the benzannulated aza-BODIPY 

1.18. The NIR-absorbing aza-BODIPY compounds showed great versatility, and examples 

on property-directed modifications are many, such as a conformationally-restricted 

analogue for better photostability and photophysical properties,56 or water-soluble 
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examples for bio-imaging and bioorganic labelling.57 The meso-nitrogen also allows new 

applications, as demonstrated by 1.19 that has trace-metal detecting abilities based on 

tridentate coordination to late transition metals58 as illustrated.  

 

 In addition to the advancements in BODIPY compounds, dyes based on 

heterocyclic groups and boron chelation  is a diverse group of compounds that grows at 

a tremendous rate. Apart from 5-membered pyrrole, similar boron-based moieties have 

been tethered on 5, 6, and 7-membered heterocycles59 through coordination with N, O, 

and C. Notable red absorbing examples include pyridine and indole-based60 1.20 (λmax = 

643 nm) and indole and quinoline-based 1.21 (λmax = 611 nm). Attempts on tethering BF2 

moieties onto developed conjugated dye systems with low-energy transitions are also 

successful, affording NIR dyes like 1.22 (λmax = 752 nm)61 and 1.23 (λmax = 760 nm). 62  
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 Among the few NIR-absorbing examples of heterocyclic boron-chelated dyes, the 

most notable are those containing benzimidazole, benzothiazole, and benzoxazole 

moieties. Similar to the rationale for substituting in the N at meso position of BODIPY, 

substitution of electronegative N, S, and O at the electron-rich 3-position allows low-

energy transitions, giving bathochromic-shifted absorbing wavelengths. Such 

phenomenon is well demonstrated by the 1.24 and 1.25 compounds,63,64 where all of 

them showed significant bathochromic shifts from their respective parent compounds.65 

Thanks to the push-pull system, 1.24 compounds absorb in the NIR, while 1.25 

compounds do not absorb in red or NIR.  Nevertheless, those compounds shed light on a 

new avenue of designing NIR dyes.  
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1.3   Thesis Objectives 

 Among the many heteroaromatic boron-based dyes, those carrying methylene-

bridged bis-benzimidazole as the core chromophore has yet to be synthesized. The 

closest examples66 are the imidazole-based, directly-linked compound 1.26, and within 

the same article the authors report failed attempts of synthesizing methinyl-bridged 

1.27. There are also those carrying a single benzimidazole unit, like aforementioned 

1.25a–b, and also 1.28 and 1.29, none of which absorbs in the far-red or NIR regions.67,68  

 

 The methylene-bridged bis-benzimidazole dye 1.30 carries a fully-conjugated 

chromophore, and unlike reported benzimidazole-based dyes, could allow low energy 

transitions, plausibly in the far-red and NIR region. Hence, the main objective of the 

thesis is undoubtedly to discover reliable strategies to study bis-benzimidazole dyes like 

1.30 using synthetic, analytical, and computational methods, whose progress is reported 

in Chapter 2. Such strategies can be extended to synthesize N-substituted derivatives 

like 1.31, which was proposed to have far-red absorption69 (without direct experimental 

data in a patent). Progress on those is reported in Chapter 3. 
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Chapter 2   Bis-benzimidazole Dyes 

2.1   Introduction 

 As illustrated in Section 1.3, successful syntheses of compound 1.30 and its 

analogues are some of the ultimate goals of this thesis. Scheme 1 is a retrosynthetic 

analysis that illustrates a feasible pathway for the synthesis of this class of compound. 

The boron chelation step shows parallels to coordination chemistry and would rely 

heavily on the existing literature on BODIPY and other tetracoordinate boron 

compounds and will be discussed in greater detail in Chapter 3. The fully conjugated 2.1 

can be synthesized by oxidation from 2.2, a bis-benzimidazole compound that can be 

easily synthesized using traditional synthetic strategies from o-phenylenediamine and 

malonic acid and its derivatives that has been extensively studied.  

 
Scheme 1. Proposed pathway of the syntheses of 1.30. 

 The synthetic methodology of benzimidazoles described in Scheme 1, alongside 

most of examples of the benzimidazole syntheses, are based on the Phillips-Ladenburg  
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condensation, first reported70 in 1875 where Ladenburg heated a mixture of o-

phenylenediamine, or its substituted analogue, and glacial acetic acid to subsequently 

obtain 2-methyl benzimidazole compounds 2.3. In 1928, Phillips71 used the same 

methodology to synthesize otherwise substituted benzimidazole compounds 2.4 using 

respective carboxylic acids.   

 

Scheme 2. Early syntheses of 2.3 and 2.4 derivatives. 

 A mere 150 years later of the first report, the methodology is very much still 

popular and evolving to synthesize a diverse library of compounds. Most of the 

optimizations of the methodology focused on the temperature of the reaction and 

searching for the most suitable carbonyl derivative, and both are crucial towards the 

syntheses of bis-benzimidazole compounds. In 1941, Shriner and Upson reported72 the 

first examples of alkylidene-bridged bis-benzimidazole compounds (2.5), where the 

bridge ranged from two to 8 carbons, by heating the mixture of carboxylic acids and o-

phenylenediamine with 5N HCl between 125–135 °C, giving mediocre yields (28–63%). 

The synthesis of methylene-bridged bis-benzimidazole 2.6 surprisingly requires much 

higher temperatures and more reactive carbonyl derivative precursors comparing to 

other bis-benzimidazole syntheses, as its first synthesis was reported in 1953 by Lane,73 

where malonamide and higher boiling point (197 °C) ethylene glycol were used. In 1966, 
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Vinot74 reported the first syntheses of bis(benzimidazolyl)methane compounds with 

substituents on the methylene bridge (2.6b–e), by conducting the similar reaction at 

180 °C and simultaneous distillation to remove water and ethanol by-products, giving 

medium yields (46–50%). More recent reports75–79 of the syntheses of bridge-

substituted bis(benzimidazole)methane compounds similarly used malonic acid, 

malonate, or malonamide to give medium to high yields, where the solvent used is 

usually various concentrations of HCl(aq). The characterization of those compounds are 

largely dependent on melting points and elemental analyses, where the first NMR data 

of 2.5a–b and 2.6a appeared78 in 2007. 

   

 To synthesize the fully conjugated analogue of 2.1, oxidation reactions of 2.6a 

need to be selective, as the methylene bridge is reported to be susceptible towards 

oxidation to its ketone analogue 2.7. In 1956, Efros and colleagues showed that metal-

assisted oxidation, in their case Cr, does not decompose the benzimidazole core,80 

allowing further work on the oxidation of 2.6a. The first of such oxidation reaction was 

reported in 1977, where Sprecher and Zuberbühler81 stir a solution of 2.6a with copper 

perchlorate under 1 atm of pure oxygen for 30 min and obtained 2.7. They also reported 

that Co(II) complexes can serve as an alternative to the copper complex, which was 

confirmed by Yao and colleagues82 in 2007. In 2009, da Silva Miranda and colleagues77 

reported the same oxidation reaction to 2.7 under similar conditions, using iron 

perchlorate or hydrogen peroxide solution, where both underwent proposed peroxide-
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intermediated pathways.77 Yang and colleagues83 very recently reported that such 

oxidation reaction can take place in situ during the synthesis of 2.6a at elevated 

temperatures in air, where they achieved appreciable yields (30%) of 2.7.  

 
Scheme 3. Oxidation of 2.6a reported by Sprecher and Zuberbühler. 

 Largely driven by their spectroscopic properties and potential medicinal 

applications, transition metal complexes carrying bis-benzimidazole ligands have many 

reported examples. In 1988, Pujar and colleagues84 reported the syntheses of cobalt, 

nickel, and copper complexes 2.8 and 2.9, carrying 2.5a or 2.6a as ligands, respectively, 

where those complexes showed absorption λmax in the visible red region of the EM 

spectrum (625 nm, 2.8b). The 2.8 compounds also possess unusual seven-membered 

chelate rings that have sparked more interest in this class of compounds. This particular 

pattern of bis-imidazole being L2-type ligands, i.e. two coordination sites in its neutral 

form, was confirmed by X-ray crystallography data reported by Yao and colleagues.82 

 

 Expanding the scope of bis-benzimidazole ligands to other metals and main 

group elements requires the tuning of coordination pattern of the bis-benzimidazole 

ligands. In 2011 and 2013, Albers and colleagues79,85 reported syntheses with revised 

methodology for bis-benzimidazole compounds 2.10, where the authors used high 
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boiling point solvent 1,2,4-trichlorobenzene, controlled the system temperature at 

180 °C, and obtained appreciable yields (40–60%). After the coordination with a [Fe2-S2] 

cluster, the proton on the meso-position of the ligand (highlighted showed on 

compound) on the binuclear complex 2.11 can be deprotonated through a PCET process, 

showing the tunability and versatility of this position of bis-benzimidazole ligands.  

  

 Despite the continuous effort made by researchers of all fields, examples of bis-

benzimidazole coordinated main-group compounds, particularly boron, are few. The 

sole examples of main-group coordinated bis-benzimidazole complexes use an N-

substituted bis-benzimidazole ligand, which are explained in detail in Section 3.1. 

2.2   Bis(benzimidazolyl)methane 

 The synthetic arm of the project started with the attempts to synthesize 

bis(benzimidazolyl)methane compound 2.6a according to modified literature 

procedures based on that of da Silva Miranda and collegues77 and Albers and 

colleagues,85 both of which invoked the traditional Phillips-Ladenburg reaction. Differ to 

the appreciable yields reported by precedented literature with an overnight reflux, low 
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yields were initially obtained, alongside side products like 2.12 and o-phenylenediamine 

starting material that revealed the incompleteness of the attempted reactions.  

 
 The overnight reflux for the synthesis attempt of 2.6a gave 2.12a as the main 

product (Scheme 4), confirmed by its 1H NMR spectrum (Figure 1). The spectrum shows 

few resemblances to the intended product but a sharp 2H singlet in the downfield 

region, corresponding to the N-H hydrogens, a 4H multiplet for the aromatic protons, 

and downfield shifted 2H singlet for the α-methylene hydrogens. This isolated 

compound was reported in literature before86 as the main product after a 150 min 

reflux, revealing that longer time may be needed to allow the reaction to complete. 

Similarly, the first attempted synthesis of 2.6b reveals a similar trend, giving 2.12b as 

the by-product. Those results showed that the reaction conditions must be modified to 

achieve successful syntheses of the 2.6 derivatives.  

 
Figure 1. 1H NMR spectrum of 2.12a in DMSO-d6 (300 MHz). 
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Scheme 4. Isolation of 2.12a. 

 Close-to-quantitative yields for 2.6a derivatives were obtained using elevated 

temperature and significantly longer reaction times. The 1H NMR spectrum of the 

isolated product matches those reported in literature,76 and the compound was used 

without further purification.  

 
Scheme 5. Synthesis of unsubstituted 2.6a 

 Similarly, a quantitative yield for 2.6b compound was obtained with a change of 

solvent and longer reaction times. The use of ortho-dichlorobenzene (ODCB), a high-

boiling point aromatic solvent, was inspired by the literature precedent of Albers and 

colleagues85 that used 1,2,4-trichlorobenzene and controlled the temperature at 180 °C. 

With a boiling point of 180 °C, the cheaper solvent ODCB should suffice for these 

reactions, and indeed it did. The 1H NMR of those compounds agree well with those 

reported in precedented literature.79 For those requiring further purification, 

recrystallization from a mixture of ethanol and water was sufficient, and melting points 

are used as an additional tool to assess their purity. 

 
Scheme 6. Synthesis of substituted 2.6b.  



20 
 

 

 The aforementioned experimental findings, particularly the isolation of by-

products 2.12a–b as major products, led to the proposed mechanism of the 

condensation reaction (Scheme 7). The longer required reaction time and temperature, 

and the reported uses of distillation, all demonstrate that the pathways lead to intended 

products 2.6a–b are under larger kinetic control. Considering both cyclization reactions, 

5-exo-trig and 7-exo-trig, respectively, are favoured under Baldwin's rules,87 and 5- and 

7-membered rings have comparative ring strain energies, such apparent difference in 

kinetics could be a result of the regional proximity between amino group and “amide” 

carbonyl that leads to non-ideal angles for the nucleophilic attack.  

 
Scheme 7. Proposed mechanism of the condensation reaction during the synthesis of 2.6a–b. 

Solid arrows are the pathway leading to 2.12a–b, dashed ones are that of 2.6a–b.  
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2.3   Attempted Oxidation of 2.6a 

2.3.1   Synthesis and Structure 

 The first attempts of the 2.6a oxidation were in polar solvents due to its 

solubility, where it only fully dissolves in DMSO and barely dissolves in acetone and 

alcohols. The oxidant chosen was p-chloranil, commonly used in oxidations of BODIPY 

chemistry.88 Such reactions consistently led to an intense teal mixture, and upon 

isolation and purification, a dark green solid, colloquially named “Jade”. 

 
Scheme 8. Attempted oxidation of 2.6a leading to formation of Jade. 

 Jade shows rather unusual solubility, dissolving in only polar solvents like DMSO, 

methanol, and ethanol, and somewhat less so in acetone and acetonitrile. Its solubility 

in water is proportional to pH of the aqueous solution, where it dissolves well under 

basic conditions but only has modest solubility in neutral and acidic water solutions.  

