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ABSTRACT OF THE THESIS 

B-N LEWIS PAIR-FUNCTIONALIZED ANTHRACENES 

By Kanglei Liu 

Dissertation Director: Professor Frieder Jäkle 

 

The functionalization of π-conjugated polycyclic aromatic hydrocarbons (PAHs) with 

main group elements (i.e., B, Si, P) has been a topic of intense interest over the past several 

years. Especially conjugated organoboron compounds have attracted considerable 

attention owing to their unusual optical and electronic properties. Recently, tetra-

coordinated organoboron compounds have attracted increasing attention for applications 

in organic field effect transistors (OFETs), organic light emitting diodes (OLEDs), solar 

cells, sensory and biological imaging materials, and as photoresponsive materials. This 

dissertation focuses on the investigation of the effects of the B-N Lewis pair 

functionalization on larger π-conjugated scaffolds based on anthracene. Several new types 

of BN-substituted anthracenes were targeted as new low band gap materials for use as 

optoelectronic materials, as well as for singlet oxygen uptake and release applications. 

We developed a new class of B-N functionalized PAHs by electrophilic aromatic 

borylation of pyridylanthracenes. The formation of B-N Lewis pairs at the periphery of 

anthracene results in unique structural features and electronic properties. In addition, we 

discovered that the BN-fused anthracenes undergo self-sensitized uptake of singlet oxygen 

and subsequent controlled release by thermolysis. The controlled capture/release of singlet 

oxygen opens the possibility for applications in photodynamic therapy (PDT) and sensing. 
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In continuation of this work, we investigated the effects of substituents on the structural 

features and electronic properties. A series of BN-fused dipyridylanthracenes with Me 

groups in different positions of the pyridyl rings were synthesized. The results suggest that 

minor structural modifications on the pyridyl moiety can alter dramatically the reactivity 

of the BN-anthracenes, which can be exploited for applications as singlet oxygen 

sensitizers on one hand and materials for delivery of singlet oxygen on demand on the other 

hand. 

To achieve a further decrease in the band gap of BN Lewis pair-functionalized PAHs, we 

designed the borane-modified dianthracenylpyrazine derivatives. DFT calculations 

indicated that BN-fused dianthracenylpyrazine compounds show a large decrease in the 

HOMO-LUMO gap compared to the previously described BN-fused dipyridylanthracenes. 

The B-N doped polycyclic species have significant absorbance at greater than 700 nm. 

Thus, the attachment of BN Lewis pairs to PAHs is also a promising strategy toward low 

band gap materials.
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Chapter 1 General Introduction 

1.1 π-Conjugated Systems  

A π-conjugated system consists of connected p-orbitals (in transition metals d-orbitals can 

be involved) with delocalized electrons, typically with alternating single and multiple 

bonds. A representative π-conjugated system can be divided into four constituting 

components: the conjugated core (backbone), heteroatoms, substituents (electron donating 

or withdrawing), and side chains (i.e., solubilizing groups). Such a structure can be a single 

molecule, a part of a conjugated oligomer or a repeat unit in a conjugated polymer.1 π-

conjugated systems are an important class of materials with a wide range of applications 

in organic field effect transistors (OFETs), organic light emitting diodes (OLEDs), solar 

cells and chemical sensors.1-6 Compared to inorganic materials, conjugated materials have 

many advantages such as low-cost, high flexibility and good solubility. 

1.1.1 Polycyclic Aromatic Hydrocarbons (PAHs) 

Among the wide array of different p-conjugated materials, polycyclic aromatic 

hydrocarbons define a class of unique compounds that consist of fused conjugated aromatic 

rings that do not contain heteroatoms or carry substituents.7 PAHs have attracted enormous 

research interest for various organic electronic devices due to their unique electronic and 

optoelectronic properties. For instance, anthracene and pyrene derivatives are widely used 

as luminescent compounds, while the higher homologs are promising candidates in organic 

devices.8 Additionally, graphene molecules with columnar superstructures exhibit the 
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highest local charge-carrier mobilities for discotics which are desirable for device 

processing.9 

1.1.1.1 Electronic Structure 

Typically, PAHs exhibit two types of electronic states, i.e., closed-shell and open-shell 

states. The ground state of most π-conjugated molecules is a closed-shell singlet. Longer 

acenes consisting of linearly fused benzene rings can be characterized by an unusual open-

shell electron configuration with the existence of one or more unpaired electrons, also 

known as radicals.5 Early research on PAHs was mainly developed by Eric Clar and 

coworkers, who created the Sextet Theory, also called Clar's rule, to understand the 

behavior of PAHs.10 According to Clar’s rule, the stability and reactivity of PAHs can be 

assessed in a simplified manner by calculating the number of sextet rings. The most stable 

form is that with the most sextets. For example, anthracene and phenanthrene have the 

same molecular composition (C14H10). However, phenanthrene is more stable than the 

isomeric linear acene, anthracene, based on the assignment of two sextet rings to 

phenanthrene and only one sextet ring to anthracene (Figure 1-1a). For linear acene 

molecules (Figure 1-1b), only one sextet ring exists and consequently, the longer the acene, 

the less stable the system. It is challenging to synthesize larger PAHs due to their poor 

solubility and low stability. To resolve these two problems, the prevailing strategy is to 

introduce different substituents, such as electron-withdrawing moieties to decrease the 

HOMO energy level and bulky groups at the periphery of the acene backbone for kinetic 

blocking of reactive sites.6 
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Figure 1-1. (a) Sextet rings in anthracene and phenanthrene; (b) Sextet rings in linear 
acenes 

1.1.1.2 Reactivity  

As discussed above, with an increasing number of rings acenes becomes more reactive, 

especially at the central ring. The central rings in acenes are susceptible to oxidation, 

photodegeneration, and Diels-Alder reaction. On the one hand, acenes can be stabilized by 

the addition of different substituents for organic electronics device applications. On the 

other hand, acenes also benefit from the Diels-Alder reaction and cycloaddition with singlet 

oxygen to the central ring, which makes them suitable as “smart” materials with mechano-

responsive properties and as singlet oxygen sensitizers and carriers for biomedical 

applications.11-16 For example, Sumerlin and coworkers reported clean and efficient 

transformations of amphiphilic block copolymers and segmented hyperbranched polymers 

to hydrophobic block copolymers, comb copolymers or star polymers via Diels-Alder 

reaction (Figure 1-2).13 The original furan-maleimide (Fur-Mal) Diels-Alder linkage (an 

amphiphilic block copolymer) was cleaved to release maleimide end groups that react with 

the different anthracene-based templates to form the more thermally stable anthracene-

maleimide cycloadduct (hydrophobic block copolymer, comb copolymer or star polymer) 

through the application of a proper stimulus. These architectural transformations lead to a 

new generation of “smart” materials.  



- 4 - 
 

 
 

 

Figure 1-2. Example of Diels-Alder adducts in “smart” materials by Sumerlin.13 
[Reproduced with permission from reference 13. Copyright © 2017, Springer Nature] 

 

In another example, Ling’s group developed biocompatible nanoparticles (PMT NPs, 

Figure 1-3) containing diphenyl anthracene endoperoxides for near-infrared light-triggered 

controlled delivery of singlet oxygen for cancer treatment.14 Under irradiation with an 808 

nm laser the nanoparticles can release singlet oxygen to kill tumor cells both in vitro and 

in vivo in an oxygen deficient environment. The application of PAHs in photodynamic 

therapy is discussed in more detail in Section 1.3.3. The ability to reversibly form 

endoperoxides is not only important for biomedical applications, but has also been 

exploited in materials science, for instance, in photolithography17, fluorescent anti-

counterfeiting18, and the development of molecular switches19-20. 
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Figure 1-3. Preparation of oxygen self-carrying nanoparticles (PMT NPs) by Ling.14 
[Adapted with Ref. 14 with permission from The Royal Society of Chemistry.]  

 

1.2 Boron doping of conjugated materials 

The incorporation of main-group elements (i.e., B, Si, P, Se) into π-conjugated organic 

systems is an efficient strategy to create novel materials with remarkable optoelectronic 

properties e.g., by fine tuning frontier orbital energies. Recently, the embedding of boron 

atoms into fused structures has attracted increasing attention due to the intriguing 

properties that can be achieved, such as, low-lying LUMO orbitals, red shifted absorptions 

and emissions, and enhanced charge carrier mobility.21-22 Boron, the third element in the 

second period, is an electron deficient atom with 3 valence electrons, and in tri-coordinated 

boranes the empty p orbital can interact with lone pair electrons and π-electrons of 

neighboring atoms or building blocks. Boron compounds can undergo Lewis acid-base 

interactions resulting in a coordination number change from three to four. Various tri- and 

tetra-coordinated organoboranes have been studied for applications in catalysis, organic 

electronic devices, sensory and biological imaging materials, and as photoresponsive 

materials.23-35  
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1.2.1 Conjugated systems with tri-coordinated boron   

Tri-coordinated organoboron compounds, with the vacant pz orbital on boron, are 

inherently electron deficient and serve as powerful π-electron acceptors when connected to 

a π-conjugated system.  Figure 1-4 shows the general structure of tricoordinate 

organoboranes and illustrates how they interact through π-overlap with a π-conjugated 

substituent or form Lewis acid-Lewis base complexes.36 The overlap between the empty p 

orbital on boron and substituents with extended π systems leads to interesting luminescent 

and nonlinear optical properties.23 In addition, triarylboron compounds can act as Lewis 

acids to selectively react with nucleophiles and are thus very effective in the selective 

sensing of anions.37 Moreover, Lewis acid-Lewis base interactions allow organoboron 

compounds to act as efficient catalysts and cocatalysts in organic synthesis.38 

 

Figure 1-4. Schematic representation of common organoborane structures. 

However, tri-coordinate organboranes often lack chemical stability due to the high Lewis 

acidity of boron. An effective method to provide stability is to utilize bulky aromatic 

substituents, which significantly reduce the reactivity at boron by blocking the approach of 

nucleophiles. The common groups used for this purpose are 2,4,6-trimethylphenyl (Mes), 

2,4,6-triisopropylphenyl (Tip) and 2,4,6-tritertbutylphenyl (Mes*).24 Enhanced stability is 

also typically seen for the Lewis acid-base complexes, especially in cases where the Lewis 

base is tethered to one of the substituents, resulting in chelate complexes. 
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1.2.2 Replacement of BN for CC units in conjugated materials 

 

Figure 1-5. Isoelectronic relationship between CC and BN.39 [Adapted with permission 
from reference 39. Copyright © 2012 WILEY‐VCH Verlag GmbH & Co. KGaA, 

Weinheim] 

 
An emerging strategy for incorporating boron into organic structures is the replacement of 

a CC unit with an isoelectronic BN unit. Figure 1-5 shows the three possible variants to 

replace a CC unit with a BN unit. The sp2-type BN/CC isosterism has attracted the most 

attention among the three forms of replacing a CC unit with BN unit due to the broad utility 

of arene-containing compounds. Substitution of a CC unit with its isoelectronic BN unit in 

aromatics creates a new type of heteroarene that remains structurally similar to the all-

carbon analogue. However, the dipolar nature of the BN bond can significantly alter both 

the molecular and the electronic properties of the system.39-40 Indeed, compounds 

containing BN bonds in aromatic systems have been exploited for almost a century. In 1926, 

Alfred Stock successfully synthesized the first example of a BN/CC isoster of an arene-

borazine (c-B3N3H6), the inorganic counterpart to benzene (Figure 1-6a).41 In 1958, Dewar 

and co-workers reported the synthesis of the first BN-substituted aromatic compounds, 

9,10-azaboraphenanthrenes (Figure 1-6b).42 After decades of hibernation, the study of BN-

substituted heterocycles has attracted great attention again in recent years owing to their 
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novel electronic properties and applications. Several BN-embedded acenes have been 

synthesized. For example, Liu and coworkers reported the synthesis of BN anthracenes43 

and a BN tetracene derivative44 and demonstrated that BN/CC isosterism can lower HOMO 

energy levels of acene-type structures (Figure 1-6c). Pei and coworkers synthesized the 

first BN-embedded pentacene derivative with remarkable ambient stability (Figure 1-6d).45 

Recently, BN-doped graphene-like structures46-48 and conjugated polymers49-52 have been 

introduced. 

 

Figure 1-6. Examples of BN-substituted heterocycles by Stock41 (a), Dewar42 (b), Liu43-44 
(c), and Pei (d)45 

 

1.2.3 Conjugated systems with tetra-coordinated boron via Lewis pair formation  

Tetra-coordinated organoboron compounds with rigid π-conjugated structures have 

emerged recently as very attractive materials for various applications including emitters, 

organic light-emitting diodes (OLEDs), organic field-effect transistors, sensory and 

biological imaging materials, and photoresponsive materials.27, 32-33, 53-55 In the construction 

of these tetra-coordinated boron compounds, chelate ligands with π-electrons are 
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coordinated to boron moieties which have vacant p-orbitals (Figure 1-7). The key role of 

the boron atom is to stabilize the ligand by coordination and to allow intramolecular 

electron delocalization, thereby enhancing the π conjugation. Such ring-fused structures 

also affect the electronic state by lowering the lowest unoccupied molecular orbital (LUMO) 

level to enhance the electron affinity, which enables use of the tetra-coordinated boron 

compounds as effective electron-transport materials. The type of the ligands and the nature 

of the R groups can have a great influence on the photophysical and electronic properties 

of the compounds due to the π-π* electronic transitions of the chelate or charge-transfer 

transition from the R group to the chelate. Recent research has also shown that tetra-

coordinated boron compounds with an N, C-chelate backbone are capable of undergoing 

facile reversible photothermal isomerization, which opens exciting new opportunities to 

use this class of compounds as photo-responsive materials.26, 33, 56 An emerging strategy 

that builds on this concept is to modulate the electronic structure of conjugated organic 

materials by B←N Lewis pair functionalization at their periphery. Several BN Lewis pair 

functionalized compounds exhibiting circularly polarized luminescence (CPL) have been 

synthesized.57-58 

 
Figure 1-7. General structure of tetra-coordinated boron compounds with p-conjugated 

chelate ligands. 

Methods for the synthesis of this type of π-conjugated materials having boron-nitrogen 
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coordination include lithiation-borylation reactions, metal-catalyzed borylation reactions 

and metal-free electrophilic borylations.59-61 While all three methods have been widely 

utilized, we will focus here only on metal-free electrophilic borylation reactions. The 

synthesis of pyridine-borane complexes through metal-free electrophilic borylation has 

first been studied by Murakami and co-workers.60 They investigated the electrophilic 

borylation of 2-arylpyridines with BBr3 (3 eq.) as the borylating agent and Et2NiPr (1 eq.) 

as the base. The intermediate BBr2 complexes were stable enough to be handled in air, 

which made them easy to handle for further transformations by treatment with 

organoaluminum or organozinc reagents or reduction with LiAlH4 (Scheme 1-1). In 2012, 

Fu and co-workers used these reaction conditions for the functionalization of 

phenoxypyridines (1, Figure 1-8a).62 More recently, this methodology has been utilized for 

the preparation of new optical or electronic materials. For example, Tang and coworkers 

designed novel boron compounds containing the tetraphenylethene (TPE) moiety that can 

function as efficient solid-state emitters (2 and 3, Figure 1-8b).63 Patil’s group reported a 

series of highly emissive molecular solids prepared via aromatic borylation of quinolones 

(4, Figure 1-8c).64 Fang et al. developed low band gap coplanar organic materials featuring 

intramolecular Lewis acid-base coordination (5 and 6, Figure 1-8d).65 

 

Scheme 1-1. The first direct synthesis of pyridine-borane complexes by electrophilic 
borylation by Murakami60 [Adapted with permission from reference 60. Copyright © 

2010, American Chemical Society] 
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Figure 1-8. Examples of BN compounds obtained via electrophilic borylation with BBr3 
by Fu62 (a), Tang63 (b), Patil64 (c), and Fang65 (d) 

 

In 2015, Ingleson developed a simple strategy for less activated systems.66 They pursued 

donor-acceptor materials containing benzo-thiadiazoles (BT), which are less nucleophilic 

relative to pyridyls. They described a facile synthetic method for the double borylation 

using excess BCl3 (4 eq.), a sterically hindered base (TBP, 2,4,6-tritbutyl-pyridine, 2 eq.) 

and AlCl3 (4 eq.). AlCl3 is essential to ensure clean conversion to a single product, [5-

(BCl)2]2+, which is readily transformed to 5-(BCl2)2 by addition of [NBu4]Cl (Scheme 1-

2). Further functionalization of the BCl2 compounds gave stable fuorescent compounds 

with excellent solid-state quantum yields. The same group extended this approach to 

prepare (C-N-chelate)B(aryl) species via catalytic (in AlCl3) borenium cation mediated 

arylation (7, Figure 1-9).67 More recently, they utilized this methodology to form highly 

emissive far red/near-IR fluorophores based on borylated donor-acceptor materials that 

contain electron-rich aromatic units (fluorene-benzothiadiazole)68 (8, Figure 1-9) and 

highly twisted borylated donor-acceptor compounds displaying donor-dependent delayed 

emission69 (9, Figure 1-9). 
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Scheme 1-2. A method for less activated systems by Ingleson66 [Adapted from Ref. 66 
with permission from The Royal Society of Chemistry.] 