 The mass spectrum of Jade (Figure 2) obtained through high-resolution mass 

spectrometry (HRMS) showed an exact mass of 667.11560. The spectrum also shows a 

clear isotopic pattern matching up nicely with any formula contains two Cl atoms. 

Accordingly, a molecular formula of C36H21O2N8Cl2 (calc. 667.11590) was proposed for 

the singly protonated species and its calculated mass spectrum89 (Figure 3) matches that 

experimentally obtained. In addition, 4 benzimidazole units are present, inferred by the 

number of N atoms, and precluding the possibility that Jade is the intended oxidation 
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product, which a calculated exact mass of 246.09. To add, the neutral form of Jade 

should have the molecular formula C36H21O2N8Cl2, correlating to the mass of two 

bis(benzimidazolyl)methane units and a p-chloranil less two chlorides.  

 
Figure 2. HRMS spectrum of Jade, localized view for [M+H+]. 

  

 
Figure 3. Calculated HRMS spectral pattern of Jade using its molecular formula. 

 Crystal structure obtained from X-ray crystallography (Figure 4) confirmed the 

molecular formula obtained by HRMS. The development of conditions and solvents to 

produce crystals suitable for X-ray crystallography was long and challenging, mainly due 
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to solubility and stability of Jade in various kinds of solvents. It was those attempts that 

allowed observations of the dependency of Jade’s solubility on concentrations of H+ in 

protic solvents, similar to its pH dependency observed in water. After many attempts, it 

was established that using methanol as the “good” solvent and acidified  it with trace 

amount of an aqueous acid seems to give the most optimized results by yielding micro-

crystalline solids. Indeed, very slowly evaporating a saturated methanol solution of Jade 

that was acidified with several drops of concentrated aqueous tetrafluoroboric acid 

solution in freezer and a flame tube gave suitable crystals, leading to a successfully 

solved crystal structure. The structure is determined to be the doubly-protonated 

derivative of Jade, 2.13. An ORTEP diagram of its solved structure (Figure 4) and a list of 

selected bond lengths (Table 1) convey significant information about Jade’s structure.  
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Figure 4. ORTEP diagram of compound 2.13. All hydrogen except those on nitrogen and 

solvent were removed for clarity. Thermal ellipsoids at the 50% probability level. 

 

Table 1. Selected bond lengths for the crystal structure of 2.13. 

Bond Bond Length /Å 

C1-O1 1.215(5) 

C1-C2 1.492(6) 

C2-C3 1.317(6) 

C3-C4 1.497(6) 

C4-O2 1.234(5) 

C5-C6 1.389(6) 

C6-C7 1.379(6) 

C7-C8 1.413(6) 

C8-N1 1.340(5) 

C8-N2 1.366(5) 

C9-C10 1.392(6) 

C10-C11 1.391(7) 

C11-C12 1.373(6) 

C22-C5 1.534(6) 

C22-N2 1.472(5) 

C1 

O1 

C4 

O2 

C2 

C3 

C5 

C6 

C7 

C8 
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N2 

C9 C10 

C11 
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 The crystal structure of 2.13 showed a planar, fully delocalized moiety consists of 

quinone and benzimidazole, a structural combination that appears to have no literature 

precedent. The bond lengths of two CO bonds, 1.215 Å for C1-O1 and 1.234 Å for C4-O2, 

respectively, match with the average length90 of C=O bonds at 1.197 Å and significantly 

shorter than C-O’s average at 1.399 Å. Furthermore, from C1-C2, C2-C3, to C3-C4, the 

bond lengths showed a pattern of staggering single-double-single bonds, inferred by the 

average C-C and C=C bond lengths. Those are key pieces of evidence for the presence of 

a Cl-substituted quinone-like moiety. Through C7 to the co-planar benzimidazole unit, 

the CC and CN bonds showed intermediate bond lengths that in between those of single 

bonds and double bonds, illustrating the extended conjugation between the coplanar 

quinone and benzimidazole moieties. Bonds to the quaternary carbon C22 all correlate 

well with average bond lengths of C-C and C-O single bonds, for C5-C22 and C22-N2 

bonds, respectively. Alongside the bond angles around C22, for example 108.2°  of C5-

C22-N2, those showed that C22 is indeed a proper sp3-hybridized tetrahedral carbon 

and is unlikely that the conjugation would extend to the benzimidazole units on C22.  

 The proposed structure for neutral form of Jade is based on the crystal structure 

of 2.13 and computational data of the tautomers.  Removing the protons on the 

positively-charged nitrogen atoms inferred for 2.13 give many possible tautomers with 

the most plausible being 2.14 and 2.14t. Instead of being tilted, the benzimidazole unit 

in between the quinone and the N-substituted benzimidazole are coplanar with those 

moieties, according to their computational optimized structures. The existence of a 

hydrogen bond can sufficiently explain this change of conformation from 2.13. The 
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calculated thermodynamics parameters using optimized geometries (Table 2) showed a 

small energy difference with 2.14 being the lower energy species, resulting in minor 

tautomerism in practical terms. Nevertheless, heating the sample to 380K showed no 

changes in the spectral pattern as the tautomerism only invokes the transfer of an 

exchangeable proton and other structural aspects of the compound are retained. Apart 

from confirming the structure of tautomers, dipole moment of 2.14 is calculated at 4.8 

D. The number is even higher than that of DMSO and can explain the solubilities (or 

lacking thereof) of Jade.  

      

 2.14 ⇌ 2.14t 

Go /kJ·mol-1 1138.97  1141.61 

ΔrGo /kJ·mol-1 2.64 

Keq 0.34 

Table 2. Calculated thermodynamic parameters of 2.14 and 2.14t at 298.15K and 1 atm. 

 The NMR spectra of Jade is consistent with the structure of 2.14. The 1H NMR 

spectrum (Figure 5) showed three sets of multiplets in the aromatic region that could be 

grouped by their relative integrations and coupling constants and aligned well with the 

proposed structure. Due to the rapid exchanges of the N-H hydrogen, the two 

benzimidazole units connected by the tetrahedral carbon are chemically equivalent. The 
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two doublets of doublets (4H), at 7.72 and 7.33 ppm, correlate well with those 

interpretations. Similarly, the doublet of doublets at 7.88 and 7.62 ppm with 2H 

integrations correlate with the non-N-substituted benzimidazole unit next to the 

carbonyl with two pairs of chemically equivalent aromatic protons. Coupling constants 

of 3 and 6 Hz for those symmetrical benzimidazole units are in line with benzimidazole 

compounds reported in literature. All four remaining peaks in the aromatic region have 

a relative integration of 1H, corresponding to the four chemically-distinct protons on the 

N-substituted benzimidazole unit. The doublet-doublet-triplet-triplet multiplicity pattern 

correlates well with the proposed structure, and the coupling constants of 8 Hz also 

revealed the altered electronic structure of the substituted benzimidazole moiety.  

 
Figure 5. Aromatic region of 1H NMR spectrum of 2.14 (Jade) in DMSO-d6 at 300 MHz. 

 The 13C NMR spectrum (Figure 6) and 2D NMR experiments confirmed the 

aforementioned interpretations of distinct benzimidazole units. Most prominently, the 

singlets at 178 and 165 ppm reveals the presence of the carbonyl groups. Although the 

peaks are upfield-shifted from many carbonyl compounds, the chemical shift of the 178 

ppm peak is in line with that of the similar conjugation-extended compound 2.15, 
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reported91 at 176.8 ppm. The further upfield-shifted 165 ppm may accredit to the fully 

substituted quaternary carbon two bonds away. Alongside the IR spectrum (Figure 7) 

that has a C=O stretching peak at 1747 cm-1, those confirm the presence of carbonyl.  

 

 
Figure 6. 13C NMR spectrum of 2.14 in DMSO-d6 at 125.8 MHz.  
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Figure 7. IR spectrum of 2.14 using KBr pellet.  

 DEPT-135, short-range HSQC, and long-range HMBC experiments assist the 

individual assignment of each 13C NMR peaks. For the N-substituted benzimidazole unit, 

the most upfield-shifted proton peak is a triplet, hence assigned to the respective 

position showed in Scheme 9 under the chemical intuition that more electron-rich 

positions are more shielded. That peak shows long range interaction with the 13C peak 

at 117 ppm, and in tern shows short-range interaction with the 1H peak at 7.49 ppm. 

The rest of that benzimidazole unit can be assigned peaks in a similar fashion. The other 

“phase up” carbons can be easily divided into two groups based on the integrations of 

protons that they show short-rage interactions with, and then those who “disappears” 

using long-range interactions. The 13C peak at 62.5 ppm is the quaternary tetrahedral 

carbon as shown, and the aforementioned carbonyl peaks are assigned according to 

intuitions on shielding affects. There are 9 carbon peaks that cannot be accurately 

assigned, and 8 carbons have not been assigned a peak (circled in Scheme 9). For all 

those 8 carbons, accurate assignments may not be possible due to their similarities in 
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chemical environments and expected chemical shifts, but more importantly the lack of 

nearby protons to probe experimentally with long-range interactions. There is also an 

extra peak and is most likely from an unknown impurity, as 13C spectrum of possible 

impurities like p-chloranil and o-phenylenediamine did not have any peaks that match 

with those unassigned.  

 
Scheme 9. Structural interpretation of NMR spectral data of 2.14. 

2.3.2   Energy Properties 

 The electronic spectrum of 2.14 (Figure 8) confirmed the existence of board, 

intense absorptions in the far-red and NIR region. The maximum absorption 

wavelengths are 321 and 712 nm, with molar extinction coefficients 31000 and 14600 

L·mol-1·cm-1, respectively. There is also a weak shoulder observed at approximately 430 

nm. Absorption of Jade behaves well in accordance with the Beers–Lambert law, as 

illustrated by Figure 9.  Those findings correlate well with the intense teal colour (inset 

of Fig. 8) observed for Jade as a solid and in solution.  
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Figure 8. UV-Vis-NIR spectrum of 2.14 in methanol (74 μM); photo of this solution on the left. 

 
Figure 9. Beer–Lambert law plot of absorbance of 2.14 at 712 nm using three independently-

prepared triplicate solutions. 

 Extensive benchmark of TDDFT studies on 2.14 yield computational transitions 

and spectra that are in agreement with the experimental UV-Vis-NIR spectrum. In 

computational chemistry, functionals are crucial to the accuracy of the computational 

results, especially so for TDDFT92. Popular functionals are divided into different 

categories based on their mathematical infrastructures, namely GGA (PBE), meta-GGA 
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(M06-L), hybrid-GGA (B3LYP, PBE0),  and range-separated hybrid-GGA (CAM-B3LYP). 

Results among those categories of functionals can be drastically different and needs to 

be individually conducted and carefully compared against experimental data, i.e. 

benchmark. Using the optimized structure of 2.14, benchmarking using the said 

functionals showed CAM-B3LYP being the most suitable functional for further analyses 

(Figure 10). After correcting the data for methanol solvent environment, the calculated 

transitions match with the experimental UV-Vis-NIR spectral pattern of 2.14 in methanol 

(Figure 11), capturing the intense transitions with small errors and correctly 

demonstrating the shoulder at approximately 420 nm.  

 
Figure 10. Benchmark of TDDFT results of 2.14 using the listed functionals.  
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Figure 11. Comparison of experimental UV-Vis-NIR spectrum of 2.14 in methanol (curve) and 

TDDFT calculated transitions (bars) using methanol parameters and the listed functional. 

 The low-energy HOMO-LUMO transition showed exclusive participation from the 

heavily delocalized FMOs. Further analyses on the lowest energy transition showed that 

it has exclusive HOMO-LUMO characteristics (93.4%). The plotted HOMO (Figure 12, left) 

showed extensive delocalization among the two benzimidazole units that are coplanar 

to the quinone unit, where the LUMO (Figure 12, right) is more localized at the said 

quinone unit. As demonstrated, a push-pull system is clearly present, with relatively 

electron-rich benzimidazoles acting as donors and highly electro-poor quinone acting as 

acceptors. Explained in Chapter 1, such systems are known to generate NIR dyes.  
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Figure 12. Calculated HOMO (left) and LUMO (right) of 2.14 using CAM-B3LYP functional and 

methanol parameters. Contour level for illustration set at 0.03. 

 Cyclic voltammetry (CV) experiments of 2.14 showed a reversible redox event at 

0.23 V (vs. NHE) and several non-reversible redox events at  -0.13 V and 0.76 V (Figure 

13). The structure of 2.14 contains a quinone unit that can be reduced, and indeed the 

reversible event at 0.23 V can attribute to a two-electron, two-proton reduction, as 

demonstrated by its larger current flow. The interpretation is supported by literature 

findings93 of sterically bulky quinones. Estimated by the computational HOMO-LUMO 

gap (3.93 eV) using literature correlations94 between computational energy gaps and 

reduction potentials, an one-electron reduction potential for 2.14 is expected to be at 

around -0.7V. That estimation is also in line with literature predictions.93 Nevertheless, 

the narrow electrochemical measurement window of water and solubility hinders the 

ability to obtain more information on the electrochemical properties of 2.14. 
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Figure 13. Cyclic Voltammogram of 2.14 in pH = 7.8 aqueous phosphate buffer solution. 