 

 

Figure 1-9. Examples of BN compounds obtained via electrophilic borylation with BCl3 
by Ingleson67-69 

 

1.3 Applications of BN Lewis pair functionalized conjugated materials 

The use of electron-deficient boron atoms to form intramolecular B-N coordination 

compounds can enhance extension of π-conjugation and lower the LUMO level while 

reversibly forming the the Lewis pair. BN Lewis-pair functionalized conjugated materials 

generated based on this concept can be utilized as new luminescent materials for organic 

light emitting devices (OLEDs) and imaging applications, electron transporting and 

acceptor materials for organic photovoltaics (OPVs) and organic field-effect transistors 

(OFETs).27, 32, 70-71 These BN compounds have also been widely used as NIR-emissive, 

molecular switching, photochromic and sensory materials.28, 33 In addition, certain BN 

compounds can serve as singlet-oxygen carrier or sensitizer for applications in 

photodynamic therapy.72 
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1.3.1 Luminescent materials  

One of the most important current issues in material science is the development of highly 

efficient luminescent materials for applications in organic light-emitting diodes (OLEDs), 

imaging materials, sensors and photoresponsive materials. Owing to their unique electron-

deficient nature and tunable photophysical features, a variety of boron-containing 

luminescent compounds have been studied in the past few decades. 

Organic light-emitting devices (OLEDs) have attracted interest due to their application in 

next-generation high quality flat-panel displays and lighting. The basic structure of OLEDs 

shown in Figure 1-10 consists of a stack of thin organic layers including the electron-

transport layer (ETL), the emitting layer (EML), and the hole-transport layer (HTL)) 

sandwiched between the anode and cathode. To promote the development of OLEDs, more 

and more electroluminescent materials have been designed. Among them, B-N 

coordination complexes have attracted increasing attention because of their high 

fluorescence efficiency, high carrier mobility and good chemical and thermal stability. So 

far, blue, green and red EL emitters for full-color displays and lighting have all been 

realized based on four-coordinate boron compounds.27, 73-76 Unfortunately, their 

electroluminescence performances are usually poor, unable to meet the requirements of 

commercial application.  
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Figure 1-10. The basic structure of OLEDs34 [Adapted with permission from reference 
34. Copyright © 2019 Elsevier Inc.] 

 

The key factor determining the efficiency of OLEDs is the ability to utilize triplets for light 

emission, which constitute 75% of the generated excitons. One approach is the 

development of phosphorescent emitters, which mainly rely on heavy-metal complexes to 

enhance the radiative transition from triplets. Another strategy relies on converting the 

long-lived triplets into emissive singlets through a process called thermally activated 

delayed fluorescence (TADF). TADF molecules are capable of achieving 100% internal 

quantum efficiency (IQE) via reverse intersystem crossing (RISC) from the first triplet 

excited state (T1) to the first singlet excited state (S1) even in the absence of heavy elements. 

In the design of efficient TADF emitters, a small energy gap (ΔEST) between the first 

excited singlet (S1) and triplet state (T1) is required to increase the RISC rate. Generally, a 

small ΔEST can be achieved by spatially separating the frontier molecular orbitals (FMOs) 

as in aromatic compounds that show a twist between donor (D = donor) and acceptor (A = 

acceptor) units. In 2012, Adachi and coworkers reported the first efficient OLEDs TADF 

with purely organic small molecules as dopants.77 Since then, great efforts have been 
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devoted to designing efficient TADF molecules for OLEDs. To date, many four-coordinate 

boron compounds with emission colors ranging from the blue to the near-infrared (NIR) 

region have been reported as TADF emitters for OLED applications.78-84 

 

Figure 1-11. Jablonski diagram showing the various emission processes utilized in 
OLEDs34 [Adapted with permission from reference 34. Copyright © 2019 Elsevier Inc.] 
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Figure 1-12. Four-coordinate boron TADF emitters by Chou78-79 

The first examples of four-coordinate boron TADF emitters were reported by Chou and 

coworkers in 2016.78 They developed a series of novel TADF molecules (10-12, Figure1-
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12), in which the boron atom acts as a hub to anchor both the donor (phenylcarbazolyl or 

triphenylamine fragments) and acceptor (pyridyl pyrrolide) groups without affecting their 

electronic properties. Among all studied OLEDs, the device prepared using 12 gave the 

highest external quantum efficiency (EQE) of 13.5%. Later, the same group investigated a 

series of functional phenylpyridinato boron complexes in organic EL devices, including 14 

and 15, in which phenylpyridine as the electron acceptor (A) is linked to triphenylamine as 

the electron donor (D) via a core boron atom (13-19, Figure 1-12).79 OLEDs based on 15 

exhibited the highest performance with a nearly 27% EQE. Matsuo and Yasuda used a 

different strategy for the design of TADF molecules with the same phenylpyridine-borane 

building block.80 In the above examples, the boron center served as the spiro center for 

separating the HOMOs and LUMOs. They reported a D-A TADF molecule using a 

phenylpyridine (PPy) scaffold bearing a coordinated boryl group as an acceptor (Figure 1-

13). Intramolecular B-N coordination decreases the lowest singlet excited state energy, 

while the lowest triplet excited state energy remains unchanged. In addition, B-N 

coordination polarizes the orbital distribution, leading to minimal spatial overlap between 

the HOMO and the LUMO and a reduction in ∆EST without changing the D-A 

conformation. An OLED device, based on compound 20, emitted green light displaying 

high performance with EQE of 22.7%. Clark’s group synthesized a series of four-

coordinate boron complexes 22-29 as new color-tunable TADF-emitting materials for EL 

applications (Figure 1-14).81 They emitted a wide range of color in organic EL devices, the 

colors of which were tuned by using a modular selection of donor and acceptor groups. 

Furthermore, device 26 had low efficiency roll-off (73% efficient at 18,000 cd/m2), which 

is promising for future OLED emitters.  
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Figure 1-13. TADF molecule using a phenylpyridine coordinated boryl group as an 
acceptor by Matsuo80. [Reproduced from Ref. 80 with permission from The Royal 

Society of Chemistry.] 
 

 

Figure 1-14. Four-coordinate boron complexes by Clark81  
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Figure 1-15. TADF molecules introduced by Adachi (a)82 and Yam (b)84 

Currently, most of the reported TADF molecules are based on an intramolecular donor-

acceptor (D-A) system exhibiting a charge-transfer (CT) transition. Adachi designed 

intramolecular D-A systems which can form an exciplex based on spiro-type 

tetracoordinate boron derivatives (30 and 31, Figure 1-15a).82 They demonstrated the 

importance of the triplet CT states (3CT) and the triplet local excited states (3LE) alignment 

as to allow 3LE to be involved in the RISC process for efficient TADF. Yam and coworkers 

designed and synthesized a class of donor-acceptor TADF materials with a four-coordinate 

boron center bearing a tridentate 2,2'-(pyridine-2,6-diyl)diphenolate (dppy) ligand as the 

acceptor and diarylamines as the donor (32-34, Figure 1-15b).84 These compounds 

exhibited high EQEs of 18.0 % for green, 17.5 % for yellow and 8.8 % for blue emission. 

More importantly, TADF-based OLEDs exhibited long operational stabilities with half-

lifetimes of ~2,354 hours for 32, ~12,733 hours for 33 and ~9,495 hours for 34, suggesting 
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four-coordinate fluoroboron compounds to be promising functional building blocks for 

stable and efficient TADF emitters. Another area of rapid development in highly efficient 

luminescent materials is that of boron-based imaging materials. Fluorophores containing 

tetra-coordinated boron centers, such as boron dipyrromethene (BODIPY), have been 

widely used in fluorescence imaging owing to their low cost, low toxicity, and tunable 

molecular structure. The development of fluorescent probes is key to advancing bioimaging 

applications. In the past few decades, many boron-based probes with tunable emission 

maxima throughout the visible spectral region have been developed and they have greatly 

accelerated the field of bioimaging for biological research and clinical needs.85-89 For 

example, Li’s group designed a simple and general strategy to synthesize meso-carboxyl-

substituted BODIPY-based bioprobes with emission maxima ranging from green to far red 

(509, 585, and 660 nm) that contain a stimuli-responsive, self-immolative ester linkage (35, 

Figure 1-16a).85 Their application as a mitochondria-targeting far-red probe for various 

biomolecules and enzymes was also validated in living cells. Cosa and coworkers 

constructed a lipophilic BODIPY-acrolein fluorogenic probe (AcroB, Figure 1-16b) that 

can be used for visualization of cellular response to a noncanonical lipophilic electrophile 

via a larger than 350-fold emission enhancement in live-cell imaging studies.86 Kim 

reported a novel BODIPY probe (36, Figure 1-16c) that forms J-aggregates to provide a 

turn-on signal. This J-aggregating probe allowed for the selective detection, assaying, and 

imaging of EPO activity in live mice.88 Zhang and coworkers synthesized a novel 

asymmetric boron-cored aggregation-induced emission (AIE) luminogen through the 

formation of oxygen-boron-nitrogen bonding (37, Figure 1-17).54 Unlike BODIPY and its 

analogs, which often exhibit weak emission, this molecule with a sterically bulky 
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diphenylboron moiety exhibited AIE characteristics to achieve intriguing emission 

behavior in solid or aggregated states. 

 

Figure 1-16. BODIPY-based bioprobes in visible wavelengths by Li85 (a), Cosa86 (b) and 
Kim88 (c). [Reproduced with permission from references 85, 86 and 88. Copyright © 
2017, American Chemical Society; Copyright © 2017, American Chemical Society; 

Copyright © 2018, American Chemical Society] 
 

 

Figure 1-17. Asymmetric boron-cored AIE luminogen by Zhang54. [Reproduced with 
permission from references 54. Copyright © 2018, American Chemical Society.] 
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In recent times, the development of fluorescent probes with near-infrared (NIR) emission 

has received great attention in light of the potential applications in bioimaging. Fluorescent 

probes with near-infrared (NIR) emission can achieve great sample penetration depths, 

sensitive detection and less photo damage compared to fluorescent probes that operate at 

visible wavelengths. Recently, the fluorescence properties in the NIR region of tetra-

coordinate boron-based probes have been studied.90-94 For example, Cao and coworkers 

prepared aggregation-induced emission (AIE) active and NIR-emissive pyrrolopyrrole aza-

BODIPY dyes (38 and 39, Figure 1-18a) from diketopyrrolopyrrole and heteroaromatic 

amines via a facile synthesis.90 These aza-BODIPY luminogens solved the common 

problem of aggregation-caused quenching (ACQ) of fluorescent dyes in the solid state. 

Chan’s group synthesized  small-molecule NIR-photocontrolled nitric oxide (NO) donors 

that consist of an aza-BODIPY dye with an alkylated N-nitroso moiety (40 and 41, Figure 

1-18b).92 These molecules incorporate a direct photoacoustic (PA) readout to enable 

noninvasive monitoring of analyte release in live animals. Wang et al. presented stable 

BODIPY-based bis(arylamine) diradical dications (42 and 43, Figure 1-18c) that are 

generated by two-electron oxidation of the corresponding neutral molecules.93 These 

BODIPY-bridged dications show near-infrared absorptions at 1274 nm and 1068 nm in 

CH2Cl2 solution, respectively. This diradical dication strategy serves as a new approach to 

NIR dyes at longer wavelengths.  
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Figure 1-18. Fluorescent probes with NIR emission by Cao90 (a), Chan92 (b) and Wang93 
(c) 

 
Another interesting research direction is to develop luminescent ‘‘smart’’ materials that 

respond to one or more environmental ‘‘triggers’’ such as light, heat, and force via several 

different mechanisms including structural isomerization, phase transitions in liquid crystals 

and changes in the intermolecular interactions. Boron-based stimuli-responsive materials 

have attracted much recent research interest, because they can form reversible coordination 

bonds between the Lewis-acidic boron center and the Lewis-basic nitrogen atom, which 

results in significant changes to their electronic, photophysical or mechanical properties. 

The group of Kawashima reported in 2005 the photoisomerization of azobenzene N,C-

chelate boron compounds (44, Figure 1-19a).95 A catecholborane bearing a 2-

(phenylazo)phenyl group showed photoswitching with a change of the coordination 

number at boron from 3 to 4 upon irradiation at 360 nm. In 2008, Wang and coworkers 

reported another type of boron-containing compounds that undergo a reversible 

isomerization process through the formation/breaking of a C-C bond around a tetrahedral 
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boron center upon photoirradiation and heating (45 and 46, Figure 1-19b).96 Upon 

irradiation by light (365 nm), the colorless four-coordinated N,C-chelate organoboron 

compounds rapidly changed color to dark olive green (45) or dark blue (46) and lost their 

fluorescence. The reaction is reversible as the dark-color species revert back to the colorless 

compounds upon heating in C6D6 in the dark. This was the first example of organoboron 

compounds that exhibit reversible photo-thermal color switching. Subsequently, Wang’s 

group made significant further contributions to the development of photochromic N,C-

chelated organoboron compounds.26, 33, 55-56, 97-99  

 

Figure 1-19. Photochromic N,C-chelated organoboron compounds by Kawashima95 (a) 
and Wang96 (b) 

 

Recently, Murata and coworkers designed and synthesized the Mes2B-substituted 

benzothiadiazole derivative 47 (Figure 1-20a), which, triggered by changes in temperature, 

solvent polarity, and mechanical impact, experienced changes in the electronic structure 

and chromic behavior based on the reversible formation of an intramolecular B-N bond.100 



- 25 - 
 

 
 

Crystals of 47 were yellow in color (λ = 430 nm) adopting an ‘‘open’’ form and dark blue 

(λ = 577 nm) in the ‘‘mono-closed’’ form in CHCl3 solution. The color of solutions of 47 

showed both temperature and solvent dependency. In toluene 47 is deep blue in color at 0 

oC but turns brown at 80 oC. Grinding the bright yellow crystals of 47 leads to a color 

change to dark green. Another example of compounds with weak B-N bonds are the 

stimuli-responsive B/N Lewis pairs reported by Wang’s group (48, Figure 1-20b). The B-

N bond strength can be tuned by varying the R group on the nitrogen atom and via external 

stimuli.98 Very recently, the same group designed an effective fluorescence “turn-on” 

temperature probe (49, Figure 1-20c).99 When increasing the temperature, the B-N bond of 

49 opened and the fluorescence color changed from weakly green to bright sky-blue in 

CH2Cl2. The open structure proved to be very effective for CO2 sensing. 

 

Figure 1-20. Photochromic N,C-chelated organoboron compounds by Murata100 (a) and 
Wang98-99 (b, c). [Reproduced with permission from references 100, 98 and 99. Copyright 
© 2017 Wiley‐VCH Verlag GmbH & Co. KGaA, Weinheim; Copyright © 2018, 
American Chemical Society; Copyright © 2019, American Chemical Society.] 
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Compounds exhibiting circularly polarized luminescence (CPL) have received 

considerable attention owing to their great potential in chiroptical materials. Several 

BODIPY-based chiral architectures have been synthesized and found to show CPL 

effects.101-108 Very recently, Ema and coworkers prepared chiral carbazole-based BODIPYs 

with a binaphthyl unit (50 and 51, Figure 1-21a), which showed strong CPL both in solution 

and in the solid state with glum values of up to 7.0 × 10-3.109 These compounds also represent 

the first BODIPY derivatives that exhibit CPL both in solution and in the solid state. In 

2017, Crassous’ group reported the first helical azaboroles which incorporate boron 

directly in the helical architecture (52-55, Figure 1-21b).57 They synthesized a series of 

azaborahelicenes of different size (n=6, 8, 10 ortho-fused cycles) bearing different numbers 

of boron atoms, which display chiroptical properties. In 2018, Ros et al. developed 

helicenes based on a borylated arylisoquinoline (BAI) skeleton that contain different aryl 

fragments at the 8-position of the naphthyl moiety (56-58, Figure 1-21c).58 The helicenes 

58 showed circularly polarized luminescence (CPL) emission with dissymmetry g factors 

of up to 3.5 × 10-3. 
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Figure 1-21. Organoboron compounds that exibit circularly polarized luminescence 
(CPL) by Ema109 (a), Crassous57 (b) and Ros58 (c) 

 
1.3.2 Materials for singlet fission and triplet fusion upconversion 

Singlet fission is an efficient multiple exciton generation (MEG) process in which some of 

the energy of a singlet excitation is transferred to a neighboring ground-state chromophore 

to convert to a pair of triplet excitons. A general description of singlet fission is illustrated 

in Figure 1-22. Singlet fission initiates with absorption of a photon to produce a singlet 

exciton, S0S1 state (Step 1). The singlet excited state S0S1 rapidly forms a correlated pair 

of triplets that are coupled to form an overall singlet, 1(T1T1) (Step 2). Step 3 involves spin 

decoherence of the 1(T1T1) state to two independent triplets T1+T1. Step 4 and 5 are decay 

to the ground state S0S0.110 The process of generating two independent triplets from one 

excited singlet can potentially enhance the efficiency of solar cells.     
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Figure 1-22. Schematic representation of the singlet fission process.111 [Adapted with 
permission from Ref. 111. Copyright © 2016, American Chemical Society] 

 

Singlet fission was first observed in 1965 to explain delayed fluorescence in crystalline 

anthracene, which was considered a rather inefficient process.112 Singlet fission has 

attracted renewed interest in the last decade when Nozik pointed out that singlet fission 

could increase the efficiency limit of single junction solar cells to overcome the Shockley-

Queisser limit of 33% to nearly 45%.113 For singlet fission to occur, there are two energetic 

requirements: (1) E(S1) ≥ 2E(T1), the energy of the singlet exciton (S1) is greater than or 

equal to the energy of the lowest lying triplet exciton pair (T1+T1) and (2) E(T2) ≥ 2E(T1), 

the energy of the second lowest lying triplet exciton (T2) is greater than or equal to the 

energy of the lowest lying triplet exciton pair (T1+T1).114 So far, the range of materials 

capable of SF is still quite limited, which are mainly restricted to tetracene, pentacene, 

diphenylisobenzofurans, carotenoids, perylenediimide, polyenes and their derivatives. 
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Figure 1-23. Examples of B-N substitution compounds in organic solar cells by Liu49, 115-

117 (a) and Pammer118 (b) 
 

BN Lewis-pair functionalized conjugated materials offer new approaches to adjust the 

optoelectronic properties of conjugated molecules, which are promising for organic solar 

cells (OSCs) applications. However, examples of B-N embedded π-units for OSCs 

applications are scarce. Recently, Liu’s group reported the first example of B-N substitution 

polymers as acceptor materials for solar cells (59, Figure 1-23a).49 They replaced a C-C 

unit to B-N unit in conjugated polymers to lower their HOMO and LUMO energy levels 

by about 0.6 eV, turning conjugated polymers from electron donor to electron acceptor 

materials. Their results indicate that B-N based copolymers have high electron affinity and 

can be used as electron acceptor in OSCs devices. Subsequently, the same group 

synthesized several compounds based on B-N units to improve photovoltaic performance 

for efficient solar cells (60-62, Figure 1-23a).115-117 62 exhibited the highest power 



- 30 - 
 

 
 

conversion efficiency (PCE) of 7.06% due to improved carrier mobility and a wide 

photoresponse from 350 nm to 880 nm. Very recently, Pammer and coworkers prepared B-

N ladder polymers via postpolymerization modification of well-defined conjugated 

polymers (63, Figure 1-23b).118 This postmodification strategy can modify the electronic 

and structural properties of conjugated polymers as organic electronic devices. 

 

Figure 1-24. Examples of B-N substitution compounds in organic solar cells by Leo119 
(a), Huang120 (b), and Wang121 (c) 

 

With respect to small molecule acceptors, Leo and coworkers synthesized furan-fused 

BODIPYs with a CF3 group on the meso-carbon as near-infrared absorbing materials for 

organic solar cells (64, Figure 1-24a).119 The best single junction device reached a PCE 

over 6%. They further combined 64 as the long wavelength absorber with the “green” 

absorbing donor DCV5T-Me in a vacuum-processed tandem solar cell, achieving a high 

PCE of 9.9%. Huang demonstrated that the aggregation modes, photophysical and solar 

cell performance of diketopyrrolopyrrole (DPP)-based molecules (65 and 66, Figure 1-24b) 
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can be tuned by introducing B-N units to replace C-C units and changing the orientation of 

the B-N bond.120 So far, only one type of BN compound was confirmed to undergo singlet 

fission. Wang’s group recently synthesized a diazadiborine-pyrene (67, Figure 1-24c) 

which may serve as a promising singlet fission chromophore according to density 

functional theory (DFT) calculations.121 

 

Figure 1-25. Simplified scheme of triplet fusion upconversion.122 [Adapted with 
permission from Ref. 122. Copyright © 2017, American Chemical Society.] 

 
The direct reverse process of singlet fission is called triplet fusion (TF), also known as 

triplet-triplet annihilation (TTA), a process in which two separate triplet excitons are 

converted to a higher energy singlet or triplet exciton. Triplet fusion upconversion, the 

conversion of two low-energy photons into one higher-energy photon, has recently 

attracted much attention for its wide variety of potential applications, ranging from solar 

cells to biological imaging, optogenetics and photochemistry.123-127 This process requires 

two species, a sensitizer which absorbs low-energy photons and an annihilator which emits 

higher energy photons (Figure 1-25).122 First, the sensitizer is excited to its singlet state S1 

that undergoes intersystem crossing (ISC) to achieve the excited triplet state T1. This triplet 

energy can then be transferred from the sensitizer to an organic annihilator via triplet-triplet 
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energy transfer (TTET). Two annihilators in the triplet state then come together and 

undergo triplet fusion (TF), yielding one annihilator in the singlet excited-state (S1) and 

another annihilator quenched to its ground state. The excited annihilator in its S1 state 

decays to the ground state via fluorescence at a higher energy than the incident light.  

 

Figure 1-26. Heterocyclic Compounds As Annihilators by Castellano128-129 (a) and 
Congreve (b)130 

 
To date, most attention has been given to the development of novel sensitizers. The 

annihilator molecules have been largely based on aromatic hydrocarbons.131-134 In 2008, 

Castellano et al. developed the first examples of BODIPY annihilators for upconversion 

(68 and 69, Figure 1-26a).129 68 and 69 exhibited green and yellow emission, respectively. 

Then the same group reported a perylenediimide (PDI) dye as a yellow emissive annihilator 

to provide NIR-to-vis upconversion (70, Figure 1-26a).128 Very recently, Congreve and 

coworkers introduced diketopyrrolopyrroles (71, Figure 1-26b) as a new class of 

annihilators which can be modified to tune the output wavelength from upconversion.130  
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1.3.3 Photodynamic therapy  

Photodynamic therapy (PDT) is an emerging photochemotherapeutic method which 

utilizes the photoexcitation of an external photosensitizer (PS) by appropriate light to 

generate cytotoxic singlet oxygen (1O2) to kill the cancer cells without affecting the 

unexposed normal cells. Applications of PDT require visible light, a photosensitizer and 

oxygen, leading to the production of cytotoxic agent (1O2) to inactivate tumor cells. The 

process of photodynamic cancer therapy is illustrated in the Jablonski diagram shown in 

Figure 1-27.135 Following the absorption of light, the photosensitizer is excited from the 

ground state (S0) to the first excited single state (S1). The excited triplet state (T1) is 

achieved via intersystem crossing (ISC). Singlet oxygen is generated via an energy transfer 

process between the excited triplet state of the photosensitizer and the ground-state 

molecular oxygen. To date, a number of photosensitizers, such as quantum dots, 

upconversion nanoparticles and organic nanoparticles, have been investigated for potential 

application in PDT.72, 136-138 

  

Figure 1-27. The process of photodynamic cancer therapy.135 [Adapted with permission 
from reference 135. Copyright © 2002 Elsevier Science B.V.]  

 
Boron-dipyrromethene (BODIPY) is a class of metal-free dyes, which has been used as a 

new class of photosensitizers for PDT over the past decade. BODIPYs have many ideal 
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photosensitizer properties such as high absorption coefficient, high photostability, anti-

photobleaching property, etc.72 So far, there have been a number of reports on the attributes 

of BODIPY dyes for PDT.72, 139-150 The first BODIPY photosensitizer was developed by 

O'Shea’s group for singlet oxygen generation in PDT (72, Figure 1-28a).139 They attached 

two bromine atoms directly onto BODIPY to enhance the intersystem crossing efficiency 

by the internal heavy-atom effect. Measurements of QY for 1O2-generation revealed that 

compound 72 has a high efficiency of 1O2 generation of 74%.140 A disadvantage of the 

halogenation of BODIPY is the low dark cytotoxicity ratio. This problem can be overcome 

by using the heavy-atom-free BODIPY. In 2012, Zhao and coworkers prepared styryl 

BODIPY-C60 dyads (73, Figure 1-28b) as efficient heavy atom-free organic triplet 

photosensitizers.141 The photosensitizing efficiency of the dyads is much higher (ca. 20-

fold) than for the conventional 1O2 photosensitizers. Recently, Senge et al. reported heavy 

atom-free BODIPY-anthracene dyads (74 and 75, Figure 1-28c) that can efficiently 

generate triplet excited states via photoinduced electron transfer and can be used as 1O2 

sensitizers.143 Photoinduced electron transfer (PeT) as a new strategy to enhance ISC has 

attracted lots of attention owing to the advantages over the conventional heavy atom 

insertion method. In addition, this donor-acceptor dyad becomes fluorescent in response to 

the generated 1O2 in biological media. Very recently, the same group demonstrated that 

dyads combining BODIPY as an electron acceptor and pyrene or perylene as electron donor 

subunits can act as heavy atom-free singlet oxygen sensitizers.147 The most efficient 1O2 

sensitization was observed for 76 (Figure 1-28c), which showed quantum yields of singlet 

oxygen of up to 0.75 in polar media (ethanol).	 	
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Figure 1-28. Examples of BODIPY dyads as photosensitizers for PDT by O'Shea 139 (a), 

Zhao141 (b), and Senge143, 147 (c) 
 

Beyond BODIPY, similar properties as singlet oxygen sensitizers were recently observed 

for N,C-chelate organoboron dyes. Pischel and coworkers introduced four-coordinate N,C-

chelate organoboron dyes, based on arylisoquinoline ligands (77, Figure 1-29a).151 

Compound 77 underwent efficient ISC with triplet state formation, and showed quantum 

yields of singlet oxygen larger than 0.3. Our group developed a new class of BN 

functionalized PAHs (78, Figure 1-29b) by electrophilic aromatic borylation of 

pyridylanthracenes in 2017.152 These contorted BN-fused PAHs can react with O2 in the 

presence of light without the need for an external photosensitizer, which opens the 

possibility for applications in photodynamic therapy (PDT). This work is described in 

Chapter 2. In continuation of this work, we investigated the effect of structural 
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modifications on the pyridyl moiety. We found that placement of a methyl group in 

different positions can alter dramatically the reactivity of the BN-anthracenes. Hence, they 

can be exploited for applications as singlet oxygen sensitizers or for the on-demand 

delivery of singlet oxygen as described in Chapter 3.153 

 

Figure 1-29. Examples of N,C-chelate organoboron compounds as photosensitizers for 
PDT by Pischel151 (a) and Jäkle (b)152-153 
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Chapter 2 BN Lewis Pair Functionalization of Anthracene [a] 

2.1 Introduction 

Polycyclic aromatic hydrocarbons  (PAHs) continue to attract immense interest for 

applications in organic electronics and as luminescent materials.1 They are also of key 

importance as sensitizers and in the selective release of singlet oxygen for biomedical 

applications.2 Upon incorporation into polymers, the reversible formation of Diels-Alder 

adducts can be exploited in “smart” materials with self-healing or mechano-responsive 

properties.3 In another twist, deliberate distortions to the conjugated framework in 

contorted PAHs alters the reactivity, photophysical and optoelectronic properties, while 

also offering structural complementary and thus enhanced interactions with fullerenes and 

related nanomaterials.4 

A powerful approach to modifying PAHs is to introduce heteroatoms such as B, Si, N, P, 

S, etc; the intrinsically different features of these main group elements can dramatically 

change the electronic structure and reactivity of PAHs.5 For example, replacement of 

carbons with tricoordinate borons yields materials that display strong fluorescence, 

phosphorescence or even thermally activated delayed fluorescence (TADF).6 Similarly, the 

replacement of CC units for isoelectronic and isosteric BN units modifies the aromatic 

character and charge transport properties.7 On the other hand, B¬N Lewis pair 

functionalization (tetracoordinate boron) of conjugated materials can lead to materials with 

NIR-emissive, enhanced acceptor, and photoswitchable characteristics.8 However, B¬N 

Lewis pair functionalization approaches have not been explored as a design motif to 

 
[a] This chapter is adapted from a journal publication (ref. 24). 
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contorted PAHs, potentially offering unprecedented electronic structure modulation and 

reactivity patterns. 

 

2.2 Results and Discussion 

 

Scheme 2-1. Synthesis of BN-fused 9,10-dipyridylanthracenes 3-R (R = Ph, Et) and 4-
Et 
 

Suzuki-Miyaura coupling of 1 with 2-bromo-6-methylpyridine gives 9,10-di(pyrid-2-

yl)anthracene (2) (Scheme 2-1), which was isolated as a light yellow crystalline solid that 

shows a strong blue-purple luminescence in solution, typical of 9,10-diarylanthracenes.9 

The 1H NMR spectrum of 2 in CDCl3 at RT reveals two sets of peaks with a relative 

intensity of 1:3.4, which are attributed to rotamers based on H,H-EXSY 2D NMR 

measurements (Figure. 2-1). The barrier to inter-conversion between the cis and trans-

isomer is ∆G≠ 
318 = 69.7±1.1 kJ mol–1 based on VT NMR experiments in d8-toluene (Figure 

2-2). According to an X-ray analysis, compound 2 preferably crystallizes in its trans 

configuration with the pyridyl rings oriented perpendicular to the anthracene moiety 

(Ð87.2º; Figure 2-3).  
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Figure 2-1. H,H-EXSY NMR spectrum (aromatic region, CDCl3, 25 ºC, mixing time: 0.6 
s) of 9,10-bis(6-methylpyrid-2-yl)anthracene (2); cross-peaks labeled yellow are due to 

exchange, those labeled blue are due to NOEs.  
 
 
 

 

Figure 2-2. VT 1H NMR spectra of 2 (N-Me region, d8-toluene, 599.7 MHz); only one 
N-Me signal is observed in CDCl3 at RT. 
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Figure 2-3. X-ray crystal structure plot of 2 (50% thermal ellipsoids). Selected bond 
distances (Å) and interplanar angles (°): C1-C7 1.4997(17), PhAn,outer // PhAn,outer 0.0, 

PhAn,inner // Py 87.2. 

 
Compound 2 was then subjected to a Lewis base-directed electrophilic aromatic 

borylation8c, 10 with BCl3 and AlCl3 in the presence of 2,6-di-tert-butylpyridine (DBP) as a 

sterically hindered base, resulting in annulation by concurrent formation of two new BN 

heterocycles (Scheme 2-1). Subsequent treatment with organozinc reagents (R2Zn, R = Ph, 

Et) gave the targeted BN-fused PAHs 3-Ph (28%) and 3-Et (38%) in moderate yields. 