2.3.3   Computational Studies of the Core Chromophore 

 Credible computational results of Jade regarding its electronic structure showed 

that the benzimidazole-quinone pair is the main chromophore that allows low-energy 

transitions. Calculated transitions and FMOs of analogues 2.16 and 2.17 gave further 

insight of this unprecedented pair of moieties.  

 

 Surprisingly, calculated transitions 2.16 by TDDFT consists low energy transitions 

that projects to be in the far-red region. Thanks to the coplanar geometry and push-pull 

system that still presents in 2.16, as demonstrated by its geometry and FMOs (Figure 14), 

the low energy transition that is similarly HOMO-LUMO in characteristics is well in the 

far-red region, at 630 nm. These results confirm that the benzimidazole units connected 

via the tetrahedral carbon on 2.14 is not part of the key chromophore, where both 
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benzimidazole units that are coplanar to the quinone moiety are crucial to obtain 

transitions in the NIR region. Such conclusions are undoubtedly confirmed by the 

calculated transitions of 2.17, where it is projected to show transitions in the NIR region, 

at 767 nm. While this wavelength is even longer than those from experimental studies 

of 2.14, it is unclear whether such shift conveys a chemical message or an artifact of 

computational methods similar to that observed for the results of 2.14. Nevertheless, 

through those computational studies, the core chromophore of 2.14 is undoubtedly the 

quinone-benzimidazole dyad, where the additional benzimidazole unit pushes the 

transition energy into the NIR region.  

 
Figure 14. HOMO (left) and LUMO (right) of 2.16 using CAM-B3LYP. Contour level set at 0.03. 

 The tetrahedral carbon of 2.16 showed great resemblance to a four-coordinate 

boron with respect to its geometry, hence computational work on the BF2-based 

analogue 2.18 can shed light on the versatility of this chromophore. To have a neutral 

compound, the organic bulk part of 2.18 is one hydrogen less at the benzimidazole 

nitrogen to give a fully conjugated structure. Calculated transitions showed an intense, 

similarly low energy transition at 711 nm, and the orbitals responsible for that transition, 

namely HOMO-2 and LUMO (Figure 15), are delocalized among atoms of the full 

molecule as expected.  
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Figure 15. HOMO-2 (left) and LUMO (right) of 2.18 using PBE. Contour level 0.03. 

 

2.3.4   Derivatives of 2.14 

 Preliminary coordination chemistry of 2.14 using zinc and boron gave 

inconclusive results. Boron coordination chemistry with 2.14 is challenging due to its 

poor solubility in aprotic, non-polar solvents that are commonly used for boron 

coordination reactions. The sole attempt of such reaction in toluene at elevated 

temperature yielded a black mixture with non-interpretable 1H NMR spectrum and no 

chance of purification. As explained by Sakamoto95 and colleagues in 2012, Zn 

coordination can act as an effective substitution to study dye systems that would not 

allow boron coordination, and that inspired some attempts on Zn coordination with 

2.14. Following modified literature procedure of Zn coordination,95,96 addition of zinc(II) 

acetate to a methanol solution of 2.14 showed an apparent colour change from teal to 

green, in line with commonly-observed redshifted absorbance wavelengths observed in 

Zn complexes.95,96 Although the 1H NMR spectrum of the crude complex is too complex 

to give conclusive information about the formation of the complex, low-resolution mass 
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spectrum of the crude solid gave masses that roughly correlate to the coordination of 

one and two Zn atoms. Differ to the parent compound 2.14, the crude solid showed 

extraordinary solubilities among different solvents, which in tern makes purification by 

recrystallization very challenging. Attempts to purify the solid by chromatography under 

various conditions also failed.  

2.4   Attempted Oxidation of 2.6b 

 As explained in previous sections, attempts to oxidize 2.6b lead to unexpected 

results. As 2.6a showed significantly different reactivity thanks to both hydrogens on the 

methylene group, it was expected that 2.6b, with only one hydrogen available at the 

methylene position, should be oxidized to the intended product 2.19. Both attempted 

syntheses (Scheme 10) in ethanol and THF gave dark brown mixtures that cannot be 

purified. UV-Vis spectrum of the mixture showed a shoulder at approximately 420 nm. 

Multiple attempts to purify by chromatography or recrystallization has failed. 

 
Scheme 10. Attempted synthesis of 2.19 using 2.6b. 

 Computational results of 2.19 revealed that the fully oxidized compound would 

not be NIR-absorbing. TDDFT calculated transitions using B3LYP functional only showed 

an intense transition at 453 nm, which resembles the experimental UV-Vis spectrum 

obtained on the reaction mixture, and the FMOs responsible for the intense transition 

(Figure 16) showed a fully delocalized electronic structure.  
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Figure 16. HOMO (left) and LUMO (right) of 2.19 using B3LYP functional.  

 

2.5   Summary 

 Bis(benzimidazolyl)methane compounds (2.6a–b) were synthesized with good 

yields using experimental procedures. Dilactam by-products 2.12 were isolated, giving 

an insight on the mechanism of the long-known Phillip-Ladenburg reaction to synthesis 

benzimidazoles and confirming experimental findings of literature precedents.  

 Jade (2.14) was obtained by a reaction of 2.6a and p-chloranil and is a bis-

benzimidazole NIR dye, showing intense absorption at 712 nm. Molecular structure of 

Jade consists two bis-benzimidazole units and a Cl-substituted quinone, confirmed by 

HRMS, X-ray crystallography, NMR, and IR. Computational studies of 2.14 and its simpler 

analogues showed a coplanar quinone-benzimidazole chromophore, an unprecedented 

combination of moieties.  

2.6   Experimental 

2.6.1   Materials and General Procedures 

 Reagents and solvents were purchased from commercial sources and used 

without purification. NMR experiments were conducted at 300 K (unless otherwise 

noted) on Bruker AV300 (300 MHz) / NEO500 (500 MHz) NMR spectrometers and locked 
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using the deuterium signals of the respective solvents. 1H / 13C NMR spectra were 

manually calibrated according to literature values of residue solvents97 (ppm): DMSO-d6, 

2.50 / 39.52; CD3OD, 3.31 / 49.00; CDCl3, 7.26 / 77.16. Low resolution mass spectra were 

obtained using Thermo Scientific MSQ Plus mass spectrometer. Accurate mass 

determination through high resolution mass spectrometry were obtained using by 

electrospray ionization using a Thermo Scientific Exactive Plus Orbitrap Ultimate 3000 

LC-MS system.  The eluent used was a 10:90 mix of Mili-Q water and Optima Methanol. 

IR spectra were obtained using PerkinElmer SpetrumOne FT-IR spectrometer. UV-Vis-

NIR absorbance spectra were obtained using Agilent 8453 UV-Vis-NIR spectrometer in a 

10 cm quartz cell in respective solvents. Melting points were obtained using a mercury 

thermometer reading to 400 °C  and are uncalibrated. 

 Cyclic voltammograms were obtained using Bioanalytical Systems E2 Epsilon 

Electrochemical Analyzer with a cell consisting of a glassy carbon working electrode, 

platinum wire counter electrode, and a silver wire quasi-reference electrode. 

Experiments are performed in pH=7.8 aqueous phosphate buffer solution, which was 

prepared according to modified literature procedure98 and degassed by Ar gas, at 100 

mV/s, and calibrated using ferricyanide as an internal standard99 (Eo= 0.4263 V vs. NHE).  

Sample was introduced with minimal amount of DMSO due to solubility.  

 X-ray crystallography data was obtained at Structural Analysis Laboratory, 

Department of Chemistry, University of British Columbia, Vancouver, BC. A suitable 

crystal was selected, and X-ray refraction data was collected on a Bruker APEX-II CCD 

diffractometer with CuKα (λ = 1.54178 Å) radiation. The crystal was kept at 296.15 K 
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during data collection. The structure was solved using Olex2 software100 with the ShelXT 

structure solution program101 using Intrinsic Phasing and refined with the ShelXL 

refinement package102 using Least Squares minimisation. The structure was solved by 

the author and treatment of the solvent mask was recommended by Dr. Dillon T. 

Hofsommer at the University of Louisville, KY, USA.  

2.6.2   Synthetic Details 

Bis(1H-benzimidazol-2-yl)methane (2.6a)  

  

 A 100 mL round bottom flask was charged with a stir bar, 5.1952 g o-

phenylenediamine (0.04804 mol), 3.7 mL diethyl malonate (3.86 g, 0.0241 mol, 0.5 eq.) 

and 30 mL 6M HCl(aq). The suspension was heated and kept at 155 °C using an oil bath 

and turned to a clear, orange solution. The boiling solution was heated for 6 days on 

which the colour turned light blue and white precipitates formed. The mixture was then 

cooled to rt and in an ice bath, and the resulting white crystals was filtered and washed 

with cold 1M HCl(aq). The crystals were then dissolved in approx. 100 mL of 88 °C hot 

water and neutralized using approximately 20 mL of concentrated NH3·H2O. The 

resulting white precipitate was filtered and dried overnight, affording the title 

compound (3.7003 g, 0.01484 mol, 61.8%). 1H NMR (DMSO-d6, 300 MHz; δ /ppm): 12.42 

(s, br, 2H), 7.50 (dd, J=3 and 6 Hz, 4H), 7.14 (dd, J=3 and 6 Hz, 4H), 4.48 (s, 2H). Mp: 

266 °C (decomp.) (lit.86 >300 °C). 
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1,1-bis(1H-benzimidazol-2-yl)ethane (2.6b) 

 

 A 100 mL 3-neck round bottom flask was charged with a stir bar, 2.0917 g o-

phenylenediamine (19.289 mmol), and 3.0 mL o-dichlorobenzene. The slurry was heated 

to boil and became an orange solution. To the solution, 1.70 mL of methyl 

diethylmalonate (9.97 mol, 0.52 eq.) was added dropwise using an addition funnel. The 

mixture was refluxed overnight for 19 h. Beige-coloured precipitation formed upon 

cooling the mixture to rt. The mixture was filtered and washed with hexanes, isolating 

the crude solid. It was then dissolved in 3M HCl(aq) and filtered. The resulting dark brown 

solution was neutralized using sat. NaOH(aq) solution to basic pH, giving beige-coloured 

precipitates. Filtration and washing with NaOH(aq) yielded the title compound (2.7042 g, 

0.01031 mmol, quantitative) as a beige-coloured solid. 1H NMR (DMSO-d6, 300 MHz; δ 

/ppm): 7.36 (dd, J=3 and 6 Hz, 4H), 6.85 (dd, J=3 and 6 Hz, 4H), 4.52 (q, J=7 Hz, 1H), 1.74 

(d, J=7 Hz, 3H). Mp: 262-264 °C (lit.85 265 °C). 
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2,9,9-tris(1H-1,3-benzodiazol-2-yl)-5,6-dichloro-10,17-diazatetracyclo[8.7.0.0³,⁸.0¹¹,¹⁶]heptadeca-

1,3(8),5,11(16),12,14-hexaene-4,7-dione (“Jade”, 2.14) 

 

 A 100 mL Erlenmeyer flask was charged with stir bar, 485.5 mg bbim (1.955 

mmol), 485.1 mg p-chloranil (1.973 mmol, 1.0 eq.), and 10.0 mL anhydrous ethanol. The 

dark green mixture was stirred overnight for 21 h, filtered, and washed with minimal 

cold ethanol and rt acetone. The solid was redissolved fully in minimal methanol (~200 

mL), stirred, filtered, and evaporated to dryness. The title compound was isolated (114.6 

mg, 0.1717 mmol, 8.783%) as dark teal solid. 1H NMR (DMSO-d6, 500 MHz; δ /ppm): 

13.68 (s, br), 7.88 (dd, 2H, J=3 and 6 Hz), 7.72 (dd, 4H, J=3 and 6 Hz), 7.61 (dd, 3H, J=3 

and 6 Hz), 7.49 (1H, d, J=8 Hz), 7.40 (1H, d, J=8 Hz), 7.33 (4H, dd, J=3 and 6 Hz), 7.09 (t, 

1H, J=8 Hz), 6.94 (t, 1H, J=8 Hz). 13C{1H} NMR (DMSO-d6, 125.8 MHz; δ /ppm; DEPT-135 

phases): 177.95x, 165.99x, 151.10x, 147.62x, 146.80x, 145.44x, 144.57x, 140.01x, 

136.66x, 135.87x, 135.50x, 132.43x, 131.91x, 131.71x, 126.17↑, 124.54↑, 124.40↑, 

124.02↑, 121.20x, 117.03↑, 116.05↑, 114.40↑, 112.54↑, 102.72x, 62.51x. UV-Vis-NIR 

(λmax /nm, ε /L·mol-1·cm-1): 321 (31000), 430sh, 712 (14600). HRMS (ESI+): calc. [M+H+]: 

667.11590; found: 667.11560. Mp: >350 °C. FT-IR (ν /cm-1): 517s, 601m, 747m, 905m, 
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1060m, 1160m, 1226sh, 1371w, 1458w, 1747s (C=O), 2123w, 2362s, 2869sh, 2978s, 

3514s,br (N-H).   