Using similar methods, a mono-functional derivative (4-Et, 88%) was prepared for 

comparison. The products were isolated by recrystallization from CH2Cl2/hexanes and 

fully characterized by multinuclear NMR and high-resolution MALDI-TOF MS. Signals 

at 0.8 (3-Ph), 2.8 (3-Et), and 3.5 ppm (4-Et) in the 11B NMR spectra confirm the presence 

of tetracoordinate boron centers. The 1H NMR spectra are complex, but all the protons for 

3-Ph and 3-Et could be assigned by H,H-COSY and NOESY 2D NMR (appendix). 

Importantly, for both the mono- and bifunctional derivatives, two separate sets of signals 

are detected for the Ph and Et substituents, but only one set for the anthracene moiety. This 
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suggests that the BR2 moieties do not lie within the anthracene plane and thus the overall 

structure is non-planar.  

 

Figure 2-4. X-ray structure plots of a,b) 3-Et and c) 4-Et. 

The X-ray structures of 3-Et and 4-Et are depicted in Figure 2-4 and they confirm the 

formation of contorted PAHs. The anthracene backbone of 3-Et is strongly distorted as 

deduced from an inter-planar angle between the terminal benzene rings of anthracene of 

21.5°, whereas a value of only 4.4° in 4-Et indicates a more planar environment for the 

mono-functional system. Strain is also evident from the displacement of the boron atoms 

relative to the anthracene backbone; this type of distortion is more pronounced for 4-Et 

than for 3-Et as indicated by a much larger deviation of the centroidPh-Cipso-B angle from 

the ideal value of 180° (3-Et: 173.6, 174.8°; 4-Et: 167.9°). We conclude that steric strain 

results either in large tilting of the boryl moiety with respect to anthracene (dominant for 

4-Et) or a distortion of the anthracene backbone itself (dominant for 3-Et). The steric strain 

is induced in part by interference of protons on anthracene with the meta-pyridyl protons 

that are in close proximity, but the incorporation of tetrahedral boron centers into the 6-

membered B-N heterocycles likely also plays a role. The B-N distances (1.671(4) to 

1.685(3) Å) are on the longer side of typical B-N donor-acceptor bonding,11 whereas the 
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C-C bonds that connect the anthracene to the pyridyl moieties (1.479(3) Å for 3-Et, 1.482(3) 

Å for 4-Et) are slightly shorter than that of 2 (1.500(2) Å), which may suggest enhanced 

π-delocalization. 

 

 

Figure 2-5. Proposed structural inversion of compounds 3-R (R = Et, Ph) via a 
planarized trans-isomer as an intermediate. 

 

Structure optimization of 3-Et, 3-Ph, and 4-Et using DFT methods (rb3lyp/6-31g(d)) 

reproduced the distortions to the anthracene backbone in all cases very well (Table 2-5). 

Interestingly, when optimizing the structure of the experimentally undetected trans-isomer 

of 3-Et (Figure 2-5) in which the pyridyl groups are oriented on opposite sides, a more 

planar anthracene backbone is predicted (angle of 3.2° between the outer benzene rings). 

However, the B-N heterocycles are highly distorted and the boron atoms strongly displaced 

from the anthracene backbone. The predicted B-N and B-C distances are further elongated 

and the endocyclic C-B-N angles more acute. This suggests that the B-N Lewis pair 

interactions are further weakened and the heterocycles should open up easily as in so-called 

“flexible” Lewis pairs.12, 13  

In the case of 3-Et, the calculated Gibbs free energy is 19.8 kJ mol–1 higher for the trans- 

than the cis-isomer, which corresponds to K298 = 3.4 ´10–4; these values are consistent with 

the fact that we cannot experimentally detect the trans-isomer.13 Nevertheless, a trans-
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isomer is likely involved as an intermediate in the inversion of the cis-isomer (flip of the 

bent anthracene, Figure 2-5). First evidence for such a process was gathered from H,H-

EXSY NMR data, which show exchange peaks between the non-equivalent exocyclic R 

groups (Figures 2-12 to 2-14). Furthermore, VT 1H NMR experiments reveal two distinct 

sets of signals of equal intensity for the BR2 groups at low temperature, which gradually 

merge into one set of peaks as the temperature is raised (Figures 2-15 to 2-17). From the 

coalescence temperatures we estimate the free energy barrier to be 68±1 kJ mol–1 (3-Ph), 

68±1 kJ mol–1 (3-Et), and 64±1 kJ mol–1 (4-Et). This inversion requires a “buckling” with 

simultaneous change in the orientation of the pyridyl moieties (Figure 2-5). The unusually 

long B-N distances11a and the similarity of the energy barrier for 3-Et and 3-Ph to that 

determined for inversion of the pyridyl groups in precursor 2 (vide supra) suggest a 

mechanism that involves two successive sequences of B-N dissociation/pyridyl rotation/B-

N association events. 

 

 

Figure 2-6. a) UV-Vis absorption (left) and fluorescence (right) spectra in DCM; b) 
Photographs of 3-Ph in DCM solutions under daylight (left) and under UV irradiation 

(λex=365 nm) (middle); solid-state fluorescence under UV irradiation (λex=365 nm) 
(right). 
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The bis-borane complexes 3-R (R = Ph, Et) are obtained as red crystalline solids that 

display a very bright orange-red emission in solution and red emission in solid state. A 

comparison of the absorption and emission spectra of 3-R and 4-Et with those of the 

respective precursors 2 and 2M is displayed in Figure 2-6 and further details are provided 

in Table 2-6. 2 and 2M show spectral features typical of 9,10-diarylanthracenes with a 

structured absorption and a blue-violet fluorescence. In stark contrast, formation of the BN 

heterocycles results in strongly red-shifted and broadened absorptions and long wavelength 

emissions. The bis-borane species 3-R give rise to maximum absorptions and emissions 

(λAbs = 538, 542 nm; λFl = 611, 620 nm) at far longer wavelengths than the mono-borane 4-

Et (λAbs = 453; λFl = 538 nm). According to TD-DFT calculations, the dominant absorption 

band of 3-R and 4-Et is due to a high intensity S0 → S1 (HOMO → LUMO) transition with 

intramolecular charge transfer (ICT) character. The ICT character is likely responsible for 

the fact that the absorptions are broad and featureless. The quantum yield of the bis-boranes 

remains very high (3-Ph: 56%, 3-Et: 53%), despite the dramatic decrease in the transition 

energy. That of the mono-borane 4-Et (22%) is relatively lower. The bis-boranes also 

exhibit longer fluorescence lifetimes (3-Ph: 10.9 ns, 3-Et: 11.1 ns) than the corresponding 

mono-functional species (4-Et: 4.1 ns). 
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Figure 2-7. Calculated orbital energy levels and HOMO/LUMO orbital plots of 3-Et and 
4-Et in comparison to their all-carbon analogs 3C-Et and 4C-Et. Red arrows show cross-

conjugation. 

 
Table 2-1. Comparison of calculated orbital energy levels (rb3lyp/6-31g(d)) for ligand 
percursors (orange), B-N Lewis-pairs (black), and all-carbon analogs (green) 

Compound LUMO (eV) HOMO (eV) Egap (eV) 

2 (trans) -1.57 -5.03 3.46 
2M -1.58 -5.13 3.55 

3-Et (cis) 
3-Et (trans) 

-2.44 
-2.47 

-4.76 
-4.86 

2.32 
2.39 

3-Ph (cis) -2.64 -4.93 2.29 
3C-Et (cis) -1.81 -4.54 2.73 

4-Et -2.12 -4.99 2.87 

4C-Et -1.74 -4.90 3.16 
  

DFT calculations offer further insights into the electronic structure of the BN-

functionalized anthracenes. The results are compared to those of the corresponding all-

carbon analogs 3C-Et14 and 4C-Et in Figure 2-7 and Table 2-1(see also Table 2-7). The 

HOMO orbital is in all cases localized primarily on the anthracene moiety and only a slight 

decrease in energy is observed as the carbon atoms are replaced with the B-N units. 
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However, dramatic differences are apparent for the LUMO orbitals. They are localized on 

anthracene for 3C-Et and 4C-Et, but extensively delocalized into the pyridyl groups for 

the BN-substituted compounds 3-Et and 4-Et. The ensuing “quinoid”-like cross-

conjugation leads to much lower LUMO energy levels. As a consequence, the HOMO-

LUMO gaps decrease by 0.41 eV upon BN-substitution of the bifunctional and by 0.29 eV 

upon BN-substitution of the mono-functional system. Replacement of Et with Ph groups 

in 3-Ph lowers both the HOMO and LUMO to a similar extent, leading to a small further 

decrease in the energy gap. Calculations on isomer 9,10-di(pyrid-4-yl)anthracene and the 

respective acyclic borane complexes (Table 2-8) confirm that the observed effects are not 

only due to electronic substituent effects, but the result of distortions to the anthracene 

backbone and a more coplanar orientation of the pyridyl groups in 3-R. 

 
 

Figure 2-8. Cyclic voltammetry (CV) data for the oxidation (0.1M Bu4N[PF6] in DCM) 
and reduction (0.1M Bu4N[PF6] in THF) of BN-functionalized anthracenes (vs Fc+/0, ν = 
100 mV s-1). 
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Figure 2-9. Square wave voltammetry (SWV) data for the oxidation (0.1M Bu4N[PF6] in 
DCM) and reduction (0.1M Bu4N[PF6] in THF) of BN-functionalized anthracenes (vs 
Fc+/0). 
 
Table 2-2. Summary of electrochemical data of BN-functionalized anthracenes and 
comparison with data from DFT calculations  
Compound Ered Ered 

(SWV) 
Eox Eox 

(SWV) 
LUMOa 

[eV] 
LUMOb 

[eV] 
HOMOa 

[eV] 
HOMOb 

[eV] 

3-Et -1.87c, 
-2.07c 

-1.78, 
-1.99 

0.40d 0.36 -2.93 -2.44 -5.20 -4.76 

3-Ph -1.68c, 
-1.92c 

-1.55, 
-1.79 

0.57c 0.56 -3.12 -2.64 -5.37 -4.93 

4-Et -2.20d -2.08 0.61d 0.52 -2.60 -2.12 -5.41 -4.99 

[a] Determined from CV data using the equation ELUMO = -(4.8 + Ered,1/2) and EHOMO = 
−(4.8 + Eox); [b] from DFT calculations at rb3lyp/6-31g(d) level of theory; [c] quasi-
reversible or reversible (Ered or Eox = 0.5 (Epc + Epa)); [d] Irreversible (Eox = Epa; Ered = Epc). 
 
Lowering of the LUMO upon BN functionalization also translates into an enhanced 

electron acceptor character as further verified by electrochemical methods. The bis-boranes 

undergo two consecutive reversible reduction processes (Table 2-2) and, in good agreement 

with our DFT results, the first occurs more readily for 3-Ph (Ered = -1.68 V) than for 3-Et 

(Ered = -1.87 V). For the mono-borane 4-Et, only one irreversible reduction is observed, 

suggesting that the unsymmetrical compound is not stable at the much more negative 
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potential for reduction or that it is deposited on the electrode. The reduction potential (Epc 

= -2.20 V) is more cathodic for 4-Et as expected if the LUMO level is successively lowered 

upon introduction of each BN moiety. Only 3-Ph (Eox = 0.57 V) undergoes a reversible 

oxidation, whereas 3-Et and 4-Et show irreversible processes at Epa = 0.40 and 0.61 V vs. 

Fc+/0 (Figure 2-8 and Figure 2-9). Cyclic voltammetry data at different scan rates (100 mV 

s-1, 250 mV s-1 and 500 mV s-1) show similar features.  

 

Figure 2-10. a) Endoperoxides 3-R-O2; b) X-ray crystal structure of 3-Ph-O2; c) 
absorption and emission color changes upon uptake and release of O2. 

 

We further discovered that the intensely red colored BN-functionalized anthracenes 3-R 

rapidly react with O2 in the presence of light to form the respective colorless endoperoxides 

3-R-O2 (EPOs, Figure 2-10a). An X-ray structure analysis of 3-Ph-O2 confirms the 

presence of a peroxo bridge and the ensuing change in geometry of the anthracene 

backbone, which releases the steric strain inherent to complexes 3-R (Figure 2-10b). The 

latter is evident from CentAn-C-B angles that are much closer to 180º, whereas the B-N 

distances remain in a similar range as those of the oxygen-free species. Remarkably, this 
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EPO formation occurs in the absence of a photosensitizer typically required to promote 

singlet O2 generation for typical diarylanthracenes, suggesting self-sensitizing properties 

of the boranes (Figure 2-11a).2a We hypothesize that the high reactivity of 3-R toward O2 

is a result of the strong absorption of visible light, the small singlet-triplet gaps (Figure 2-

11b and Table 2-3) relative to other diarylanthracenes,15 and the release of steric strain upon 

peroxide formation. While the B-N distances in the triplet T1 state are similar to those in 

the ground state, the anthracene backbone is even more severely distorted (Table 2-11) and 

the spin density on the 9,10-carbons is high (Figure 2-11). The photooxidation is reversible 

as the EPOs revert back to the parent acenes upon heating in toluene. This process can be 

monitored by naked eye based on the reappearance of the characteristic red color of 

compounds 3-R (Figure 2-10c). 

 

Figure 2-11. a) Formation of EPOs from oligoacenes by type I and type II mechanisms 
[Adapted with permission from reference 16. Copyright © 2012, American Chemical 

Society]; b) The energy for the ground singlet and triplet states of 3-Et 
Table 2-3. Summary of the calculated singlet and triplet energies of 3-Et, 3-Ph and 4-Et 
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 S0 [a] 

(Hartree) 

T1 [a] 

(Hartree) 

S1 [b] 

(Hartree) 

DEad(S0-T1) 

(eV / kJ mol–1) 

DEad(S0-S1) 

(eV / kJ mol–1)  

DEad(S1-T1) 

(eV / kJ mol–1)  

3-Et -1477.791 -1477.753 -1477.725 1.016 / 98.1 1.793 / 173.0  0.777 / 75.0  

3-Ph -2087.506 -2087.471 -2087.441 0.946 / 91.2 1.750 / 168.8 0.804 / 77.6 

4-Et -1008.663 -1008.611 -1008.581 1.407 / 135.8 2.246 / 216.7 0.839 / 81.0 

[a] S0 optimized with rb3lyp/6-31g(d), T1 optimized with ub3lyp/6-31g(d). [b] From TD-
DFT optimization of S1 state with rb3lyp/6-31g(d). 
 

 
 
Figure 2-11. Illustration of spin densities in the T1 state for (a) 3-Et, (b) 3-Ph, and (c) 4-

Et. 

 

 

2.3 Experimental 

Materials and General Methods. All reactions were carried out under an atmosphere of 

pre-purified nitrogen using either Schlenk techniques or an inert-atmosphere glovebox. 

THF was distilled from Na/benzophenone prior to use. Dimethylformamide (DMF) was 

distilled from CaH2 and degassed via several freeze-pump-thaw cycles. Hydrocarbon and 

chlorinated solvents were purified using a solvent purification system (alumina/copper 

columns for hydrocarbon solvents), and the chlorinated solvents were subsequently 

distilled from CaH2 and degassed via several freeze-pump-thaw cycles. All chemicals were 
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purchased from commercial sources and directly used without further purification unless 

noted otherwise. 

NMR data were acquired at ambient temperature unless noted otherwise. 499.9 MHz 1H 

and 160.4 MHz 11B NMR data were recorded on a 500 MHz Bruker AVANCE spectrometer; 

500.2 MHz 1H and 125.8 MHz 13C NMR data were recorded on a 500 MHz Bruker Auto 

AVANCE spectrometer; 599.7 MHz 1H, 150.8 MHz 13C and 192.4 MHz 11B NMR data 

were recorded on a Varian INOVA 600 spectrometer. 11B NMR spectra were acquired with 

boron-free quartz NMR tubes either on the Varian INOVA 600 with a boron-free 5 mm 

dual broadband gradient probe (Nalorac, Varian Inc., Martinez, CA) or the 500 MHz 

Bruker Auto Avance with a 5mm PH SEX 500S1 11B-H/F-D probe. 1H and 13C NMR 

spectra were referenced internally to solvent signals (CDCl3: 7.27 ppm for 1H NMR, 77.23 

ppm for 13C NMR; d8-toluene: 2.08 ppm for 1H NMR) and all other NMR spectra 

externally to SiMe4 (0 ppm). Abbreviations used for signal assignments: An = anthracene, 

Ph = phenyl, Py = pyridyl, Me = methyl, s = singlet, d = doublet, t = triplet, q = quartet, td 

= triplet of doublets, dq = doublet of quartets, m = multiplet, br = broad.  