2.6.3   Computational Methods 

 All calculations were conducted using ORCA 4.0.1.2 software103 on Compute 

Canada clusters, with tight self-consistent field convergence thresholds and tight 

geometry optimization convergence thresholds. Calculations use B3LYP,104,105 CAM-

B3LYP,106 PBE,107 PBE0,108 or M06-L109 functionals, def2-TZVP110 basis set, def2/J111 

auxiliary basis set, RIJCOSX112 approximation, and D3BJ113 corrections. CPCM114 models 

are used for calculations using methanol parameters.
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Chapter 3   N-Methylated Bis-benzimidazole dyes 

3.1   Introduction 

 In addition to modifications made at meso position explained in the last chapter, 

another modification to the bis-benzimidazole scaffold is alkylation at the nitrogen 

atoms. The methylation is beneficial in its ability to prevent unwanted reactions with 

the chemically labile benzimidazole N-H and provide an alternative strategy that, as 

illustrated in Scheme 3.2, avoids handling an unstable, electron-poor precursor, as is the 

case for many BOIDPY compounds.47,88 Conducting the methylation after boron 

chelation also would be prone to the limitation of the stability of the boron complex and 

unwanted reactions involving the labile BF2 moiety under those conditions.  

 
Scheme 11. Roadmap to a fully-conjugated chromophore allowed by N-methylation. 

 Boron chelation of a mono-anionic ligand is a preferred binding mode for boron 

and literature precedence shows homogeneity for its experimental conditions. This 

work has been pioneered by reported methods115 (Scheme 12) and used to make boron 
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complex of 1,3-diketimines, where the C3N2 binding motif (highlighted) is similar to that 

of the proposed bis-benzimidazole ligands. The use of trifluoro diethyl etherate and a 

medium-strength base, like triethylamine or more commonly Hünig’s base (DIPEA), is 

universal among the published literature40,88,116–118 of boron complex syntheses.  

 
Scheme 12. Boron complex synthesis of 1,3-diketimine, with C3N2 bonding motif highlighted. 

 Experimentally, the alkylation needs to be selective to keep the pocket available 

for boron coordination (Scheme 13), requiring design and careful stoichiometric control.   

 
Scheme 13. Designing the synthesis of N-methylated bis-benzimidazole boron complex.  

 Synthetic strategies of N-substituted benzimidazoles are rich in literature 

precedent. A common method is to synthesize the benzimidazole with N-substituted o-

phenylenediamine, as demonstrated by Liu and colleagues119 in 2019 (Scheme 14) 

among other examples120,121. The price of the mono-substituted phenylenediamine (8–

10 times higher than unsubstituted) and particular lower yields hinders applicability of 

this method.  
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Scheme 14. Synthesis of N-methylated benzimidazole reported by Liu and colleagues. 

 The direct methylation of benzimidazole compounds using an electrophilic 

methyl source is comparatively more popular. Early reported examples, like the earliest 

one by Quast and Schmitt122 in 1968 showed that the methylation of benzimidazole 

compounds can proceed with very mild conditions. Dubey and colleagues123 in 2000 

confirmed this conclusion with a number of alkyl groups under similar conditions.  

 
Scheme 15. Methylation of benzimidazole reported by Quast and Schmitt. 

 Selective methylation of benzimidazole compounds similarly requires mild 

conditions. In 2008, Chen and colleagues124 reported mono-alkylation of benzimidazole 

using butyl bromide at 30–40 °C, which are comparatively slightly elevated due to 

solubility. Zhou and colleagues in 2011 reported the first mono-methylation of 

benzimidazole compounds using sodium hydride as base and THF as solvent at 0 °C. In 

2003, Stibrany and colleagues125 reported one of the few direct alkylation of bis-

benzimidazole compounds, using DMSO or THF as solvent and excess NaH (Scheme 16, 

3.1 as an example) at room temperature.  

 
Scheme 16. Methylation of 3.1 reported by Stibrany and colleagues. 
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 Reported examples of the N-substituted ligands involves transition metal 

complexes and main-group compounds, but notably without any boron chelates. The 

first attempted at the metal coordination of any N-methylated bis-benzimidazole ligand 

like 3.2 was made using manganese(II) acetate, though led to an oxidative dimerization, 

and reported by Bradamante and colleagues126 in 1996. The first successful metal 

complex syntheses were by Abbotto and colleagues127 in 1998, where Zn, Cu, Co 

complexes that each carries two bis-benzimidazole ligands were reported, and the 

corresponding mono-ligand Zn, Cu, Ni, and Co complexes later128 in 2002.  

 
Scheme 17. Precedented attempts to synthesize transition metal complexes of 3.2. 

 In 2003, Stibrany and colleagues125 reported the mono-ligand Cu complex (3.3) 

using a meso-substituted bis-imidazole ligand among others and showed that the 

complexes are good homopolymerization catalysts for tert-butyl acrylate. Main group 

complexes of N-substituted bis-benzimidazole ligands was first reported in 2017 by 
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Dauer and colleagues120 where Al and Li complexes, 3.4 and 3.5, respectively, were 

synthesized under rigorous air-free conditions.  

  

3.2   Synthesis of N-substituted Ligand 

 The synthetic procedure used is modified from that of Stibrany and 

colleagues.125 N-methyl bis(benzimidazolyl)methane 3.6 was synthesized from its 

corresponding non-substituted parent compound 2.6b in good yields. This is the first 

reported synthesis of 3.6, and the product was characterized with NMR spectroscopy.  

 
Scheme 18. Synthesis of 3.6 

 The 1H NMR of 3.6 (Figure 17) showed heavily downfield-shifted methyl groups 

at 3.65 ppm, in line with reported examples of N-substituted methyl groups on 

heterocycles. Differ to the 4H-4H integration patterns of the parent compound 2.6b, a 

2H-6H pattern was showed. The 2H multiplet at 7.78 ppm correspond to the aromatic 

hydrogens closest to the substituted nitrogen atoms, and the shifts can be explained by 

the significant alternation of electronic environment by the methyl substituent. These 

interpretations can be confirmed by the literature values of similarly substituted 

benzimidazole129 and bis-benzimidazole125 compounds.  
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Figure 17. 1H NMR spectrum of 3.6 in CD2Cl2 at 500 MHz. 

 13C NMR spectra confirmed the structural assignment of 3.6. The quaternary 

carbons that disappears on DEPT-135, namely the three peaks in 135–155 ppm, 

corresponding to the three quaternary aromatic carbons of benzimidazole. The four 

other aromatic peaks are all present and in the expected chemical shift range. NOE 

applied during acquisition of 13C NMR spectra dictates that the peak height linearly 

correlates with the number of protons, hence the peak at 34 ppm was assigned to the 

carbon in between benzimidazole units that attached to only one proton. The 30 ppm 

peak has a chemical shift correlate to electronic-withdrawing environment, hence 

assigned to the methyl groups substituted to the nitrogen atoms. The 17 ppm peak is 

assigned to the methyl group submitted to the methylene bridge. Similar to the 1H NMR 

spectrum, the 13C spectrum (Figure 18) shows that two benzimidazole units are 

chemically equivalent.  
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Figure 18. 13C NMR spectrum of 3.6 at 125.8 MHz in CD2Cl2. 

 

3.3   Attempted Synthesis of Boron Chelate  

 The coordination of difluoroborate moiety was attempted multiple times 

according to literature precedent for BODIPY compounds. Those attempts follow 

literature procedures88,118 of boron chelation using stable ligands. Under irradiance of 

near-UV light, the crude compound showed bright, purple-coloured fluorescence (Figure 

19). The compound is not stable on silica, though attempts to purify by filtration on 

alumina has made sufficient progress to obtain informative spectra.  

 
Scheme 19. Synthesis of 3.7 
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Figure 19. A DCM solution of Crude 3.7 irradiated with near-UV in darkness. 

 The proton-decoupled 11B and 19F NMR spectra (Figure 20 and 21, respectively) 

gave promising signs of the successful addition. The 11B spectrum showed a clear triplet 

against the broad baseline peak caused by borate glass, whose coupling constant (J = 

29.3 Hz) matches exactly to the quartet observed in the 19F NMR spectrum. The 

multiplicities of both spectra agrees with those expected for a difluoroborate moiety, 

considering the number of fluoride nuclei for the 1:2:1 triplet for the boron spectrum 

and nuclei spin of 11B (I = 5/2) for the 1:1:1:1 quartet of the fluorine spectrum. Those 

spectra also differ significantly from the singlets on the spectra of highly symmetrical 

starting materials and by-products like BF3·Et2O130 or BF4
- anion (Appendix III–12). The 

chemical shifts are also in the range of those reported117 for BODIPY compounds. 
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Figure 20. 11B{1H} NMR spectrum of crude 3.7 in CDCl3 at 160.5 MHz, focused on main peak. 

Full spectrum showed in inset. 

 
Figure 21. 19F{1H} NMR spectrum of crude 3.7 in CDCl3 at 282.5 MHz, focused on main peak. 

 The 1H NMR spectrum of crude 3.7 (Figure 22) showed significant changes 

relative to the spectrum ligand 3.6. The aromatic peaks showed a doublet-triplet-triplet-

doublet pattern that deviates significantly from that of 3.6, showing the electronic 

environment of the benzimidazoles have been significantly changed, adding the 

credibility of successful boron chelation. In addition, the 1H quartet disappears, while 

the 3H doublet changed to a singlet; both are evidence of a successful deprotonation at 

the methylene bridge. Attempts to further purify the compound by chromatography or 

recrystallization consistently led to decomposition of the compound.  
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Figure 22. Aromatic region of the 1H NMR spectrum of crude 2.13 in CDCl3 at 500 MHz. 

3.4   Computational Studies of Boron Chelate 

 Computational studies showed that neutral boron chelates only absorbs in the 

visible region while its the oxidized, positively charged derivatives are predicted to be 

NIR-absorbing dye. TDDFT calculations of 3.7, though showed fully conjugated FMOs 

(Fig. 23), showing a blue-absorbing spectrum with the most intense transition at 354 nm.  

 
Figure 23. HOMO (left) and LUMO (right) of 3.7 using B3LYP functional. Contour level at 0.03. 

 Similarly using B3LYP, the oxidized species 3.8 showed redshifted intense 

transition at 547 nm, with additional transitions predicted in the NIR at 799 and 838 nm. 
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Comparing its FMOs (Figure 24) to those of 3.7 showed an inverted pattern, proving the 

oxidized species showed similar electronic structure to its precursor but a narrowed 

HOMO-LUMO gap, allowing lower-energy transitions predicted.  

 

 
Figure 24. HOMO (left) and LUMO (right) of 3.8 using B3LYP. Contour level 0.03. 

 Computational studies on derivatives 3.9 and 3.10 showed altered transitions 

comparing to that of 3.8 and in the case of 3.10, an intense transition well in the NIR 

region. Unlike meso-methyl 3.8 where the most intense transition is primarily HOMO-

LUMO in nature (76.2%), the meso-phenyl 3.9 has the intense transitions at 587.7 and 

545.5 nm. Both transitions are drastically different in nature comparing to that of 3.8: 

the donor orbital responsible to the 587.7 nm transition is HOMO-3 rather than HOMO, 

an orbital, while the 545.5 nm transition is mainly based on the HOMO-LUMO transition 

(65.8%) but have mixed contribution from all other occupied FMOs. The meso-triazole 

substituted 3.10 showed a similar trend with its predicted intense transitions (Figure 25)  

at 1109 and 1019 nm corresponding primarily to HOMO-1 to LUMO (87.1%) and HOMO 

to LUMO transitions (84.8%), respectively. The occupied FMOs are mainly localized in 
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the meso-substituent, while the LUMO delocalized throughout the molecule, illustrating 

a push-pull system that could explain the low-energy transitions. The significant 

differences in the nature of transitions, mainly the mixed contributions from occupied 

FMOs other than HOMO, also showed that the oxidized bis-benzimidazole boron species 

are very prone to substitution effects, especially for substituents on the meso-position.  

 
Figure 25. TDDFT Calculated transitions of 3.10. 
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Figure 26. HOMO-1 (left), HOMO (centre), and LUMO (right) of 3.10 using B3LYP.  

Contour level at 0.03. 

 Comparing energy levels of the FMOs further shows the effect of mixed FMO 

contributions in transition energies. As illustrated in Figure 27, despite showing redshift 

transition wavelengths and a lowering of FMO energies from 3.8 to 3.10, the HOMO-

LUMO gap in fact widens, proving that the extension of the π system through meso-

substituents principally alters the nature of transitions, matching those conclusions that 

are based on orbital analyses.  

 
Figure 27. First three occupied (red) and unoccupied (blue) FMOs of 3.8, 3.9, and 3.10. 
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3.5   Summary 

 N-substituted bis(benzimidazolyl)methane compound 3.6 was synthesized with 

good yields following modified literature methods. Full characterizations of 3.6 using 

NMR spectroscopy indicates the successful synthesis.  

 Characterizations of crude reaction mixtures showed that difluoroborate chelate 

3.7 has been successful, and the boron chelate is highly likely to be fluorescent as 

expected. Computational studies showed that the boron chelates and derivatives with 

different meso-substituents show redshifted, intense transitions, and in the case of 3.10, 

well in the NIR region at approximately 1100 nm. As predicted, the bis-benzimidazole 

moiety is sensitive to substitutions and are capable of producing NIR dyes. 

   

3.6   Experimental 

3.6.1   Materials and General Procedure 

 Reagents and solvents were purchased from commercial sources and used 

without purification if not otherwise noted. Inert experiments were conducted using 

normal Schlenk line techniques. NMR experiments were conducted at 300 K (unless 

otherwise noted) on Bruker AV300 (300 MHz) / NEO500 (500 MHz) NMR spectrometers 

and locked using the deuterium signals of the respective solvents. 1H / 13C NMR spectra 

were manually calibrated according to literature values of residue solvents97 (ppm): 

CD2Cl2, 5.32 / 53.84; CDCl3, 7.26 / 77.16. 