MALDI-TOF MS measurements were performed on a Bruker Ultraflextreme in reflectron 

mode with delayed extraction. Anthracene (10 mg/mL) was used as the matrix for the 

MALDI-TOF MS analyses and mixed with the samples (10 mg/mL in DCM) in a 1:1 ratio, 

and then spotted on the wells of a target plate. Red phosphorus was used for calibration. 

UV-visible absorption data were acquired on a Varian Cary 5000 UV-Vis/NIR 

spectrophotometer. The fluorescence data and lifetimes were measured using a Horiba 

Fluorolog-3 spectrofluorometer equipped with a 349, 388 or 450 nm nanoLED and a 

FluoroHub R-928 detector. Absolute quantum yields (ΦF) were measured on the HORIBA 
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Fluorolog-3 using a pre-calibrated Quanta-φ integrating sphere. Light from the sample 

compartment is directed into the sphere via a fiber-optic cable and an F-3000 Fiber-Optic 

Adapter, and then returned to the sample compartment (and to the emission 

monochromator) via a second fiber-optic cable and an F-3000 Fiber-Optic Adapter.  

Cyclic voltammetry (CV) and square wave voltammetry (SWV) experiments were carried 

out on a CV-50W analyzer from BASi. The three-electrode system consisted of an Au disk 

as working electrode, a Pt wire as counter electrode and an Ag wire as the pseudo-eference 

electrode. The voltammograms were recorded with ca. 10-3 to 10-4 M solutions in THF 

(reduction scans) or DCM (oxidation scans) containing Bu4N[PF6] (0.1 M) as the 

supporting electrolyte. The scans were referenced after the addition of a small amount of 

ferrocene as internal standard. The potentials are reported relative to the 

ferrocene/ferrocenium couple.  

DFT calculations were performed with the Gaussian09 suite of programs.17 The input files 

were generated from single crystal structures when available or otherwise generated in 

Chem3D and pre-optimized in Spartan ‘08 V 1.2.0. Ground and first triplet excited state 

geometries were then optimized in Gaussian09 using the hybrid density functional rb3lyp 

with a 6-31g(d) basis set. Frequency calculations were performed to confirm the presence 

of local minima (only positive frequencies). Vertical excitations were calculated by TD-

DFT methods at the rcam-b3lyp/6-31g(d) level. The first singlet excited state geometry 

was also optimized by TD-DFT methods. 

Single crystals of 2 suitable for X-ray analysis were grown by slow evaporation of a 

solution in CH2Cl2/toluene, single crystals of 3-Et by slow evaporation of a solution in 

toluene/decane, single crystals of 4-Et from CH2Cl2/hexanes mixture at –20 °C, and single 
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crystals of 3-Ph-O2 by slow evaporation of a solution in CH2Cl2/hexanes. X-ray diffraction 

intensities on 2, 3-Et, 4-Et, and 3-Ph-O2 were collected on a Bruker SMART APEX II 

CCD Diffractometer using CuKα (1.54178 Å) radiation at 100(2) K. The structures were 

refined by full-matrix least squares based on F2 with all reflections (SHELXTL V5.10; G. 

Sheldrick, Siemens XRD, Madison, WI).18 Non-hydrogen atoms were refined with 

anisotropic displacement coefficients, and hydrogen atoms were treated as idealized 

contribution. SADABS (Sheldrick, 12 G.M. SADABS (2.01), Bruker/Siemens Area 

Detector Absorption Correction Program; Bruker AXS: Madison, WI, 1998) absorption 

correction was applied.19 Crystallographic data for the structure of 2, 3-Et, 4-Et, and 3-Ph-

O2 have been deposited with the Cambridge Crystallographic Data Center as 

supplementary publications CCDC-1573498-1573501. Copies of the data can be obtained 

free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: 

(+44) 1223-336-033; email: deposit@ccdc.cam.ac.uk). 

Synthesis of 9,10-bis(pinacolboryl)anthracene (1)20a: In a glovebox, 9,10-

dibromoanthracene (5.40 g, 16.1 mmol) and bis(pinacolato)diboron (9.80 g, 38.6 mmol, 

2.4 equiv) were dissolved in DMF, followed by the addition of palladium acetate (0.22 g, 

0.97 mmol, 6 mol%) and potassium acetate (9.48 g, 96.6 mmol, 6 equiv). The reaction 

mixture was then stirred at 80 °C overnight under nitrogen atmosphere. After that, the 

mixture was cooled to room temperature and poured into water with stirring. The mixture 

was extracted with DCM. The organic layer was washed with brine and dried over 

anhydrous sodium sulfate. After rotary evaporation the residue was recrystallized from 

ethanol to give the product as yellow crystals in a yield of 85 %. 1H NMR (500.2 MHz, 

CDCl3, 25 ℃): δ (ppm) = 8.35 (m, 4H; An), 7.46 (m, 4H; An), 1.59 (s, 24H; Me). The 
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NMR data ar- 68 -onsistentent with those reported in the literature.20a 

Synthesis of 9,10-bis(6-methylpyrid-2-yl)anthracene (2): The compound was prepared 

in analogy to a procedure for 9,10-bis(pyrid-2-yl)anthracene)20d. In a glovebox, 9,10-

bis(pinacolboryl)anthracene (1) (2.00 g, 4.65 mmol) and 2-bromo-6-methylpyridine (1.20 

mL, 10.2 mmol, 2.2 equiv) were dissolved in toluene, followed by the addition of 

tetrakis(triphenylphosphine)palladium(0) (0.538 g, 0.465 mmol, 10 mol%) and cesium 

carbonate (9.10 g, 27.9 mmol, 6 equiv). The reaction mixture was stirred at 100 °C for 2 

days under nitrogen atmosphere, allowed to cool to room temperature, and then poured into 

water with stirring. The mixture was extracted with DCM, the organic layer was washed 

with brine and dried over anhydrous sodium sulfate. After rotary evaporation the crude 

product was dissolved in a minimum amount of DCM and carefully layered with toluene 

(v/v = 1:1) at room temperature. Solvent diffusion and slow partial evaporation of the 

solvent resulted in light yellow crystals (1.05 g, 62.7%).  1H NMR (500.2 MHz, CDCl3, 

25 ℃) for major isomer (77%): δ (ppm) = 7.83 (t, J = 7.5 Hz, 2H; Py), 7.57 (m, 4H; An), 

7.36-7.30 (overlapped, 8H; An, Py), 2.73 (s, 6H; Me); minor isomer (23%): δ (ppm) = 7.81 

(t, J = 7.0 Hz, 2H; Py), 7.63 (m, 4H; An), 7.36-7.30 (overlapped, 8H; An, Py), 2.73 (s, 6H; 

Me). 13C NMR (125.8 MHz, CDCl3, 25 ℃) for major isomer: δ (ppm) = 158.9, 158.0, 136.7, 

136.4, 130.1, 126.6, 125.5, 124.0, 122.0, 25.0. High-resolution MALDI-TOF mass 

spectrum (pos. mode, neat): m/z = 360.1597 ([M]+, 100 %, calcd for 12C26
1H20

14N2 360.1621). 

Synthesis of Bis-Borane Complex 3-Ph: In a glovebox, BCl3 (6.7 mL, 1M solution in 

hexane, 6.7 mmol, 4 equiv) was added to a bright yellow solution of 2 (0.60 g, 1.66 mmol) 

in DCM. The solution instantly changed color to orange red. 2,6-Di-tert-butylpyridine 

(0.64 g, 3.33 mmol, 2 equiv) and AlCl3 (0.67 g, 4.99 mmol, 3 equiv) were added to the 



- 69 - 
 

 
 

reaction mixture. After stirring for 16 hours, an additional portion of AlCl3 (0.22 g, 1.66 

mmol, 1 equiv) was added and the mixture was stirred for a further 16 hours whereupon it 

turned dark green. Addition of Bu4NCl (0.92 g, 3.33 mmol, 2 equiv) resulted in a dark 

purple suspension to which ZnPh2 (1.50 g, 6.82 mmol, 4.1 equiv) was added as a solution. 

The reaction mixture was stirred for 16 hours at room temperature after which the solvent 

was removed under reduced pressure. The dark red residue was redissolved in toluene and 

insoluble components were removed by filtration through a fritted funnel. The solution was 

concentrated under reduced pressure. Recrystallization in dichloromethane/hexanes at -20 ℃ 

gave the product as red crystals. Yield: 318 mg (28 %). 1H NMR (599.7 MHz, CDCl3, 

25 ℃): δ (ppm) = 8.19 (d, J = 7.8 Hz, 2H; Py), 7.94 (d, J = 8.4 Hz, 2H; An), 7.91 (t, J = 8.1 

Hz, 2H; Py), 7.37-7.33 (overlapped, 6H; An, o-PhB), 7.27-7.26 (overlapped, 2H; Py), 7.23-

7.17 (overlapped, 12H; An, o-PhA, m-PhB, p-PhB), 7.04 (t, J = 7.2 Hz, 4H; m-PhA), 6.94 (t, 

J = 7.2 Hz, 2H; p-PhA), 2.17 (s, 6H; Me). 13C NMR (150.8 MHz, CDCl3, 25 ℃): δ (ppm) = 

160.6, 156.9 (br), 155.3, 151.9 (br), 149.5 (br), 138.4, 134.5, 132.4, 131.2, 131.1, 129.2, 

128.5, 128.2, 127.8, 127.3, 127.1, 126.4, 125.1, 125.0, 121.1, 26.6. 11B NMR (160.4 MHz, 

CDCl3, 25 °C): δ (ppm) = 0.8 (w1/2 = 570 Hz). High-resolution MALDI-TOF mass 

spectrum (neg. mode, neat): m/z = 688.3258 ([M]-, 100 %, calcd for 12C50
1H38

11B2
14N2 

688.3231), 643.2726 ([M+O2-Ph]-, 16 %, calcd for 12C44
1H33

11B2
14N2

16O2
 643.2737), 

611.2870 ([M-Ph]-, 48 %, calcd for 12C44
1H33

11B2
14N2

 611.2839). 

Synthesis of Bis-Borane Complex 3-Et: In a glovebox, BCl3 (2.77 mL, 1M solution in 

hexane, 2.77 mmol, 4 equiv) was added to a bright yellow solution of 2 (250 mg, 0.694 

mmol) in DCM. The solution instantly changed color to orange red. 2,6-Di-tert-

butylpyridine (265 mg, 1.39 mmol, 2 equiv) and AlCl3 (278 mg, 2.08 mmol, 3 equiv) were 
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added to the reaction mixture. After stirring for 16 hours, an additional portion of AlCl3 

(93.0 mg, 0.694 mmol, 1 equiv) was added and the mixture was stirred for a further 16 

hours whereupon it turned dark green. Addition of Bu4NCl (386 mg, 1.39 mmol, 2 equiv) 

resulted in a dark purple suspension to which ZnEt2 (0.30 mL, 2.8 mmol, 4.1 equiv) was 

added dropwise. The reaction mixture was then stirred for 16 hours at room temperature 

after which the solvent was removed under reduced pressure. The dark red residue was 

redissolved in toluene and insoluble components were removed by filtration through a 

fritted funnel. The solution was concentrated under reduced pressure. Recrystallization in 

dichloromethane/hexanes at -20 ℃ gave the product as red crystals. Yield: 130 mg (38 %). 

1H NMR (599.7 MHz, CDCl3, 25 ℃): δ (ppm) = 8.03 (d, J = 7.8 Hz, 2H; Py), 7.87 (d, J = 

8.4 Hz, 2H; An), 7.79 (t, J = 8.4 Hz, 2H; Py), 7.62 (d, J = 6.6 Hz, 2H; An), 7.45 (t, J = 7.5 

Hz, 2H; An), 7.32 (dd, J = 7.2 Hz, J = 1.2 Hz, 2H; Py), 3.13 (s, 6H; Me), 1.25 (m, 2H; Et), 

1.16 (m, 2H; Et), 0.91 (m, 2H; Et), 0.56 (m, 2H; Et), 0.39 (t, J = 7.8 Hz, 6H; Et), 0.32 (t, J 

= 7.8 Hz, 6H; Et). 13C NMR (150.8 MHz, CDCl3, 25 ℃): δ (ppm) = 159.2, 156.3, 152.9 

(br), 137.3, 133.4, 129.5, 128.7, 128.5, 127.4, 127.2, 125.7, 120.2, 24.5, 21.3 (br), 17.5 (br), 

10.7, 10.2 . 11B NMR (160.4 MHz, CDCl3, 25 °C): δ (ppm) = 2.8 (w1/2 = 400 Hz). High-

resolution MALDI-TOF mass spectrum (neg. mode, neat): m/z = 467.2836 ([M-Et]-, 100 %, 

calcd for 12C32
1H33

11B2
14N2 467.2835). 

Synthesis of Endoperoxide 3-Ph-O2: 3-Ph (30 mg, 0.044 mmol) was dissolved in DCM 

(10 mL) in a vial that was capped with a rubber septum. A needle was stitched through the 

septum and connected witnaan air balloon. The solution was irradiated at room temperatue 

with sunlight for one day. The solution was then concentrated under reduced pressure. 

Recrystallization in dichloromethane/hexanes gave the product as light pink crystals. Yield: 
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23 mg (74 %).  1H NMR (599.7 MHz, CDCl3, 25 ℃): δ (ppm) = 8.31 (dd, J = 7.8 Hz, J = 

1.2 Hz, 2H; Py), 8.11 (t, J = 7.8 Hz, 2H; Py), 7.49 (overlapped, 6H; Py, o-PhB), 7.27 

(overlapped, 4H; o-PhA), 7.22 (t, J = 7.2 Hz, 4H; m-PhB), 7.11 (overlapped, na; An, m-PhA, 

p-PhB), 7.00 (t, J = 7.2 Hz, 2H; p-PhA), 6.91 (t, J = 7.2 Hz, 2H; An), 6.46 (dd, J = 7.2 Hz, J 

= 0.6 Hz, 2H; An), 2.36 (s, 6H; Me). 13C NMR (150.8 MHz, CDCl3, 25 ℃): δ (ppm) = 

161.2, 153.1 (br), 151.8, 151.1 (br), 148.0 (br), 139.9, 138.0, 133.6, 132.4, 131.8, 131.6, 

130.9, 128.5, 127.6, 127.5, 127.0, 125.1, 125.0, 118.7, 83.6, 27.0. 11B NMR (192.4 MHz, 

CDCl3, 25 °C): δ (ppm) = 0.9 (w1/2 = 650 Hz). High-resolution MALDI-TOF mass 

spectrum (neg. mode, neat): m/z = 643.2721 ([M-Ph]-, 100 %, calcd for 

12C44
1H33

11B2
14N2

16O2 643.2737). 

Synthesis of Endoperoxide 3-Et-O2: In a glovebox, BCl3 (2.77 mL, 1M solution in 

hexane, 2.77 mmol, 4 equiv) was added to a bright yellow solution of 2 (250 mg, 0.694 

mmol) in DCM. The solution instantly changed color to orange red. 2,6-Di-tert-

butylpyridine (265 mg, 1.39 mmol, 2 equiv) and AlCl3 (278 mg, 2.08 mmol, 3 equiv) were 

added to the reaction mixture. After stirring for 16 hours, an additional portion of AlCl3 

(93.0 mg, 0.694 mmol, 1 equiv) was added and the mixture was stirred for a further 16 

hours whereupon it turned dark green. Addition of Bu4NCl (386 mg, 1.387 mmol, 2 equiv) 

resulted in a dark purple suspension to which ZnEt2 (0.30 mL, 2.8 mmol, 4.1 equiv) was 

added dropwise. The reaction mixture was then stirred for 16 hours at room temperature 

after which the solvent was removed under reduced pressure. The dark red residue was 

redissolved in toluene and insoluble components were removed by filtration through a 

fritted funnel. The solution was concentrated under reduced pressure. The residue was 

redissolved in a minimum amount of DCM in the air and carefully layered with hexanes 
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(v/v = 1:1) at room temperature. Solvent diffusion and slow partial evaporation of the 

solvent resulted in white crystals. Yield: 260 mg (71 %). 1H NMR (500.2 MHz, CDCl3, 

25 ℃): δ (ppm) = 8.16 (dd, J = 8.0 Hz, J = 1.0 Hz, 2H; Py), 8.01 (t, J = 7.8 Hz, 2H; Py), 

7.57 (dd, J = 8.0 Hz, J = 1.3 Hz, 2H; Py), 7.30 (d, J = 7.5 Hz, 2H; An), 7.06 (t, J = 7.5 Hz, 

2H; An), 6.30 (dd, J = 7.3 Hz, J = 0.8 Hz, 2H; An), 3.18 (s, 6H; Me), 1.13 (m, 4H; Et), 0.85 

(dq, 2J = 15 Hz, 3J = 7.8 Hz, 2H; Et), 0.65 (dq, 2J = 14.5 Hz, 3J = 7.5 Hz, 2H; Et), 0.35 (t, J 

= 7.8 Hz, 6H; Et), 0.22 (t, J = 7.8 Hz, 6H; Et). 13C NMR (150.8 MHz, CDCl3, 25 ℃): δ 

(ppm) = 159.6, 153.0, 150.0 (br), 138.8, 138.7, 134.6, 130.0, 129.6, 128.3, 126.2, 118.4, 

83.7, 24.8, 19.6 (br), 18.4 (br), 10.7, 10.2. 11B NMR (192.4 MHz, CDCl3, 25 °C): δ (ppm) 

= 4.1 (w1/2 = 510 Hz). High-resolution MALDI-TOF mass spectrum (neg. mode, neat): m/z 

= 499.2779 ([M-Et]-, 100 %, calcd for 12C32
1H33

11B2
º4N2

16O2 499.2733).  

Synthesis of 9-(pinacolboryl)anthracene (1M)21: In a glovebox, 9-bromoanthracene 

(25.0 g, 97.2 mmol) and bis(pinacolato)diboron (29.6 g, 117 mmol, 1.2 equiv) were 

dissolved in DMF, followed by the addition of palladium acetate (0.655 g, 2.92 mmol, 3 

mol%) and potassium acetate (28.6 g, 292 mmol, 3 equiv). The reaction mixture was then 

stirred at 80 °C for 2 days under nitrogen atmosphere. After that, the mixture was cooled 

to room temperature and poured into water with stirring. The mixture was extracted with 

DCM, the organic layer was washed with brine and dried over anhydrous sodium sulfate. 

After rotary evaporation the crude product was purified by column chromatography (silica 

gel) with hexanes/ dichloromethane (v/v = 3:2) as eluent and then concentrated on a rotary 

evaporator. The residue was dissolved in a minimum amount of DCM and carefully layered 

with ethanol (v/v = 1:1) and the solution was left in a -20 °C freezer. A small amount of 

insoluble byproducts was separated by filtration. The volatile components were then 
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removed under high vacuum to give the product as a light yellow solid (28.2 g, 95% yield). 

The product was used in the next step without further purification. 1H NMR (499.9 MHz, 

CDCl3, 25 ℃): δ (ppm) = 8.49 (s, 1H, An), 8.46 (d, J = 8.0 Hz, 2H, An), 8.00 (d, J = 8.5 

Hz, 2H, An), 7.51-7.44 (m, 4H, An), 1.59 (s, 12H, Me). The NMR data are consistent with 

those reported in the literature.21 

Synthesis of 9-(6-methylpyrid-2-yl)anthracene (2M): The compound was prepared in 

analogy to a procedure for 9-(pyrid-2-yl)anthracene)20d. In a glovebox, 9-

(pinacolboryl)anthracene (1M) (2.30 g, 7.56 mmol) and 2-bromo-6-methylpyridine (0.98 

mL, 8.32 mmol, 1.1 equiv) were dissolved in toluene, followed by the addition of 

tetrakis(triphenylphosphine)palladium(0) (0.437 g, 0.378 mmol, 5 mol%) and cesium 

carbonate (7.39 g, 22.7 mmol, 3 equiv). The reaction mixture was then stirred at 100 °C 

for 2 days under nitrogen atmosphere, allowed to cool to room temperature, and then 

poured into water with stirring. The mixture was extracted with DCM, the organic layer 

was washed with brine and dried over anhydrous sodium sulfate. After rotary evaporation 

the crude product was purified by column chromatography (silica gel) with 

hexanes/triethylamine (v/v = 10:1) as eluent. The crude product was dissolved in a 

minimum amount of DCM and carefully layered with toluene (v/v = 1:1) at room 

temperature. Solvent diffusion and slow partial evaporation of the solvent resulted in 

yellow crystals (1.38 g, 68% yield). 1H NMR (499.9 MHz, CDCl3, 25 ℃): δ (ppm) = 8.53 

(s, 1H, An), 8.05 (d, J = 8.5 Hz, 2H, An), 7.82 (t, J = 7.5 Hz, 1H, Py), 7.59 (d, J = 9.0 Hz, 

2H, An), 7.46 (t, J = 7.3 Hz, 2H, An), 7.37 (t, J = 7.8 Hz, 2H, An), 7.33 (d, J = 7.5 Hz, 2H, 

Py), 2.72 (s, 3H, Me). 13C NMR (150.8 MHz, CDCl3, 25 ℃): δ (ppm) = 158.9, 157.8, 136.7, 

135.6, 131.7, 130.3, 128.6, 127.6, 126.4, 125.9, 125.3, 123.9, 122.0, 25.0. High-resolution 



- 74 - 
 

 
 

MALDI-TOF mass spectrum (pos. mode, anthracene): m/z = 269.1142 ([M]+, 100 %, calcd 

for 12C20
1H15

14N1 269.1199).  

Synthesis of Mono-Borane Complex 4-Et: In a glovebox, BCl3 (5.35 mL, 1M solution in 

hexane, 5.35 mmol, 2 equiv) was added to a bright yellow solution of 2M (0.72 g, 2.673 

mmol) in DCM. The solution instantly changed color to orange. 2,6-Di-tert-butylpyridine 

(0.511 g, 2.67 mmol, 1 equiv) and AlCl3 (0.535 g, 4.01 mmol, 1.5 equiv) were added to the 

reaction mixture. After stirring for 16 hours, an additional portion of AlCl3 (0.178 g, 1.34 

mmol, 0.5 equiv) was added and the mixture was stirred for a further 16 hours whereupon 

it turned dark purple. Addition of Bu4NCl (0.743 g, 2.67 mmol, 1 equiv) resulted in a dark 

orange suspension to which ZnEt2 (0.58 mL, 5.5 mmol, 2.05 equiv) was added dropwise. 

The reaction mixture was then stirred for 16 hours at room temperature after which the 

solvent was removed under reduced pressure. The yellow residue was redissolved in 

toluene and insoluble components were removed by filtration through a fritted funnel. The 

solution was concentrated under reduced pressure. Recrystallization in 

dichloromethane/hexanes at -20 ℃ gave the product as yellow crystals that were suitable 

for X-ray analysis. Yield: 0.796 g (88 %). 1H NMR (599.7 MHz, CDCl3, -5 ℃): δ (ppm) = 

8.54 (s, 1H; An), 8.20 (d, J = 9.0 Hz, 1H; An), 8.06 (d, J = 8.4 Hz, 1H; An), 7.90 (dd, J = 

7.8 Hz, J = 1.2 Hz, 1H; Py), 7.82-7.79 (overlapped, 2H; Py, An), 7.66 (dd, J = 6.6 Hz, J = 

1.2 Hz, 1H; An), 7.59 (dd, J = 8.1 Hz, J = 6.9 Hz, 1H; An), 7.44 (td, 2J = 7.5 Hz, 3J = 1.2 

Hz, 1H; An), 7.40 (td, 2J = 7.5 Hz, 3J = 1.2 Hz, 1H; An), 7.32 (dd, J = 7.5 Hz, J = 1.5 Hz, 

1H; Py), 3.11 (s, 3H; Me), 1.20-1.12 (m, 2H; Et), 0.84 (dq, 2J = 13.8 Hz, 3J = 7.8 Hz, 1H; 

Et), 0.49 (dq, 2J = 13.8 Hz, 3J = 7.8 Hz, 1H; Et), 0.31 (t, J = 7.8 Hz, 3H; Et), 0.25 (t, J = 7.8 

Hz, 3H; Et). 13C NMR (150.8 MHz, CDCl3, 25 ℃): δ (ppm) = 159.8, 156.6, 152.7 (br), 
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137.3, 133.4, 132.2, 130.6, 130.4, 129.9, 129.5, 128.3, 127.9, 127.2, 126.5, 125.9, 125.5, 

125.3, 124.6, 123.3, 24.5, 21.4 (br), 17.1 (br), 10.6, 10.0. 11B NMR (160.4 MHz, CDCl3, 

25 °C): δ (ppm) = 3.5 (w1/2 = 240 Hz). High-resolution MALDI-TOF mass spectrum (neg. 

mode, neat): m/z = 673.1566 ([2M-H]-, 5 %, calcd for 12C48
1H47

11B2
14N2

 673.3935), 

337.2021 ([M]-, 100 %, calcd for 12C24
1H24

11B1
14N1 337.2001). 

 

2.4 Conclusions 

In conclusion, we introduce a new class of BN-substituted PAHs with unique structural 

features and electronic properties. The formation of B-N Lewis pairs at the periphery of 

anthracene leads to severe distortions due to steric strain. Photophysical studies and DFT 

calculations reveal a dramatic effect of borane functionalization on the electronic structure, 

as a low lying quinoid LUMO is established, giving rise to strong low-energy emissions. 

These intriguing properties are promising for optoelectronic materials development, while 

the facile reactivity with O2 suggests potential in O2 capture/release applications and 

possibly the broader field of small molecule activation.22 
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Appendix 

 

Figure 2-13. H,H-EXSY (NOESY) NMR spectrum of 3-Ph (aromatic region, CDCl3, 25 
ºC, mixing time: 0.6 s); cross-peaks labeled yellow are due to exchange, those labeled blue 
are due to NOEs. 
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Figure 2-14a. Full H,H-EXSY (NOESY) NMR spectrum of 3-Et (CDCl3, 25	ºC, mixing 
time: 0.5 s); cross-peaks in dark blue are due to exchange, those in blue-green are due to 
NOEs. 
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Figure 2-14b.  Expansions of H,H-EXSY (NOESY) NMR spectrum of 3-Et (CDCl3, 25 
ºC, mixing time: 0.5 s); cross-peaks in dark blue are due to exchange, those in blue-green 
are due to NOEs. 

 
Figure 2-15a.  Full H,H-EXSY (NOESY) NMR spectrum of 4-Et (CDCl3, 25 ºC, mixing 
time: 0.6 s); minor cross-peaks are due to NOEs, major cross-peaks are due to exchange. 
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Figure 2-15b. Expansions of the H,H-EXSY (NOESY) NMR spectrum of 4-Et (CDCl3, 
25 ºC, mixing time: 0.6 s); minor cross-peaks are due to NOEs, major cross-peaks are due 
to exchange. 
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Figure 2-16. VT 1H NMR spectra of 3-Et (Et region, d8-toluene, 599.7 MHz) 

 

Figure 2-17. VT 1H NMR spectra of 3-Ph (aromatic region, d8-toluene, 599.7 MHz) 
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Figure 2-18. VT 1H NMR spectra of 4-Et (Et region, d8-toluene, 599.7 MHz) 
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Table 2-4. Summary of results from VT NMR spectroscopy studies 
Compound Probe Tc [a] [K] ∆ν [Hz] [b] ∆G≠ 

Tc [a] [kJ mol-1] 

2 CH3 (Py) 318 ± 5 15.0 69.7 ± 1.1 

3-Et CH3 (Et) 323 ± 3 36.2 [c] 68.4 ± 0.7 

3-Ph o-Ph 343 ± 5 181 68.2 ± 1.0 

4-Et CH3 (Et) 293 ± 3 13.1 [c] 64.4 ± 0.7 

 CH2 (Et) 321 ± 3 150 64.2 ± 0.6 

[a] Data from coalescence temperature method by using the approximation ∆G≠ = 0.0194Tc 
[9.972+lg(Tc ∆ν-1)] for estimation of ∆G≠ at Tc;23 [b] an error of 5% in the line width 
determination is assumed; [c] values for ∆ν at Tc were estimated by linear extrapolation of 
chemical shift trends at low temperature (where exchange is negligible) to Tc. 
 

 
Figure 2-19. Projection of 1H NMR chemical shifts for CH3 groups of compound 3-Et by 
extrapolation of low temperature data to 50 ºC for determination of ∆ν at Tc. 
 

 
Figure 2-20. Projection of 1H NMR chemical shifts for CH3 groups of compound 4-Et by 
extrapolation of low temperature data to 20 ºC for determination of ∆ν at Tc.   
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Figure 2-21a. X-ray crystal structure of 3-Et (50% thermal ellipsoids). Selected bond 
distances (Å) and interplanar angles (°): B1-N1 1.685(3), B2-N2 1.671(4), B1-C1 1.616(4), 
B2-C18 1.626(4), N1-C8 1.362(3), N1-C12 1.371(3), N2-C25 1.362(3), N2-C29 1.374(3), 
C7-C8 1.479(3), C24-C25 1.479(3), N1-B1-C1 106.52(19), N2-B2-C18 107.6(2), B1-N1-
C8 120.36(19), B2-N2-C25 120.36(19), B1-C1-C2 123.1(2), B2-C18-C19 123.9(2), C2-
C7-C8 119.3(2), C19-C24-C25 120.2(2), C8-N1-C12 117.9(2), C25-N2-C29 117.7(2), 
PhAn,outer // PhAn,outer 21.5, PhAn,inner // Py 39.0, 38.8. 
 