 THF and DIPEA were further purified following reported methods131.  
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3.6.2   Synthetic details 

1,1-bis(1H-1-methylbenzimidazol-2-yl)ethane (3.6) 

 

 A 250 mL 3-neck round bottom flask was charged with a stir bar, oven dried for 2 

h, and cooled to rt under N2. To the flask, 189 mg 2.6b (0.720 mmol) and 15 mL dry THF 

(dried over Na/benzophenone and stored over 4Å molecular sieves) was added. After 

stirring the mixture for several minutes under N2, 165.9 mg of NaH (60% dispersion in 

mineral oil; 4.15 mmol, 5.7 eq.) was added to the slurry. After the rapid gas generation 

stops, the mixture was stirred for another 30 min under N2, where 5.8 mL of a 0.25M 

MeI solution (1.45 mmol, 2.0 eq.) in THF was added dropwise using an oven-dried 

addition funnel. The mixture was then stirred overnight under N2 for 19 h and quenched 

using 20 mL sat. Na2SO4(aq) solution. After the in vacuo removal of THF, the crude 

product was extracted with DCM (3×20 mL), dried by Na2SO4, filtered, evaporated to an 

oil, and dried in vacuo. After purified by column chromatography (SiO2, 1:3 

hexanes:EtOAc, Rf≈0.3), the title compound was isolated as a white solid (67.3 mg, 0.232 

mmol, 32.2% yield).  1H NMR (CD2Cl2, 500 MHz; δ /ppm): 7.70 (d, J=7 Hz, 2H),  7.27 (m, 

6H) 4.90 (q, J=7 Hz, 1H), 3.64 (s, 6H), 2.01 (d, J=7 Hz, 3H). 13C{1H} NMR (CD2Cl2, 126 MHz; 

DEPT-135 phase indicated; δ /ppm): 154.0x, 142.7x, 136.9x, 122.8↑, 122.2↑, 119.8↑, 

109.6↑, 34.3↑, 30.4↑, 17.4↑.  
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1,1-bis(1H-1-methylbenzimidazol-2-yl)ethenyl difluoroborate (3.7) 

 

 A 100 mL round bottom flask was charged with a stir bar oven dried and cooled 

under N2. 29.7 mg (0.102 mmol) 3.6 and 4 mL DCM (stored under molecular sieves) was 

added to the flask and stirred. To the mixture, 0.11 mL (0.632 mmol, 6.17 eq.) of 

distilled DIPEA was added using a 1 mL micro-syringe and the resulting colourless 

mixture was stirred for 30 min, at which point 0.13 mL (1.05 mmol, 10.2 eq.) of BF3·Et2O 

was added using a 1 mL micro-syringe. The mixture turns orange upon the addition with 

considerable amount of fuming. The mixture was then stirred overnight under N2. The 

mixture was then washed with saturated NaHCO3(aq) solution (3 × 20 mL) and the 

organic contents was extracted using DCM (3 × 20 mL). The organic layers was dried 

over Na2SO4, filtered, and evaporated to dryness. The solid was then redissolved in 

minimal DCM and filtered through a thick layer of neutral, Brockmann level I 

(deactivated) alumina. The resulting solution was evaporated to dryness, on which the 

reported crude solid was obtained as a colourless solid. 1H NMR (CDCl3, 500 MHz; δ 

/ppm): 7.73 (d, J=7 Hz, 2H), 7.22 (t, J=7 Hz, 2H), 7.17 (t, J=7 Hz, 2H), 7.09 (d, J=7 Hz, 2H), 

3.80 (s, 6H), 2.53 (s, 3H). 11B{1H} NMR (CDCl3, 160.5 MHz; δ /ppm): 2.17 (t, J=29.3 Hz). 

19F{1H} NMR (CDCl3, 282.5 MHz; δ /ppm): -144.1 (q, J=29.3 Hz).  
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3.6.3   Computational Parameters 

 All calculations were conducted using ORCA 4.0.1.2 software103 on Compute 

Canada clusters, with tight self-consistent field convergence thresholds and tight 

geometry optimization convergence thresholds. Calculations use B3LYP,104,105 functional, 

def2-TZVP110 basis set, def2/J111 auxiliary basis set, RIJCOSX112 approximation, and 

D3BJ113 corrections.  
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Chapter 4   Concluding remarks 

 The goal of this thesis is to present a viable path to bis-benzimidazole-based NIR 

dyes, and through experimental and computational methods, this thesis indeed 

presented NIR-absorbing benzimidazole dyes or those that are predicted to be NIR 

absorbing and with a clear synthetic pathway towards it.  

 Reported in Chapter 2, a bis-benzimidazole-based NIR dye 2.14 was isolated and 

extensively studied. Its exotic connectivity and molecular structure lead to a compelling 

electronic structure that allows low-energy NIR absorbing transitions, as indicated by 

experimental and computational evidence presented in that Chapter. Its core 

chromophore consists of a combination of quinone and benzimidazole moieties, and 

such combination has no literature precedent. Computational studies on it showed that 

the core itself is red-absorbing, proving that it could be a feasible platform to a number 

of otherwise substituted NIR dyes. 

 Compound 2.14 presents possibilities as a ligand for coordination of metal or 

non-metal elements, whose preliminary progress was also reported in this thesis. As 

demonstrated by Scheme 20, 2.14 has three coordination pockets. This feature makes 

coordination of metal and non-metal elements strategically challenging but opens up 

opportunities for selective coordination based on their preferred ligand type and 

coordinating atom, allowing a possible tri-nuclei complex with all different kinds of 

elements that are structurally and electronically connected.  
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Scheme 20. Possible coordination pockets of 2.14 and its complexes.  

 There is a feasible synthetic pathway of the core chromophore of 2.14 that 

exploits the very procedure that surprisingly afforded 2.14. The intermediate 4.1 can be 

straightforwardly synthesized based on the literature precedents of benzimidazole 

reactions reported in this thesis, and from it 4.2 could be synthesized using the 2.14 

synthetic procedure. Through multiple steps involving a potentially challenging C-C 

formation, the CH2-linked core chromophore could be synthesized. Intermediate 4.2 

also can be a precursor to the BF2-linked derivative and would require reported 

conditions132 for making [C,N]-coordinated boron complexes. To bring back the unique 

chlorinated quinone an electrophilic Cl source would be required to react with the 

boron-rich intermediate, but such intermediate can also lead to vast number of other 

derivatives through hydroboration-like reactions. Those synthetic pathways are 

summarized in Scheme 21. 
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Scheme 21. Proposed synthetic pathway for the core chromophore and its derivatives. 

 Reported in Chapter 3, the synthesis of an unprecedented N-methyl 

bis(benzimidazolyl)methane compound 3.6 lead to an attempted boron coordination 

with promising signs. Although a pure boron chelate 3.7 was not isolated, all NMR 

evidence points to a successful coordination and the existence of a difluoroborate 

moiety. Computational studies showed that the oxidized, positively charged species 

have the capability of absorbing in the NIR. Those complexes would be synthesized 

through chemical means or studied through in tandem methods, such as 

spectroelectrochemical experiments and NMR or UV-Vis-NIR monitored flow chemistry.  

 Instead of a methylene-bridge, an aza-bridged bis-benzimidazole ligand 4.3 

should behave similarly to the compound reported in this thesis.133 Synthesis of such 

ligand and its boron chelates would enhance the understanding of the bis-

benzimidazole system, as demonstrated by the mutualism observed for the 

development of BODIPY and aza-BODIPY compounds. There is a literature report of a 
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similar ligand 4.4 and that provides a lead in the synthesis of an aza-bridged bis-

benzimidazole ligand.  

 

 Through the experimental and computational work on 2.14 and 3.7, the 

benzimidazole and bis-benzimidazole systems showed noteworthy potential towards 

uses as NIR dyes. Those work also extend to the proposed NIR-dyes like 2.18 and 3.10 

that contain vibrant chromophores, potentially fluorescent, and may even have 

unrealized properties that extend the scope of these classes of compounds. Towards 

bis-benzimidazole NIR absorbing and emitting dyes, this thesis has presented a solid 

foundation for future work on this field in the years to come.  
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Appendix II Crystallographic Parameters 

Appendix II–1. Crystallography Parameters of 2.13. 

Identification Code 2.13 

Empirical formula C36H24B2Cl2F8N8O3 
Formula weight 861.15 
Temperature /K 296.15 
Crystal system monoclinic 
Space group P21/c 

a /Å 12.6043(4) 
b /Å 14.4591(5) 
c /Å 21.1238(6) 
α /° 90 
β /° 100.197(2) 
γ /° 90 

Volume /Å3 3788.9(2) 
Z 4 

ρcalc /g·cm-3 1.510 
μ /mm-1 2.333 
F(000) 1744.0 

Crystal size /mm3 0.08 × 0.07 × 0.04 
Radiation CuKα (λ = 1.54178 Å) 

2Θ range for data collection /° 7.446 to 118.006 
Index ranges -13 ≤ h ≤ 13, -16 ≤ k ≤ 15, -23 ≤ l ≤ 23 

Reflections collected 25280 
Independent reflections 5419 [Rint = 0.1272, Rsigma = 0.0873] 

Data/restraints/parameters 5419/0/535 
Goodness-of-fit on F2 0.990 

Final R indexes [I>=2σ (I)] R1= 0.0540, wR2=0.1244 
Final R indexes [all data] R1=0.0951, wR2=0.1473 

Largest diff. peak | hole /e Å-3 0.61 | -0.43 
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Appendix II–2. Bond lengths of 2.13. 

Atom Atom Length/Å Atom Atom Length/Å 
Cl1 C2 1.709(4) C36 C35 1.392(6) 
Cl2 C3 1.713(4) C8 C7 1.413(6) 
O1 C1 1.215(5) C7 C6 1.379(6) 
O2 C4 1.234(5) C7 C15 1.475(6) 
F6 B2 1.388(6) C4 C5 1.429(6) 
F7 B2 1.379(6) C4 C3 1.497(6) 
F5 B2 1.370(7) C6 C5 1.389(6) 
F4 B1 1.373(7) C6 C1 1.508(6) 
F2 B1 1.393(7) C14 C9 1.381(6) 
F3 B1 1.368(7) C14 C13 1.381(6) 
F8 B2 1.397(7) C5 C22 1.534(6) 
N2 C8 1.366(5) C9 C10 1.392(6) 
N2 C14 1.419(5) C21 C20 1.390(6) 
N2 C22 1.472(5) C22 C30 1.527(6) 
N8 C36 1.375(5) C31 C32 1.385(6) 
N8 C30 1.324(5) C2 C1 1.492(6) 
N3 C16 1.390(5) C2 C3 1.317(6) 
N3 C15 1.336(5) C13 C12 1.384(6) 
N7 C31 1.388(6) C24 C29 1.393(6) 
N7 C30 1.330(5) C24 C25 1.397(6) 
N6 C23 1.319(5) C29 C28 1.393(6) 
N6 C29 1.380(5) C10 C11 1.391(7) 
N4 C21 1.383(5) C18 C17 1.382(6) 
N4 C15 1.327(6) C18 C19 1.395(7) 
N1 C8 1.340(5) C11 C12 1.373(6) 
N1 C9 1.387(5) C32 C33 1.374(7) 
F1 B1 1.392(8) C25 C26 1.378(7) 
N5 C23 1.358(6) C20 C19 1.378(7) 
N5 C24 1.388(6) C33 C34 1.392(7) 
C16 C21 1.382(6) C34 C35 1.372(7) 
C16 C17 1.382(6) C26 C27 1.387(7) 
C23 C22 1.524(6) C28 C27 1.371(7) 
C36 C31 1.382(6)    
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Appendix II–3. Bond angles of 2.13. 

Atoms Angle /° Atoms Angle /° 
C8 N2 C14 108.4(3) C30 C22 C5 108.6(3) 
C8 N2 C22 125.3(3) C36 C31 N7 105.9(4) 
C14 N2 C22 125.6(3) C36 C31 C32 122.4(4) 
C30 N8 C36 109.1(3) C32 C31 N7 131.7(4) 
C15 N3 C16 109.3(3) N8 C30 N7 109.2(4) 
C30 N7 C31 108.9(3) N8 C30 C22 128.2(4) 
C23 N6 C29 105.2(4) N7 C30 C22 122.5(4) 
C15 N4 C21 110.0(4) C1 C2 Cl1 116.2(3) 
C8 N1 C9 109.2(3) C3 C2 Cl1 122.7(3) 
C23 N5 C24 106.1(4) C3 C2 C1 121.1(4) 
C21 C16 N3 106.3(3) C14 C13 C12 116.1(4) 
C17 C16 N3 131.2(4) N5 C24 C29 105.8(4) 
C17 C16 C21 122.5(4) N5 C24 C25 132.2(4) 
N6 C23 N5 113.3(4) C29 C24 C25 122.0(4) 
N6 C23 C22 124.2(4) O1 C1 C6 121.2(4) 
N5 C23 C22 122.2(4) O1 C1 C2 121.0(4) 
N8 C36 C31 107.0(3) C2 C1 C6 117.8(3) 
N8 C36 C35 131.9(4) N6 C29 C24 109.7(4) 
C31 C36 C35 121.1(4) N6 C29 C28 129.6(4) 
N2 C8 C7 122.0(3) C28 C29 C24 120.6(4) 
N1 C8 N2 108.5(3) C11 C10 C9 115.8(4) 
N1 C8 C7 129.4(4) C17 C18 C19 121.6(4) 
C8 C7 C15 117.4(3) C4 C3 Cl2 114.5(3) 
C6 C7 C8 117.3(4) C2 C3 Cl2 123.8(3) 
C6 C7 C15 125.1(4) C2 C3 C4 121.7(4) 
O2 C4 C5 121.5(4) C12 C11 C10 122.1(4) 
O2 C4 C3 120.2(4) C33 C32 C31 115.7(4) 
C5 C4 C3 118.3(4) C11 C12 C13 122.0(4) 
C7 C6 C5 122.6(4) C26 C25 C24 116.0(4) 
C7 C6 C1 119.0(3) C18 C17 C16 116.1(4) 
C5 C6 C1 118.4(3) C19 C20 C21 116.3(4) 
C9 C14 N2 105.7(3) C32 C33 C34 122.7(4) 
C13 C14 N2 132.0(4) C20 C19 C18 122.0(4) 
C13 C14 C9 122.3(4) C35 C34 C33 121.1(4) 
C4 C5 C22 113.7(3) C34 C35 C36 116.9(4) 
C6 C5 C4 122.2(4) C25 C26 C27 122.2(4) 
C6 C5 C22 122.9(3) C27 C28 C29 117.3(5) 
N1 C9 C10 130.3(4) C28 C27 C26 121.9(4) 
C14 C9 N1 108.2(3) F6 B2 F8 108.8(4) 
C14 C9 C10 121.5(4) F7 B2 F6 108.9(4) 
N4 C21 C20 132.4(4) F7 B2 F8 109.2(4) 
C16 C21 N4 106.2(4) F5 B2 F6 110.6(4) 
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C16 C21 C20 121.4(4) F5 B2 F7 109.7(4) 
N3 C15 C7 126.0(4) F5 B2 F8 109.6(4) 
N4 C15 N3 108.2(3) F4 B1 F2 108.7(5) 
N4 C15 C7 125.6(4) F4 B1 F1 109.7(5) 
N2 C22 C23 107.5(3) F3 B1 F4 110.0(5) 
N2 C22 C5 108.2(3) F3 B1 F2 110.7(5) 
N2 C22 C30 107.7(3) F3 B1 F1 109.9(5) 
C23 C22 C5 113.4(3) F1 B1 F2 107.8(5) 
C23 C22 C30 111.2(3)     

 

Appendix II–4. Solvent mask information for 2.13. 

Number X Y Z Volume Electron count Content 
1 0.212 0.240 0.308 67.9 16.9 ? 

2 0.212 0.260 0.808 67.9 16.5 ? 

3 0.788 0.740 0.192 67.9 17.3 ? 
4 0.788 0.760 0.692 67.9 16.9 ? 

 

 
Appendix II–5. ORTEP diagram of crystal structure of 2.13 with labels. Hydrogens, except those 

on O3, are omitted for clarity. Thermal ellipsoids shown at the 50% probability level. 
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Appendix III NMR spectra 

 

Appendix III–1. 1H NMR spectrum of 2.12b in DMSO-d6 at 300 MHz. 

 

 

 

Appendix III–2. 1H NMR spectrum of 2.6a in DMSO-d6 at 300 MHz. 
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Appendix III–3. 1H NMR spectrum of 2.6b in DMSO-d6 at 300 MHz. 

 

 

Appendix III–4. 1H NMR spectrum of 2.14 in DMSO-d6 at 300 MHz. 
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Appendix III–5. 13C NMR spectrum of 2.14 in DMSO-d6 at 125.8 MHz. 

 

 

Appendix III–6. DEPT-135 NMR spectrum of 2.14 in DMSO-d6 at 125.8 MHz. 
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Appendix III–7. 1H–13C short-range HSQC spectrum of 2.14 in DMSO- d6. 

 

 
Appendix III–8. 1H–13C long-range HMBC spectrum of 2.14 in DMSO-d6. 
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Appendix III–9. NMR spectra of 2.14 in DMSO-d6 at 360 MHz, acquired at 298K, 310K, 320K, 

330K, 340K, 350K, 360K, 370K, and 380K, which is shown as the first spectrum at the top.  
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Appendix III–10. 1H NMR spectrum of crude 3.7 in CDCl3 at 500 MHz. 

 

Appendix III–11. 19F{1H} NMR spectrum of crude 3.7 in CDCl3 at 300 MHz. 

 

Appendix III–12. 19F{1H} NMR spectrum of NaBF4 in CD3OD at 300 MHz. 
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Appendix IV UV-Vis-NIR spectra 

 

Appendix IV–1. Overlay of all UV-Vis-NIR spectra of 2.14 used in the calculations of its molar 

extinction coefficients. 

 

Appendix IV–2. Spectral information of UV-Vis-NIR spectra of 2.14. 

[] /M λ1 /nm λ2 /nm 
4.73×10-5 321 712 
1.89×10-5 322 716 
9.47×10-6 324 723 

6.11×10-5 320 708 
5.09×10-5 321 708 
4.07×10-5 321 709 
7.43×10-5 320 709 
2.23×10-5 321 712 
1.49×10-5 321 710 
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Appendix V Mass Spectra 

 

Appendix V–1. HRMS spectrum of 2.14 under positive mode of ESI. 
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Appendix V–2. Low-resolution mass spectrum of the crude solid from Zn reaction of 2.14. 
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Appendix VI Computational Parameters 

Appendix VI–1. Coordinates of optimized structure for 2.14 in angstroms. 

ν0=0 cm-1 
Atom                  x                                    y                                      z 
  Cl  12.55694803597846      6.23867371042398      3.94905563358932 
  Cl  13.43535355735039      6.99003825749474      6.93250168947412 
  O   9.76718942476256      6.44877019221105      3.58986235741379 
  O   11.13665854594647      7.53872140330162      8.60527735857848 
  N   7.09592246770710      7.52506060818695      7.83029422064381 
  N   8.88743455001267      6.36352697252706     10.53402847467487 
  H   9.02599866897505      7.23943068060910     11.02318846746649 
  N   7.44727504933654      7.17984889289286      2.88163814958960 
  N   8.60358767792510      5.08515822582027      8.72503846215733 
  N   8.77969282200299      9.12094637651991     10.21489118542625 
  N   5.56988069227159      7.28320270645824      3.97713079534376 
  N   5.31948104731620      7.44121178390552      6.49180394162242 
  N   8.96251512824922      9.95652985740533      8.16104393996416 
  H   9.06088012009189      9.95112513724825      7.16010014124877 
  C   6.44466546357160      7.21053341542732      1.93163681399310 
  C   8.77773468590639      8.84335047368421      8.93710733306267 
  C   8.95714289976747      5.06259355994638     10.98603434787138 
  C   6.64938149650835      7.38744479691237      6.53838356563488 
  C   7.55521324017634      7.21262432633641      5.41863478974316 
  C   10.78398146938780      7.30300447977194      7.45276068096800 
  C   8.95080966546311      7.12907924381667      5.75579605088551 
  C   5.98434831810677      7.65458301135954      8.65415580813165 
  C   9.39644024362892      7.31871279804076      7.05813598159728 
  C   4.87823522420654      7.60400299303664      7.78361663640016 
  C   5.23526992939794      7.28848925449626      2.63950485832824 
  C   6.91842806947047      7.20684485906223      4.13240658475047 
  C   8.49130689328820      7.50624937514928      8.27121162917464 
  C   8.77844625449328      4.26806785138964      9.82882422535390 
  C   8.67907371648267      6.30604149960997      9.18811056458545 
  C   11.42995558368007      6.69079144341691      5.16802303765655 
  C   5.83086997885084      7.80735173140636     10.02821097289442 
  H   6.67451389535082      7.86346210573333     10.69464622613487 
  C   9.11315633238558     11.03626129774964      9.01012658039665 
  C   10.00912323367382      6.74592935127365      4.75102035033409 
  C   8.99191858211889     10.48984232533054     10.30532665515374 
  C   3.57858622501598      7.71556617241585      8.27958757160883 
  H   2.72926574802911      7.67882676723777      7.61054188131067 
  C   5.25280263766162      7.22279091254893     -0.11514546336003 
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  H   5.23260476905173      7.19554569236004     -1.19666006348113 
  C   11.80727295271613      6.98706238278357      6.42114458150143 
  C   3.42305117191457      7.86812058672701      9.64651229944304 
  H   2.42932476488832      7.95747155879650     10.06581674811770 
  C   8.79920480457219      2.87635313995019      9.92699545781463 
  H   8.67188749213670      2.26288306794425      9.04489558745725 
  C   4.53274879697295      7.91163149956260     10.50489537128759 
  H   4.37488961813964      8.03628581099509     11.56831993509671 
  C   9.32544134233088     12.39155009195707      8.79099830713768 
  H   9.42426920728451     12.80379290939299      7.79507699766928 
  C   6.47509246900509      7.17517184651180      0.54371605338154 
  H   7.40760686190786      7.11011790220821     -0.00005457394519 
  C   4.01383722234796      7.33503424570047      1.97905695530187 
  H   3.08073377270918      7.39136335243570      2.52199068946942 
  C   8.98008201771466      2.31814057426604     11.18228392352689 
  H   8.99910874019927      1.24094147757883     11.29059083598220 
  C   4.04444904627029      7.30166218431043      0.59033200841669 
  H   3.11371362781575      7.33381753519217      0.03977245004714 
  C   9.13793282706309      3.12018200537530     12.32520015026930 
  H   9.26955075511566      2.64350179915404     13.28809474839403 
  C   9.13213897140074      4.50546795786439     12.24890135349085 
  H   9.25972216663136      5.11824802215121     13.13134288402374 
  C   9.40643844305012     13.19932400319784      9.91658628802150 
  H   9.57245868078440     14.26182155846547      9.79388202487248 
  C   9.07911291152233     11.31674692771257     11.42284058111805 
  H   8.98657603954929     10.90578101135466     12.41914574433941 
  C   9.28405519372161     12.67079879991624     11.21122008830796 
  H   9.35689465274099     13.33807133440151     12.05983803274288 
  H   8.43057401014316      6.94075650123406      2.76604075266556 
  H   4.99155843595072      7.35244668994230      4.83837889462606 

 
Appendix VI–2. Optimized structure of 2.14. 
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Appendix VI–3. Coordinates of optimized structure for 2.14t in angstroms. 

ν0=0 cm-1 
Atom                  x                                    y                                      z 
  Cl  12.49992670102168      6.16819228953493      3.93486078951744 
  Cl  13.39664348027913      6.85213903771079      6.93250904306407 
  O   9.68834469130243      6.36734307653512      3.60961696143802 
  O   11.10525442146311      7.41588275212860      8.62086108434461 
  N   7.06392741465061      7.41405744765153      7.84009721458128 
  N   8.89626487098810      6.40441731736850     10.59293082053008 
  H   9.04379715996731      7.30260055153771     11.03617130940498 
  N   7.45386083056429      7.44406768437005      2.88578962250603 
  N   8.55277309362871      5.03433442581024      8.86326393516595 
  N   8.68902617586275      9.14017559851212     10.16514756434939 
  N   5.53188391848134      7.40771357040026      3.99853729179546 
  N   5.31772291485301      7.40158066726740      6.52838607477136 
  H   4.87481420911612      7.39591670581233      5.58878654916115 
  N   8.96211321088225      9.86812449464151      8.07946455640338 
  H   9.11946337270589      9.80457482636937      7.08769035657014 
  C   6.46340673672665      7.52436247596309      1.93328017178772 
  C   8.73097507700872      8.79977861190999      8.90263302687370 
  C   8.96550164115690      5.13083019594642     11.11280652020269 
  C   6.66486015778231      7.34647244452475      6.54340987479520 
  C   7.53140982839055      7.23237722321945      5.41783673832265 
  C   10.74991115327124      7.18537751160697      7.46638366518221 
  C   8.91554616994723      7.08845118271677      5.76673705663768 
  C   5.94135613857446      7.51200950747572      8.66658943367050 
  C   9.36506743564016      7.22018251785396      7.07645675393878 
  C   4.82729749932399      7.50479970847628      7.81331920902840 
  C   5.25344895953277      7.52023372591293      2.65666607833978 
  C   6.86373583760047      7.33478220814117      4.11964496847222 
  C   8.46379322698680      7.43437140255701      8.28980691917490 
  C   8.75011804314708      4.27605494339585     10.00633165955952 
  C   8.65479877106778      6.27716351307202      9.25771047400382 
  C   11.38393335794881      6.61049325328915      5.16605793402723 
  C   5.79426693070013      7.61205756622307     10.04361845945918 
  H   6.64327481028851      7.63763462415949     10.70449907597789 
  C   9.10981276893331     10.98482183970815      8.87936387645085 
  C   9.95985042588305      6.67947911875561      4.75574666391226 
  C   8.92946532596111     10.50784253586231     10.19521444299965 
  C   3.53138060133798      7.59569185503600      8.30438313542294 
  H   2.67736695349585      7.58968119833036      7.64152917626973 
  C   5.27532912448597      7.63500449599179     -0.11127210621662 
  H   5.25469770541836      7.67245326812060     -1.19284575750897 
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  C   11.76640593280451      6.87673913808141      6.42488635969076 
  C   3.38622998002093      7.69321216025341      9.68150235531688 
  H   2.39429559915415      7.76732083374912     10.10681871902275 
  C   8.76650156754313      2.89173788936974     10.18154265632371 
  H   8.61375577721072      2.23049225119748      9.33897343938437 
  C   4.49781360401750      7.70197886269683     10.53229405532241 
  H   4.34724403470489      7.78608389314240     11.60039450413925 
  C   9.37228307081404     12.32017849196822      8.59961765467564 
  H   9.51873516011059     12.67758230952585      7.58863831800955 
  C   6.49734285309217      7.57609512355948      0.54401206703165 
  H   7.43001643897478      7.56539721015479     -0.00432844987974 
  C   4.03315250665408      7.59237265586660      1.98253977908950 
  H   3.09907010465168      7.59273438746762      2.52853152047856 
  C   8.97942972642853      2.40343082817745     11.46075967522639 
  H   8.99802092772809      1.33394256207783     11.62836738138339 
  C   4.06232340129712      7.64639536806202      0.59801983576835 
  H   3.13232015270343      7.69538877071339      0.04654675211052 
  C   9.17136219811211      3.26641357664886     12.55276219521143 
  H   9.32692980507011      2.84262362617597     13.53652601176750 
  C   9.17055706433453      4.64473210999009     12.40019959583948 
  H   9.32704414189395      5.30539107657016     13.24275312236633 
  C   9.44208361504540     13.17993742764786      9.68590138031368 
  H   9.64814773820013     14.22883093016036      9.51694726340349 
  C   9.00480198045707     11.38717143253746     11.27328715557672 
  H   8.86838188472130     11.03015592903196     12.28523675121164 
  C   9.26084340837772     12.72123117244493     11.00076735221998 
  H   9.32856501978791     13.42844951231519     11.81684251694874 
  H   8.41646915971247      7.17205109651411      2.74114240765975 