 

 
Figure 2-21b. X-ray crystal structure plot of 4-Et (50% thermal ellipsoids). Selected bond 
distances (Å) and angles (°): B1-N1 1.685(3), B1-C1 1.626(3), N1-C4 1.373(3), N1-C8 
1.363(3), C3-C4 1.482(3), N1-B1-C1 106.66(17), B1-N1-C4 119.07(17), B1-C1-C2 
120.97(18), C2-C3-C4 119.00(19), C4-N1-C8 117.71(18), PhAn,outer // PhAn,outer 4.4, 
PhAn,inner // Py 39.3. 
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Figure 2-22. Optimized structures of (a) 2 (trans), (b) 2M, (c) 3-Et (cis), (d) 3C-Et (cis), (e) 
3-Et (trans), (f) 3-Ph (cis), (g) 4-Et, (h) 4C-Et (Gaussian 09; rb3lyp/6-31g(d)). C grey, B 
green, N blue. 
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Table 2-5. Comparison of geometric parameters (distances in Å, angles in °) obtained from 
X-ray structure analyses and DFT calculations (Gaussian 09; rb3lyp/6-31g(d)) 

 B-N B-CAn CAn-CPy CAn-B-N CentAn-
C-B 

CentAn-
C-CPy 

PhAn,outer // 
PhAn,outer 

PhAn,inner // 
Py 

3-EtX-ray 
1.685(3), 
1.671(4) 

1.616(4), 
1.626(4) 

1.479(3), 
1.479(3) 

106.5(2), 
107.6(2) 

173.6, 
174.8 

164.7, 
166.4 

21.5 
39.0, 
38.8 

3-Etth,cis 
1.688, 
1.700 

1.622, 
1.625 

1.475, 
1.474 

108.0, 
107.9 

174.8, 
176.7 

168.9, 
170.3 

20.3 
35.9, 
35.7 

3-Etth,trans 
1.687, 
1.718 

1.629, 
1.631 

1.478, 
1.483 

106.3, 
101.2 

167.5, 

167.5 

169.5, 
163.9 

3.2 
35.4, 
40.9 

3-Phth,cis 1.680 1.627 1.474 107.8 173.7 167.8 21.3 35.6 

4-EtX-ray 1.685(3) 1.626(3) 1.482(3) 106.7(2) 167.9 168.3 4.4 39.3 

4-Etth 1.699 1.627 1.476 106.1 168.9 167.8 9.7 37.9 

 CEt2-CPh CPh-CAn CAn-CPh 
CAn-CEt2- 
CPh 

CentAn-
C-CEt2 

CentAn-
C-CPh 

PhAn,outer // 
PhAn,outer 

PhAn,inner // 
Ph 

3C-Etth, cis 
1.551, 
1.547 

1.550, 
1.545 

1.473, 
1.475 

113.6, 
113.7 

177.4, 
177.1 

172.4, 
170.8 

26.3 
27.6, 
29.1 

3C-Etth, 

trans 

1.550, 
1.550 

1.542, 
1.547 

1.478, 
1.480 

111.3, 
110.6 

171.0, 
169.6 

171.7, 
170.8 

1.9 
29.4, 
32.8 

4C-Etth 1.554 1.546 1.478 111.1 170.4 169.3 10.3 33.3 
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Table 2-6. Summary of photophysical data of BN-functionalized anthracenes in DCM 
solution  

Compound labs / nm eabs /  
104 M–1cm–1 

labs / nm(TDDFT) lFl / nm 
[a] 

tFl / ns [b] FFl / % 
[c] 

2 393  
372 
354 
259 

1.27 
1.35 
0.86 
9.38 

359  428 6.0 
(c2 = 1.64) 

77 

2M 385 
366  
348 
257 

0.96 
1.04 
0.69 
12.38 

347 418 5.7 
(c2 = 1.60) 

48   

3-Ph 542 
    513 (sh) 

298 
253 

1.92 
1.67 
5.33 
4.22 

536 611 10.9 
(c2 = 1.41) 

56 

3-Et 538 
298 
293 

1.33 
4.01 
2.95 

528 620 11.1 
(c2 = 1.54) 

53 

4-Et 453 
280 

1.06 
5.69 

428   538 4.1 
(c2 = 1.99) [d] 

22 

[a] Excited at 372 nm (2), 366 nm (2M), 513 nm (3-Ph), 538 nm (3-Et) and 453 nm (4-
Et); [b] excited with a nanoLED at 388 nm (2), 349 nm (2M), or 450 nm (complexes 3 and 
4); [c] absolute quantum yield determined using an integrating sphere; [d] for double-
exponential fit: τFl = 4.1 ns (99%), 50.2 ns (1%) (c2 = 1.73) 
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Figure 2-23a. Single-exponential fit of fluorescence decay of 2 in degassed DCM excited 
with a 388 nm nanoLED. 

 
 

 
 

Figure 2-23b. Single-exponential fit of fluorescence decay of 2M in degassed DCM 
excited with a 349 nm nanoLED. 
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Figure 2-23c. Single-exponential fit of fluorescence decay of 3-Et in degassed DCM 
excited with a 450 nm nanoLED. 
 
 

 
 

Figure 2-23d. Single-exponential fit of fluorescence decay of 3-Ph in degassed DCM 
excited with a 450 nm nanoLED. 
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Figure 2-23e. Single-exponential fit of fluorescence decay of 4-Et in degassed DCM 
excited with a 450 nm nanoLED. 
 
 
 
Table 2-7. HOMO and LUMO orbital plots for BN-functionalized anthracenes (rb3lyp/6-
31g(d), scaling radii of 75%, isovalue = 0.04) 
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Table 2-8. HOMO and LUMO orbital plots for 9,10-di(pyrid-4-yl)anthracene and related 
acyclic borane complexes (rb3lyp/6-31g(d), scaling radii of 75%, isovalue = 0.04). From 
left to right: 9,10-di(pyrid-4-yl)anthracene, 9,10-di(pyrid-4-yl)anthracene – BMe3 complex, 
9,10-di(pyrid-4-yl)-4,8-bis(pyridine-dimethylboryl)anthracene – BMe3 complex, 9,10-
di(pyrid-4-yl)-4,8-bis(pyridine-dihydroboryl)anthracene – BMe3 complex. 
 

 
 
  
Borane complexation of the pyridyl moieties in 9,10-di(pyrid-4-yl)anthracene results in the 
expected decrease in both the HOMO and LUMO energy levels, but the HOMO/LUMO 
orbitals remain localized on the anthracene backbone and the HOMO-LUMO gap is almost 
unchanged. This clearly demonstrates that the observed electronic effects for 3-R are not 
only a result of borane complexation to the pyridyl moieties and the enhanced acceptor 
character of the pyridyl groups. 
Calculations on the corresponding species with dimethylboryl-pyridine groups in 4,8-
position that are complexed with pyridine reveal that the HOMO-LUMO gap decreases 
significantly and partial delocalization of the LUMO onto the 9,10-pyridyl moieties is 
detected. However, inspection of the optimized geometry reveals that the placement of the 
boryl moieties in 4,8-positions right next to the pyridyl groups in 9,10-positions results in 
severe distortions to the anthracene backbone. While the HOMO-LUMO gap is lowered to 
2.85 eV, it remains much larger than that of the title compounds 3-R (due to the unfavorable 
orthogonal orientation of the pyridyl moieties in 9,10-positions). To further examine this 
aspect, we also performed a calculation on a sterically less demanding model system with 
BH2-pyridine substituents in 4,8-positions. The distortions are less pronounced, but the 
HOMO-LUMO gap for this molecule becomes even larger (3.10 eV) and the LUMO 
localized on the BH2-pyridyl groups, again due to the unfavorable orientation of the 
pyridyl groups relative to the anthracene backbone. 
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Illustration of severe steric distortions in 9,10-di(pyrid-4-yl)-4,8-bis(pyridine-
dimethylboryl)anthracene-BMe3 complex. 
 
 

 
 

Illustration of less pronounced steric distortions, but orthogonal positioning of pyridyl 
groups relative to anthracene backbone in 9,10-di(pyrid-4-yl)-4,8-bis(pyridine-
dihydroboryl)anthracene-BMe3 complex. 
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Table 2-9. TD-DFT data for precursors 2 and 2M (rcam-b3lyp/6-31g(d)) 
Compound Transition [a] Eex (eV) λ (nm) Oscillator strength f Assignment 

2 

S0 → S1 3.45  358.98   0.2489 H → L (0.70) 

S0 → S9 5.16  240.26  0.1194 

H-1 → L (-0.14) 
H → L+1 (-0.28) 
H → L+3 (-0.37) 
H → L+5 (0.47) 

S0 → S10 5.33  232.42  0.6058 

H-5 → L (-0.17) 
H-4 → L+2 (0.16) 
H-3 → L (0.38) 
H-3 → L+1 (0.15) 
H-2 → L+2 (-0.11) 
H-1 → L (-0.33) 
H → L+1 (-0.15) 
H → L+3 (-0.20) 
H → L+5 (-0.20) 

2M 

S0 → S1 3.57  346.97  0.1406 H → L (0.70) 

S0 → S8 5.49  225.69 1.2157 

H-4 → L+2 (-0.12) 
H-3 → L (0.19) 
H-1 → L (0.39) 
H → L+1 (0.16) 
H → L+2 (0.24) 
H → L+3 (0.33) 
H → L+4 (-0.30) 

[a] Only transitions with oscillator strengths >0.1 are presented. 
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Table 2-10. TD-DFT data for boranes 3-Ph, 3-Et and 4-Et (rcam-b3lyp/6-31g(d)) 

Compound Transition [a] 
Eex (eV) λ 

(nm) Oscillator strength f Assignment (%) 

3-Ph 

S0 → S1 2.31  536.42  0.3880     H → L (0.70) 

S0 → S16 4.61  269.04  0.1540 

H-12 → L+1 (-0.11) 
H-11 → L (0.53) 
H-9 → L (0.28) 
H-4 → L (-0.19) 
H → L+2 (-0.10) 
H → L+5 (-0.16) 

S0 → S17 4.64  266.99   0.5727 

H-11 → L (0.14) 
H-9 → L (0.16) 
H-7 → L (-0.26) 
H-7 → L+3 (-0.13) 
H → L+5 (0.56)  

3-Et 
 

S0 → S1 2.35 528.04 0.3555 H → L (0.70) 

S0 → S8 4.37 283.86 0.1739   

H-8 → L+1 (-0.14) 
H-7 → L (0.13) 
H-3 → L (0.59) 
H-1 → L+1 (-0.22) 
H → L+4 (0.16)  

S0 → S10 4.63 267.81  0.2553   

H-7 → L (-0.23) 
H-6 → L (-0.13) 
H-5 → L (0.24) 
H-2 → L (0.27) 
H-2 → L+3 (0.11) 
H-1 → L+1 (-0.12) 
H → L+5 (0.47)  

S0 → S11 4.67  265.25  0.1132 

H-6 → L (-0.35) 
H-5 → L (0.48) 
H-4 → L+1 (-0.11) 
H-2 → L (-0.15) 
H → L+5 (-0.22) 

S0 → S14 4.79  258.62  0.1709   

H-7 → L (0.49) 
H-6 → L (0.17) 
H-5 → L (0.19) 
H-3 → L+2 (0.11) 
H-2 → L (0.11) 
H-1 → L+1 (0.24) 
H → L+5 (0.21)  

Compound Transition [a] Eex (eV) λ (nm) Oscillator strength f Assignment (%) 

4-Et S0 → S1 2.89 428.37  0.2064   H → L (0.70) 
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S0 → S8 4.91 252.55  0.4576   

H-5 → L (0.24) 
H-4 → L (-0.23) 
H-2 → L+1 (0.19) 
H-1 → L (-0.35) 
H-1 → L+1 (0.15) 
H-1 → L+2 (-0.12) 
H → L+3 (0.39)  

S0 → S9 5.11   242.74  0.2714 

H-5 → L (0.56) 
H-4 → L (0.19) 
H-1 → L (0.13) 
H → L+3 (-0.21) 

[a] Only transitions with oscillator strengths >0.1 are presented. 
 
 
 
Table 2-11. Comparison of structural parameter at S0, S1, and T1 state. 

 B-N B-CAn CAn-CPy CAn-B-N CentAn-
C-B 

CentAn-C-
CPy 

PhAn,outer // 
PhAn,outer 

PhAn,inner // 
Py 

3-EtS0,cis 
1.688, 
1.700 

1.622, 
1.625 

1.475, 
1.474 

108.0, 
107.9 

174.8, 
176.7 

168.9, 
170.3 

20.3 
35.9, 
35.7 

3-EtS1,cis 
1.649, 
1.659 

1.611, 
1.616 

1.449, 
1.450 

109.2, 
109.0 

176.8, 
176.3 

168.9, 
169.9 

26.4 
31.7, 
31.0 

3-EtT1,cis 
1.669, 
1.677 

1.617, 
1.621 

1.442, 
1.441 

108.6, 
108.6 

177.0, 
175.2 

167.8, 
169.0 

30.2 
31.2, 
29.8 

3-PhS0,cis 1.680 1.627 1.474 107.8 173.7 167.8 21.3 35.6 

3-PhS1,cis 
1.639, 
1.640 

1.618, 
1.617 

1.447, 
1.448 

109.4 177.6 168.3 32.1 29.3 

3-PhT1,cis 
1.660, 
1.661 

1.621 1.441 108.8 177.7 
167.2, 
167.3 

34.3 30.1 

4-EtS0 1.699 1.627 1.476 106.1 168.9 167.8 9.7 37.9 

4-EtS1 1.612 1.596 1.461 109.8 172.0 169.0 12.7 34.2 

4-EtT1 1.675 1.621 1.439 107.2 175.5 165.2 16.4 33.6 
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Formation of Endoperoxides 
 
Kinetic experiments were performed using a commercially available blue LED light with 
an emission maximum at 464 nm. The respective borane compound was dissolved in 
oxygen-saturated DCM at a concentration of ca. 0.01 mM and the sample placed in a quartz 
cuvette at a distance of 10 cm from the LED light source. The photooxygenation was 
monitored by UV-vis spectroscopy, following the decrease of the absorption maximum of 
the oxygen-free compound. 
 

       
Figure 2-24. Illustration of changes in the absorption for an oxygen-saturated solution of 
compound 3-Ph in DCM upon irradiation with a blue LED. 
 
 

 

 
 
Figure 2-25. Normalized UV-Vis absorption spectra in DCM of endoperoxides 3-R-O2 in 
comparison to the O2-free species 3-R (R = Ph, Et). For 3-Ph-O2: eabs = 4.24 ´ 104 M–1cm–

1; for 3-Et-O2: eabs = 3.58  ´ 104 M–1cm–1. 
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Figure 2-26. X-ray crystal structure of one of three independent molecules of 3-Ph-O2 
(50% thermal ellipsoids). Selected bond distances (Å) and interplanar angles (°): B1-N1 
1.641(6), B2-N2 1.665(5), B1-C19 1.615(6), B2-C30 1.618(6), N1-C1 1.366(5), N1-C5 
1.383(5), N2-C33 1.368(5), N2-C37 1.377(5), C1-C25 1.505(5), C32-C33 1.519(5), O1-
O2 1.486(3), N1-B1-C19 108.5(3), N2-B2-C30 109.1(3), B1-N1-C1 123.7(3), B2-N2-C33 
123.8(3), B1-C19-C24 121.8(4), B2-C30-C31 123.0(4), C1-C25-C24 116.1(3), C31-C32-
C33 118.7(3), C1-N1-C5 117.9(4), C33-N2-C37 116.8(3), PhAn,outer // PhAn,outer 57.5, PhAn,inner 
// Py 46.3, 36.7. 
 
 

 
 
Figure 2-27. Optimized structures of (a) 3-Et-O2, (b) 3-Ph-O2, (c) 4-Et-O2 (Gaussian 09; 
rb3lyp/6-31g(d)). C grey, B green, N blue, O red. 
  