 
Appendix VI–4. Optimized structure of 2.14t. 
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Appendix VI–5. Coordinates of optimized structure for 2.16 in angstroms. 

ν0=0 cm-1 
Atom                  x                                    y                                      z 

 

  C   -1.91366608014990     -0.41777374648192      0.11362397576516 
  C   -1.80378363548370     -1.75863376767199      0.10020045589952 
  C   -0.71045210942758      0.44885786245500     -0.00173106628082 
  C   0.62481688891452     -0.23219187045059     -0.06870534623669 
  C   0.69483888320341     -1.60433656446328     -0.09633966377028 
  C   -0.46722843556732     -2.44125868345597     -0.03633075436601 
  C   1.76432939119326      0.59592292328195     -0.08695467576874 
  C   2.98673004104635     -0.03818675676854     -0.06972611059938 
  N   3.12562031519397     -1.39831007263386     -0.09015282439361 
  N   4.24844527427186      0.48626244894957     -0.00650641030961 
  C   5.19357852277280     -0.53210036558334      0.01659332317811 
  C   4.46944954249495     -1.73647263966954     -0.04197630885059 
  C   6.57544336766032     -0.52033980529019      0.07482418300910 
  C   7.22356202828584     -1.75563392533329      0.07257030859961 
  C   6.50721747480367     -2.95146660439437      0.01338420465137 
  C   5.11331564722712     -2.96318030144233     -0.04518357997201 
  H   7.13320477581889      0.40535596980007      0.12289191856379 
  H   8.30411594576107     -1.78444904845664      0.11929342917337 
  H   7.04373470077747     -3.89069681766132      0.01382145461763 
  H   4.55931010519867     -3.88982255349085     -0.09339420935693 
  C   2.00888375220783     -2.33499985745142     -0.22008888521988 
  H   2.09490458483234     -3.10375984636783      0.55387341674191 
  H   2.08542675117438     -2.85911357555981     -1.18123773377814 
  H   4.43701264043512      1.47085193238235      0.06075209407485 
  H   1.67242628043444      1.66950290825111     -0.06530243318101 
  O   -0.80473642881942      1.65701148183117     -0.03874801083461 
  O   -0.39903333119120     -3.66654890720840     -0.08682898738748 
  Cl  -3.41609359183273      0.40464130774513      0.26040212817216 
  Cl  -3.16103016143644     -2.79453834286086      0.23116655795922 

 
Appendix VI–6. Optimized structure of 2.16. 
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Appendix VI–7. Coordinates of optimized structure for 2.17 in angstroms. 

ν0=0 cm-1 
Atom                  x                                    y                                      z 

 

  C   -2.06656645624936     -0.82240950567699      0.05627446656371 
  C   -1.82121689799742     -2.10872849903741     -0.23593428232854 
  C   -0.95811191561780      0.11529520402080      0.37012613377276 
  C   0.46357161794728     -0.30843125414061      0.10223821433613 
  C   0.64716107479015     -1.66918349191911     -0.07665066740674 
  C   -0.41942663969323     -2.61856254861857     -0.23192388043940 
  C   1.57291954225073      0.61095667946564      0.12237567600484 
  C   2.84711367221724     -0.01680982373486      0.06604147753713 
  N   3.04455164317068     -1.35727391487952     -0.00483433932146 
  N   4.06362740557927      0.57237633897723      0.10283219629116 
  C   5.05792367227049     -0.38716340140055      0.06606153223716 
  C   4.40327285386512     -1.62908418007376     -0.00290331995598 
  C   6.44329015045661     -0.30833390256205      0.08704556626396 
  C   7.14815375742559     -1.50735546539586      0.04211946590773 
  C   6.49258939816236     -2.74187733725420     -0.02388251814352 
  C   5.10395387837975     -2.82544034870663     -0.05018662876551 
  H   6.95348070219686      0.64358981580486      0.13916657295574 
  H   8.22988594396878     -1.48436173304388      0.05972744496212 
  H   7.07808866066686     -3.65086717914807     -0.05481532479036 
  H   4.59643747286667     -3.77827008591720     -0.10393045129814 
  C   1.98974075243165     -2.33484173453741     -0.17657696223334 
  H   2.08578143018021     -3.11445864008960      0.58602403752716 
  H   2.10959618779234     -2.84124761163802     -1.14117158326027 
  H   4.06616183302483      1.60870750938976      0.11847614718403 
  C   1.60553052873415      2.06851275206534      0.11815888807829 
  O   -1.24737327681812      1.18483715060065      0.87634209987826 
  O   -0.19046970180648     -3.81500716365347     -0.39784008252101 
  Cl  -3.65327654931734     -0.16316856059118      0.15404424711597 
  Cl  -3.04704043899530     -3.24282850256060     -0.59155372277378 
  N   0.52625472233943      2.91108501729020      0.11174719368970 
  N   2.74576905427521      2.77179846886825      0.06323259050028 
  C   0.98415333988490      4.20689820072204      0.08588397850981 
  C   2.39024879255586      4.10257481576554      0.04563577193434 
  C   0.32392336175010      5.42843577965918      0.09736845813647 
  C   1.11683816907418      6.56697601204284      0.06351556177377 
  C   2.51814629779206      6.48191025352438      0.01935820669331 
  C   3.17202163139958      5.25867540321750      0.00876558070341 
  H   -0.39923957884605      2.58903654825924      0.36043233801984 
  H   -0.75611760692241      5.49093526737003      0.13253051758324 
  H   0.64447675182019      7.54048411710249      0.07127534672402 
  H   3.09836663600286      7.39482582649871     -0.00823305261877 
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  H   4.25214203489153      5.19594205033487     -0.02575244622749 

 
Appendix VI–8. Optimized structure of 2.17. 

 
Appendix VI–9. Coordinates of optimized structure for 2.18 in angstroms. 

ν0=0 cm-1 
Atom                  x                                    y                                      z 

 

  C   -1.94921132997322     -0.30288060431455      0.12953874307325 
  C   -1.95198801657503     -1.65045329581594      0.11666809393967 
  C   -0.68227385798928      0.46332940804948     -0.02139875860599 
  C   0.58757915217852     -0.32591790040482     -0.07114545948144 
  C   0.60244404401455     -1.68922152596525     -0.10661218525298 
  C   -0.68752836270127     -2.43158799250456     -0.08431955722954 
  C   1.80288096334792      0.43261575142403     -0.07459269134638 
  C   3.03858939832450     -0.15827457988985     -0.05208791576360 
  N   3.18257043262379     -1.53529676432420     -0.04900367336620 
  N   4.24204541895824      0.49987622710813     -0.01474498983232 
  C   5.14998828365418     -0.46805160280898      0.00920088095009 
  C   4.49554284517536     -1.76912863919632     -0.01135715433505 
  C   6.56959614348120     -0.39444168284015      0.04456338509386 
  C   7.25758277012721     -1.57091283226135      0.05800828344790 
  C   6.59205704651433     -2.84459740646708      0.04140234428450 
  C   5.23025302530183     -2.96975097730523      0.00747193191470 
  H   7.06458145642388      0.56655273581637      0.05746409605889 
  H   8.33955176278498     -1.56286552736457      0.08339371535883 
  H   7.20451193749723     -3.73704085892227      0.05837593539473 
  H   4.73072418075388     -3.92726592064633     -0.00113931614735 
  B   1.98169270920011     -2.56761004119923     -0.20930848128681 
  F   2.08805896433486     -3.49797900422255      0.81054495057434 
  F   2.11197677265546     -3.12708960845630     -1.47333257703121 
  H   1.74475235215514      1.51307278175106     -0.07512339988085 
  O   -0.67795982936213      1.67325691935408     -0.08640238389727 
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  O   -0.72287238937958     -3.63268746709869     -0.22213261593065 
  Cl  -3.37177168632255      0.63071286212473      0.31290449498236 
  Cl  -3.37867530580412     -2.57238195741965      0.29363696061454 

 
Appendix VI–10. Optimized structure of 2.18. 

 
Appendix VI–11. Coordinates of optimized structure for 2.19 in angstroms. 

ν0=0 cm-1 
Atom                  x                                    y                                      z 

 

  C   0.29378494786135      0.37595639223727     -0.00906964050001 
  C   1.00355928845122     -0.87477897417565     -0.01510023003100 
  C   0.94105891065372      1.57621878876450     -0.00871785102380 
  C   2.36260830861304      1.55752383926224     -0.01452283706792 
  C   2.36671107837416     -0.94100336334597     -0.01660611189456 
  N   3.23323198210940      2.55469464480532     -0.02401314763961 
  C   4.46157163721078      1.91776707920142     -0.02247584255707 
  N   4.38405971739401      0.52833037015755     -0.01684240907176 
  C   5.65730608402643      2.62144595812819     -0.02086712881965 
  C   6.92821867287377      1.95956276873326     -0.00097413819231 
  N   7.08301882339032      0.59201870269641      0.00234710579461 
  N   8.09940522208611      2.59437077720078      0.01442129092013 
  C   9.04590481679138      1.61228663693512      0.02803444524900 
  C   8.42002731411924      0.33159264217684      0.01696362487755 
  C   10.44658959437568      1.70723594877967      0.04372692625940 
  C   11.17209300076166      0.53484133945838      0.04291014301906 
  C   10.53573858565506     -0.72686832927178      0.02711669287637 
  C   9.15961882225598     -0.85261674320978      0.01502609968194 
  H   -0.78841430222733      0.34713610068513     -0.00516296687751 
  H   0.42294996720898     -1.78878211627160     -0.01861108000804 
  H   0.40700542345118      2.51690536490537     -0.00391180115263 
  H   2.89370226577023     -1.88595563430495     -0.02116873639178 
  C   5.66359506507069      4.11111535530071     -0.02576386574023 
  H   10.92674610047708      2.67639861367976      0.05528573798164 
  H   12.25356225378965      0.57266287840617      0.05370979664276 
  H   11.14815648081690     -1.61930318043368      0.02400824765875 
  H   8.68179423662954     -1.82285932988336      0.00195225697020 
  C   3.08138047071154      0.28563511947533     -0.01415068309154 
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  H   6.26835423445335     -0.02105251476371     -0.00693886591855 
  H   4.66729742209667      4.49601917675745     -0.21679944278046 
  H   6.37706852317350      4.48174530202624     -0.76102719335879 
  H   6.01584505157472      4.47619738588741      0.94350960418581 

 
Appendix VI–12. Optimized structure of 2.19. 

 
Appendix VI–13. Coordinates of optimized structure for 3.7 in angstroms. 

ν0=0 cm-1 
Atom                  x                                    y                                      z 

 

  C   0.27336573106384      0.38550090297886      1.59628059155111 
  C   1.09854019159863     -0.44865206135745      2.35394007767651 
  C   0.80430743178248      1.26496423168229      0.65368418300814 
  C   2.18175946386272      1.27213538690456      0.50316262012117 
  C   2.48205220889175     -0.44336556358309      2.19521368796204 
  N   3.01830875902708      2.01474150199861     -0.33402325499554 
  C   4.32194142496190      1.63742004021657     -0.08967709310364 
  N   4.32386743570875      0.67266831706447      0.86638583001946 
  C   5.47543484324382      2.14260497900290     -0.70881355870932 
  C   6.64818779530228      1.41799661357529     -0.44114343073437 
  N   7.87263374768789      1.54880834707148     -1.05983295054103 
  N   6.74507517987378      0.45102185946877      0.50791456564817 
  C   8.04406441169089     -0.04233358030112      0.51224742141853 
  C   8.76159154289791      0.64857325305721     -0.47266791455664 
  C   8.65309588103421     -1.01905530938719      1.28606971597125 
  C   9.99357727323120     -1.29317324541664      1.02761874604806 
  C   10.70096576734427     -0.61489499445230      0.03182064174241 
  C   10.09197482958736      0.37297411167064     -0.74039806232693 
  H   -0.79742728757551      0.35617652341905      1.74968392054716 
  H   0.65224556292163     -1.11399239024149      3.08081594577485 
  H   0.16327924817730      1.92033662947860      0.07911916776662 
  H   3.12597046345281     -1.09139993560326      2.77110555950119 
  C   5.51038079526106      3.52440979027882     -1.32397058281270 
  C   3.01125501104035      0.42782614085355      1.25451505810471 
  C   8.13711785787039      2.17897919603940     -2.34009960996214 
  H   4.74541370596763      4.15300120393666     -0.86880658267113 
  H   5.36445848869201      3.57306944267570     -2.40759811130914 
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  H   6.46503246241096      4.00373577142857     -1.10302917667907 
  H   8.69145620481268      3.11279867214272     -2.23068422141293 
  H   7.20254530003306      2.38014688766641     -2.85202637342937 
  H   8.72456130689434      1.49306208061581     -2.95190491183519 
  C   2.54807434580671      2.70318028070330     -1.52257764631797 
  H   1.56601538605024      2.31069858230584     -1.78187912235192 
  H   3.22507735743222      2.50156795579174     -2.34995273318221 
  H   2.46792026639033      3.78102114694097     -1.37644887018789 
  H   8.09666878210430     -1.54964043101678      2.04449234144744 
  H   10.49913106466741     -2.04872455533139      1.61404002100303 
  H   11.73713930080748     -0.86592375693351     -0.15303182260727 
  H   10.64165712943922      0.90278967631573     -1.50684302487662 
  B   5.59971602296208      0.01156777575701      1.46215546804599 
  F   5.48107630750283     -1.37740272181244      1.44692884845926 
  F   5.83014399808774      0.44919824439511      2.76476864278593 

 
Appendix VI–14. Optimized structure of 3.7. 

 
Appendix VI–15. Coordinates of optimized structure for 3.8 in angstroms. 

ν0=0 cm-1 
Atom                  x                                    y                                      z 

 

  C   0.29488393395706      0.39732363309353      1.58541510729742 
  C   1.14063878246653     -0.46213146165848      2.35697386513959 
  C   0.78675703530961      1.26444411633253      0.63856271553323 
  C   2.17586748444177      1.26853404779949      0.47423278560358 
  C   2.50242015096880     -0.47537241202774      2.20303472403923 
  N   2.98969460320724      1.99123026157730     -0.34734157292037 
  C   4.29480889051607      1.59719687240961     -0.11678058031880 
  N   4.29470886678268      0.61966635343487      0.83014853183034 
  C   5.47411452750173      2.08636358316657     -0.71527418124963 
  C   6.65937909950011      1.35888505281555     -0.47961144790620 
  N   7.88444838651555      1.49075043185695     -1.10387503367396 
  N   6.76076891227555      0.40173225999750      0.48098845877804 
  C   8.03479096319240     -0.05020633466363      0.52197336547563 
  C   8.76077745552410      0.63442384053809     -0.50571160427880 
  C   8.65101467982747     -1.00061402839717      1.35086082747813 
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  C   9.97463278364804     -1.24993023497785      1.09882722656647 
  C   10.69324619732460     -0.57699450539733      0.05924286862807 
  C   10.10838091271871      0.36290140519162     -0.75609665933340 
  H   -0.77120250081276      0.36342034837765      1.76783003600249 
  H   0.67728633257630     -1.11835180909074      3.08099713587348 
  H   0.13185704120225      1.91630186641456      0.07893706098681 
  H   3.14597157455178     -1.12389335755813      2.77859332557678 
  C   5.49677536420144      3.37870871798001     -1.47012768603837 
  C   3.02345962280807      0.40007621267050      1.23735451698784 
  C   8.21179866204994      2.23181472967751     -2.33058498816760 
  H   4.73516352059536      4.05491350175706     -1.09459955296055 
  H   5.32602873282665      3.24619293298312     -2.54276579247519 
  H   6.45622041792748      3.87217068974656     -1.34334136550795 
  H   8.54572667472166      3.24139947789042     -2.09563730180482 
  H   7.35149076627110      2.25673091551696     -2.98996975937705 
  H   9.00988223728714      1.69864053296239     -2.83887808908133 
  C   2.47537391575520      2.88786405078180     -1.39185579245007 
  H   1.44797207931067      2.60547069424818     -1.60018725058312 
  H   3.05089409427220      2.76484014877387     -2.30302759986095 
  H   2.50097327838677      3.92337504419704     -1.05547233769519 
  H   8.10115170195259     -1.50885054664696      2.12896350819219 
  H   10.50483494257847     -1.97627368877328      1.69952753243158 
  H   11.73712002662196     -0.82254405082464     -0.08486078179512 
  H   10.67174343999241      0.87144617895935     -1.52478645128632 
  B   5.59102433603332     -0.07631568064241      1.44650343794743 
  F   5.46890555641297     -1.42812633686530      1.35243681713029 
  F   5.80786751679907      0.38720354637304      2.70593598126620 

 
Appendix VI–16. Optimized structure of 3.8. 

 
Appendix VI–17. Coordinates of optimized structure for 3.9 in angstroms. 

ν0=0 cm-1 
Atom                  x                                    y                                      z 

  

  C   0.35853876649951      0.65783457891194      1.53181113038353 
  C   1.12904478872886     -0.46631197248274      1.96095979819103 
  C   0.90448684688758      1.70430487432373      0.82492604689108 
  C   2.26701553310800      1.60041335634288      0.52936995974423 
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  C   2.46984369089028     -0.57353665611378      1.69367944098773 
  N   3.11520110722072      2.42811840072794     -0.15150182558146 
  C   4.35446188557534      1.82111907479858     -0.19874685355356 
  N   4.30465406115659      0.67221051851974      0.52329646354687 
  C   5.51905220108612      2.23584364489305     -0.88687608333150 
  C   6.71277545353641      1.51910453467234     -0.62991003052122 
  N   7.94027176360285      1.63345354044642     -1.25187463538791 
  N   6.80394873859172      0.57608332748546      0.34545159157715 
  C   8.08429665326190      0.13737947143213      0.41698195163589 
  C   8.82049987117409      0.81603239576436     -0.60250901886738 
  C   8.69298365763011     -0.80296856807810      1.26136859306149 
  C   10.03048807146522     -1.02416971909169      1.05341010459566 
  C   10.76450398257572     -0.34488692597060      0.03247937400621 
  C   10.18141153420837      0.57302161728252     -0.80938912320508 
  H   -0.69615698096175      0.67748843851979      1.77193593548818 
  H   0.62863366287292     -1.25189179277356      2.51046976321177 
  H   0.30187052636402      2.53830044895343      0.49625556940744 
  H   3.06070066798826     -1.41925133146458      2.01342606019311 
  C   5.48187729028780      3.35157629151334     -1.82698881994406 
  C   3.03831899037506      0.47764179381856      0.96018782799879 
  C   8.28130570195498      2.28416775962626     -2.52591574430922 
  H   8.71834239969300      3.26533001690529     -2.35639452781528 
  H   7.39327160576440      2.37742925416190     -3.13939207564724 
  H   8.99782527596383      1.64449307643300     -3.03494752390730 
  C   2.73823981012411      3.80130633538275     -0.52379647591200 
  H   2.01657876303817      4.14959979691974      0.21046214228856 
  H   2.29658670556894      3.82981890055814     -1.51700264760463 
  H   3.61250571597979      4.44093882900182     -0.49171075934965 
  H   8.13325201243239     -1.31134174051625      2.03248379651124 
  H   10.55855971767651     -1.72999825849372      1.67999404400514 
  H   11.81783236056008     -0.56646302211681     -0.07761445931030 
  H   10.75311629029139      1.08495933643782     -1.56963055902458 
  B   5.56116739185479     -0.16338758794229      1.01124975929138 
  F   5.49361716098708     -1.42318226706127      0.50387054055612 
  F   5.63412273139553     -0.09809423130733      2.36833329222431 
  C   6.31117610308808      4.46724734134638     -1.62736532599162 
  C   4.61802738376634      3.30923179241768     -2.93524477245793 
  C   4.60976188275646      4.35656930562281     -3.84081372598657 
  C   5.41698136221114      5.47297317748508     -3.62352428899039 
  C   6.25392504788646      5.53285150445623     -2.50865625409713 
  H   6.95792997362163      4.51246649519620     -0.76058171827413 
  H   3.99806975005785      2.43826278524260     -3.10666062540339 
  H   3.97733097875343      4.30581403088012     -4.71692328978899 
  H   5.39096829613225      6.29811806081783     -4.32286418149234 
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  H   6.85991486121567      6.41100235061484     -2.33069121624204 

 
Appendix VI–18. Optimized structure of 3.9. 

 
Appendix VI–19. Coordinates of optimized structure for 3.10 in angstroms. 

ν0=0 cm-1 
Atom                  x                                    y                                      z 

  

  C   0.37445610425976      0.62667779704427      1.49185560812973 
  C   1.23927191807240     -0.40882184263440      1.95224590526500 
  C   0.82985766976884      1.69579644776176      0.75243011365043 
  C   2.19500283722656      1.69859671571622      0.45609892852546 
  C   2.58499103599629     -0.41075123079277      1.67709022322216 
  N   2.97062828461329      2.58335624678291     -0.24817373285445 
  C   4.24587236055554      2.07389148412049     -0.30295701408459 
  N   4.30336912298602      0.93930464119631      0.43750644824869 
  C   5.38206589530528      2.53367601529662     -1.01866318782507 
  C   6.62611000034315      1.87589611978319     -0.80626989108601 
  N   7.79097767616719      1.96707307797603     -1.52957657468792 
  N   6.80304216931313      1.02337573773795      0.22776769234020 
  C   8.10650466892296      0.61788072868516      0.23910700713039 
  C   8.74642369498240      1.21782261451655     -0.87871918187123 
  C   8.79198417634899     -0.24144863234767      1.10494054411975 
  C   10.11676630647400     -0.46546629855652      0.81434797710611 
  C   10.75395205576400      0.13125165007397     -0.30919351460953 
  C   10.08593734111041      0.97239703785914     -1.17471581600468 
  H   -0.67790786614830      0.56128076418564      1.73387895930488 
  H   0.81105798274930     -1.21667371934956      2.52955537497466 
  H   0.15849972028465      2.46523928623560      0.40038633964724 
  H   3.24540496961607     -1.19420777509176      2.01817113541676 
  N   5.25836180561516      3.56819719524324     -1.91218846820100 
  C   3.05785216530975      0.65772248040207      0.90467991653052 
  C   7.95996706052442      2.42725717821909     -2.91400003982763 
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  H   8.31701631351335      3.45449259321159     -2.95745529083716 
  H   7.02057776431844      2.33105091082174     -3.44937092884309 
  H   8.68864939005180      1.77487896784672     -3.38766917728257 
  C   2.47361473833596      3.90836040316901     -0.64509638383808 
  H   1.74260532896695      4.21494336613989      0.09861019233201 
  H   2.01508172522530      3.87198614811337     -1.62948588162067 
  H   3.28977956533501      4.62294226787056     -0.63574360785303 
  H   8.30008968451886     -0.69197652269626      1.95451304436078 
  H   10.70054607064250     -1.11177903085504      1.45529628695005 
  H   11.79870893775763     -0.08555635870527     -0.48736837766579 
  H   10.58719055270817      1.42442425483236     -2.01833842817065 
  B   5.62459332095752      0.22049210041227      0.93857712953939 
  F   5.66064212603704     -1.05620143174098      0.46642330202197 
  F   5.70123888226262      0.32452622806647      2.29289789806800 
  N   4.21490536616261      3.49940215489026     -2.89777249993889 
  N   4.39135940688903      4.46438647167391     -3.67175792859688 
  C   5.48890040102767      5.24655689950601     -3.29565752710272 
  C   6.03833750938964      4.64538111905302     -2.18023084222663 
  C   5.84559399551104      6.43526211584027     -4.02122983104226 
  H   6.85780869124102      4.93148575390219     -1.54616244667322 
  C   5.08124971458843      6.82221716113997     -5.14293511084330 
  C   6.94968658148897      7.21837575327689     -3.62809562234514 
  C   7.27529831273397      8.35591394759852     -4.33568792139202 
  C   6.51468177878711      8.72762839925830     -5.45105104278534 
  C   5.41712900478126      7.96319520299500     -5.84631655911973 
  H   7.54014645334385      6.93920343060653     -2.76488257040424 
  H   4.83455397997883      8.25869083470458     -6.70813248842829 
  H   4.24256650556692      6.21416820727072     -5.45057066114676 
  H   6.78364805616260      9.61461848262982     -6.00928405250866 
  H   8.11772968575465      8.96171044910404     -4.03139442556694 
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Appendix VI–20. Optimized structure of 3.10. 