- 100 - 
 

 
 

Table 2-12. Comparison of geometric parameters for endoperoxides (distances in Å, angles 
in °) obtained from X-ray structure analysis and DFT calculations 

 B-N B-CAn CAn-CPy O-O CAn-B-N 
CentAn-
C-B 

CentAn-
C-CPy 

PhAn,outer // 

PhAn,outer 
PhAn,inner // 
Py 

3-Ph-O2X-ray 
(1) 

1.641(6), 

1.665(5) 

1.615(6), 

1.618(6) 

1.505(5), 

1.519(5) 
1.486(3) 

108.5(3), 

109.1(3) 

176.6, 

178.4 

171.5, 

168.4 
57.5 

46.3, 

36.7 

3-Ph-O2X-ray 
(2) 

1.649(6), 

1.666(6) 

1.613(6), 

1.609(6) 

1.506(6), 

1.519(6) 
1.489(4) 

108.0(3), 

108.4(3) 

177.4, 

177.8 

170.6, 

169.7 
46.9 

38.6, 

35.7 

3-Ph-O2X-ray 
(3) 

1.681(6), 

1.641(7) 

1.602(6), 

1.611(7) 

1.504(5), 

1.506(6) 
1.483(4) 

108.3(4), 

108.7(4) 

173.0, 

175.1 

168.1, 

170.3 
64.9 

28.1, 

37.7 

3-Et-O2th 
1.727, 

1.745 

1.617, 

1.619 

1.517, 

1.515 
1.465 

107.5, 

107.7 

175.1, 

176.0 

170.3, 

169.8 
58.4 

40.0, 

41.9 

3-Ph-O2th 
1.706, 
1.700 

1.618 1.515 1.468 
108.7, 

108.7 

179.0, 

178.0 

169.4, 

170.1 
57.9 

37.3, 

38.7 

4-Et-O2th 1.740 1.614 1.517 1.473 107.5 177.9 170.3 57.1 38.6 

 
 
Table 2-13. Orbital plots for BN-functionalized anthracene endoperoxides ((rb3lyp/6-
31g(d), scaling radii of 75%, isovalue = 0.04)  

 
 
 
 
 
 
 
 
 
 
 



- 101 - 
 

 
 

Spectral Data for Isolated Compounds 

 

 
Figure 2-28. 1H NMR spectrum of 9,10-bis(6-methylpyrid-2-yl)anthracene (2) in CDCl3; 

the two isomers are assigned as a and b 
 

  
Figure 2-29. 13C NMR spectrum of 9,10-bis(6-methylpyrid-2-yl)anthracene (2) in CDCl3 
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Figure 2-30. MALDI-TOF mass spectrum (pos. mode) of 9,10-bis(6-methylpyrid-2-

yl)anthracene (2) 
 

 
 
 
 

 
Figure 2-31. 1H NMR spectrum of 9-(6-methylpyrid-2-yl)anthracene (2M) in CDCl3 
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Figure 2-32. 13C NMR spectrum of 9-(6-methylpyrid-2-yl)anthracene (2M) in CDCl3 

 
 
 
 

 
Figure 2-33. MALDI-TOF mass spectrum (pos. mode) of 9-(6-methylpyrid-2-

yl)anthracene (2M) 
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Figure 2-34. 1H NMR spectrum of 3-Ph in CDCl3 

 
 
 
 
 

 
Figure 2-35. 11B NMR spectrum of 3-Ph in CDCl3 
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Figure 2-36. 13C NMR spectrum of 3-Ph in CDCl3 
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Figure 2-37. gCOSY NMR spectrum of 3-Ph (aromatic region, CDCl3, 25 ºC) 

 
 

 
Figure 2-38. HMQC NMR spectrum of 3-Et (aromatic region, CDCl3, 25	ºC) 
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Figure 2-39. MALDI-TOF mass spectrum (neg. mode) of 3-Ph 
 
 
 
 

 
 

Figure 2-40. 1H NMR spectrum of 3-Et in CDCl3 
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Figure 2-41. 11B NMR spectrum of 3-Et in CDCl3 
 
 
 
 

 
 

Figure 2-42. 13C NMR spectrum of 3-Et in CDCl3  
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Figure 2-43. MALDI-TOF mass spectrum (neg. mode) of 3-Et  
 
 
 
 
 

 

 
 

Figure 2-44. 1H NMR spectrum of 4-Et in CDCl3 (-5 ℃) 
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Figure 2-45. 11B NMR spectrum of 4-Et in CDCl3 

 
 

 
 

Figure 2-46. 13C NMR spectrum of 4-Et in CDCl3 
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Figure 2-47. MALDI-TOF mass spectrum (neg. mode) of 4-Et  
 
 
 
 
 

 
 

Figure 2-48. 1H NMR spectrum of 3-Ph-O2 in CDCl3 
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Figure 2-49. 11B NMR spectrum of 3-Ph-O2 in CDCl3 

 

 

 

 

 

 

 

 

 

 



- 113 - 
 

 
 

 
 
 

 
 

Figure 2-50. 13C NMR spectrum of 3-Ph-O2 in CDCl3 
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Figure 2-51. gCOSY NMR spectrum of 3-Ph-O2 (aromatic region, CDCl3, RT) 
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Figure 2-52a. Full H,H-NOESY NMR spectrum of 3-Ph-O2 (CDCl3, RT, mixing time: 0.6 
s). 
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Figure 2-52b. Expansions of H,H-NOESY NMR spectrum of 3-Ph-O2 (CDCl3, RT, 
mixing time: 0.6 s). 
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Figure 2-53. MALDI-TOF mass spectrum (neg. mode) of 3-Ph-O2  
 
 
 
 

 
 

Figure 2-54. 1H NMR spectrum of 3-Et-O2 in CDCl3 
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Figure 2-55. 11B NMR spectrum of 3-Et-O2 in CDCl3 

 

 

 

 

 
 

Figure 2-56. 13C NMR spectrum of 3-Et-O2 in CDCl3 
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Figure 2-57. MALDI-TOF mass spectrum (neg. mode) of 3-Et-O2 
 
 

 

 

 

 

 

 

 

 

 

 

 



- 120 - 
 

 
 

Chapter 3 Steric and Electronic Effects of Pyridyl Substituents and 

Implications on the Self-Sensitized Reactivity with Singlet Oxygen 

[a] 

3.1 Introduction 

The incorporation of heteroatoms presents a promising approach to judiciously alter the 

optical and electronic properties of organic π-conjugated materials.1 By embedding 

electron-deficient boron atoms or replacing C-C for isoelectronic B-N units in particular, 

desirable properties such as acceptor character due to lower lying LUMO orbitals, red-

shifted absorptions and emissions reaching into the near-IR, thermally activated delayed 

fluorescence (TADF), and enhanced charge carrier mobilities can be realized.2  In a 

conceptually different approach the electronic structure of conjugated organic materials 

can also be modulated by B¬N Lewis pair functionalization at their periphery. In this case, 

Lewis acid-base interactions result in the formation of tetra- rather than tricoordinate 

borane groups. Such an approach offers intriguing opportunities due to (i) the ensuing 

planarization of the molecular skeleton that results in enhanced extension of p-conjugation 

and improved rigidity favoring radiative over non-radiative decay; (ii) the increased 

electron-deficient character due to lower LUMO levels upon attachment of the borane 

Lewis acid groups; (iii) the potential for stimuli-responsive “smart” materials and 

molecular switches enabled by the reversibility of the Lewis pair formation.3 

 
[a] This chapter is adapted from a journal publication (ref. 33). 
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Several methods are available for the attachment of B¬N Lewis pairs including lithiation-

borylation sequences, transition metal-catalyzed C-H borylation,4 hydroboration of vinyl-

functionalized derivatives,5 or Lewis base-directed electrophilic borylation6. Taking 

advantage of these diverse synthetic routes, researchers have functionalized various N-

heterocyclic-substituted conjugated organic materials with boron in an effort at developing 

new luminescent materials for OLEDs and imaging applications, electron transporting and 

acceptor materials for transistors and organic solar cells (OSCs), as well as photochromic 

and pH-switchable materials.3d, 3e, 6b, 7 

We have recently embarked on an effort to explore the effects of the Lewis pair 

functionalization on larger p-conjugated scaffolds based on polycyclic aromatic 

hydrocarbons (PAHs). PAHs are attracting enormous research interest because of their 

desirable optical and electronic properties with applications ranging from organic 

electronics (OLEDs, OPVs, OFETs, singlet fission) to chemical sensors, catalysis and 

bioimaging.8 They also serve important roles as models and building blocks for the bottom-

up synthesis of larger conjugated carbon materials1c, 9 and as components of 

supramolecular materials via Diels-Alder and photocyclization chemistries.10 In addition, 

the ability of certain PAHs to reversibly form endoperoxides11 can be exploited to deliver 

singlet oxygen for applications in photodynamic therapy,12 in sensing,13 lithography,14 

fluorescent anti-counterfeiting15, and switches16. 
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Figure 3-1.  Structure, orbital energies, and LUMO plot of borylated BN-anthracene (B) 
in comparison to the all-carbon analog (C) and the boron-free ligand (A). 

 
Efforts at the B¬N Lewis pair functionalization of larger PAHs are only just emerging. 

Unique reactivity patterns have been uncovered,17 intriguing molecular switching 

properties have been reported,7e, 7f, 18 and circularly polarized luminescence (CPL) has been 

realized in the case of borylated helicenes.19 We are pursuing the functionalization of PAHs 

by utilizing Lewis basic pyridyl20 anchoring groups. In a first foray, we have recently 

demonstrated that the directed electrophilic borylation of dipyridylanthracene (A) results 

in selective borylation in the 1,5-positions11c, 21 to give novel BN-fused polycyclic aromatic 

hydrocarbons (B, Figure 3-1).22 The formation of the B¬N Lewis pairs at the periphery of 

anthracene leads on one hand to planarization as the pyridyl groups adopt a more coplanar 

conformation with the anthracene core, but on the other hand induces significant steric 

strain that results in deformation (buckling) of the anthracene backbone. In addition, the 

BN units result in a polarization relative to the respective planarized all-carbon congener,23 

hence the LUMO is dramatically lowered and displays an enhanced quinoidal character 

relative to the all-carbon congener (C). Collectively, the planarization and polarization 
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leads to an unusual change in color to deep red with a strong orange emission, as well as 

self-sensitized reactivity with O2 to reversibly produce the corresponding endoperoxides. 

As part of our continuing efforts to better understand the effects of borane functionalization 

on the structural features and electronic properties, in this work we have investigated four 

isomeric derivatives of BN-fused dipyridylanthracene with Me groups in different 

positions of the pyridyl ring. We find that the steric and electronic effects have a significant 

influence on the B¬N bond strength, the extent of distortion, and the structural dynamics 

in this system. In addition, we demonstrate that different substituents dramatically affect 

the photophysical and electrochemical properties, as well as the self-sensitized reactivity 

of the acenes toward oxygen and the subsequent thermal release of singlet oxygen from the 

respective endoperoxides.  

3.2 Results and Discussion 

 
Figure 3-2. Structures of BN-anthracenes investigated by DFT methods. 

To examine the effects of different substituents on the B-N bond lengths, structural 

distortions and electronic properties of BN-fused dipyridylanthracene we first conducted 

DFT calculations on four isomeric derivatives with Me groups in different positions of the 

pyridyl rings, as well as the parent non-methylated species BDPA (Figure 3-2). We 
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anticipated the methyl groups in derivatives BDPA-3Me and BDPA-4Me to have no 

significant steric influence, but to differ in terms of the electronic effects as 4-

methylpyridine is expected to be a relatively stronger Lewis base. In contrast, the methyl 

groups in BDPA-2Me are expected to exert front strain that disfavors B¬N Lewis pair 

formation, whereas steric strain in BDPA-5Me would be derived from interference of the 

methyl groups with the adjacent anthracene backbone protons in the 4 and 8-positions. We 

determined previously that the cis-isomer of BDPA-2Me, in which the pyridyl nitrogens 

point in the same direction and the boron atoms are dislocated from the anthracene 

backbone toward the same side, is significantly lower in energy than its trans-isomer.22 

Indeed, the same is true for all the other compounds (Table 3-6) and the results of the 

calculations on the thermodynamically favored cis-isomers for BDPA-3Me, BDPA-4Me 

and BDPA-5Me are presented in the following. 

Geometry optimization predicts the longest B-N distance for the previously reported 

derivative BDPA-2Me (1.690 Å) and the shortest for BDPA-4Me (1.640 Å) (Table 3-1). 

The relatively longer B-N distance for BDPA-2Me is consistent with steric interference 

between the Py-Me and BEt2 groups, whereas the shorter B-N distance for BDPA-4Me 

highlights the enhanced Lewis basicity of 4-methylpyridine, though the differences 

between BDPA-3Me, BDPA-4Me and the non-methylated parent molecule are modest. An 

important observation is that the B-N distance for BDPA-5Me (1.655 Å) is significantly 

larger than that for BDPA-3Me (1.643 Å) (both have the Me group in meta-position), 

which suggests that remote steric effects also influence the strength of the B¬N 

interactions. Indeed, by far the largest distortions to the anthracene backbone are found for 

BDPA-5Me with an interplanar angle between the terminal benzene rings of e = 25.6° 
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(Figure 3-3). Another criterion to assess the steric strain is the dislocation of the boron 

atoms from the plane of the benzene rings that they are attached to. Again, the largest 

distortions are found for BDPA-5Me with Cent1-C1,5-B angles of b = 168.8° that 

significantly deviate from the ideal angle of 180°. Our results suggest that in the case of 

BDPA-5Me, the close proximity of the Me substituents to the anthracene backbone results 

not only in strong “buckling” of the anthracene backbone, but also greater dislocation of 

the boron substituents and weaker B¬N interactions. While the Me substituents in 2-

position lead primarily to a lengthening of the B¬N bonds, the molecule appears to be 

otherwise less distorted than BDPA-3Me, BDPA-4Me, or even the non-methylated 

derivative. This indicates that a lengthening of the B-N distance leads to a relaxation of the 

overall steric strain of the molecule. We also note that the internal bending of the central 

benzene ring (d) is in all casesless than the interplanar angle between the terminal benzene 

rings (e), which indicates that the terminal benzene rings of anthracene also contribute to 

the distortions.  
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Table 3-1.  Comparison of computed geometric parameters of BDPA and its methyl-
substituted derivatives (DFT, rb3lyp/6-31g(d)) 

Compound B-N B-C1,5 C9,10-CPy a [a] b [b] g [c] d [d] e [e] f [f] 

BDPA 1.642 1.619 1.471 105.3 171.2 165.4 18.4 21.3 36.2 

BDPA-2Me 1.690 1.626 1.474 107.4 172.2 167.6 17.4 21.6 40.0 

BDPA-3Me 1.643 1.618 1.471 105.5 171.0 165.8 18.1 20.7 35.4 

BDPA-4Me 1.640 1.618 1.472 105.4 171.0 165.6 18.2 21.1 35.8 

BDPA-5Me 1.655 1.618 1.474 105.7 168.8 167.3 20.9 25.6 42.2 

[a] a = C1,5-B-N angle; [b] b = Cent1-C1,5-B; [c] g = Cent2-C9,10-CPy; [d] d = internal 
bending of central anthracene ring; [e] e = PhAn,out // PhAn,out , dihedral angle between outer 
anthracene rings; [f] f = PhAn,in // Py, dihedral angle between inner anthracene ring and 
pendent pyridyl ring. 

 

Figure 3-3. Illustration of geometric parameters discussed for BN-anthracenes. 

 

 

Figure 3-4. Comparison of HOMO and LUMO energies of BN-anthracenes 
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The effects on the electronic structure were assessed by examining the HOMO-LUMO 

energy levels (Figure 3-4). The electron-donating effect of the Me groups raises the HOMO 

and LUMO levels relative to the parent molecule BDPA. The LUMOs are very similar in 

energy, except for that the methyl groups in ortho-position to N (BDPA-2Me) raise the 

energy. Larger differences are found in the HOMO energies. Again, the methyl groups in 

ortho-position to N in BDPA-2Me lead to a significant elevation of the HOMO energy 

level. The methyl group in ortho-position to the anthracene moiety lowers the HOMO 

energy level and, consequently, the HOMO-LUMO gap is the largest for BDPA-5Me (2.42 

eV). The increased HOMO-LUMO gap for BDPA-5Me is likely related to the severe 

structural distortions discussed earlier that limit p-conjugation. 

 

 

Scheme 3-1. Synthesis of BN-Fused 9,10-Dipyridylanthracenes. 

 

The BN-fused systems BDPA-3Me, BDPA-4Me and BDPA-5Me were synthesized using 

a similar procedure to that previously reported for compound BDPA-2Me (Scheme 3-1). 

The dipyridylanthracene precursors DPA-3Me, DPA-4Me, and DPA-5Me were obtained 

in 86%, 72%, and 77% yield by Suzuki-Miyaura coupling of 9,10-
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bis(pinacolboryl)anthracene with the respective brominated methylpyridine derivative. For 

DPA-3Me a 2.1:1 mixture of isomers and for DPA-4Me a 2.7:1 mixture of isomers with 

the pyridyl groups in a trans or cis-arrangement was found, whereas the 

dipyridylanthracene DPA-5Me was obtained as a single isomer, presumably the sterically 

more favorable trans-derivative. Lewis base-directed electrophilic aromatic borylation 

with BCl3 and AlCl3 in the presence of 2,6-di-tert-butylpyridine (DBP)7g, 24 and subsequent 

treatment with diethylzinc gave BDPA-3Me in 12%, BDPA-4Me in 42%, and BDPA-5Me 

in 31% yield. The products were isolated by recrystallization from CH2Cl2/hexanes and 

fully characterized by multinuclear NMR and high-resolution MALDI-TOF MS. The 11B 

NMR signals at -0.3 ppm (BDPA-3Me), -0.6 ppm (BDPA-4Me) and -0.7 ppm (BDPA-

5Me) are slightly shifted upfield compared with that of BDPA-2Me (2.8 ppm), consistent 

with a stronger B¬N interaction. The 1H NMR data are in good agreement with the 

proposed structures and all the protons could be assigned by H,H-COSY and H,H-NOESY 

2D NMR analyses.  

 

Figure 3-5. Ball-and-stick illustrations of the X-ray structures of a) BDPA-4Me and b) 
BDPA-5Me. 
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Single crystals of BDPA-4Me and BDPA-5Me were grown from CH2Cl2/hexanes mixture 

at -20 ºC. The molecular structures are depicted in Figure 3-5 and the structural data 

summarized in Table 3-7. Compared with BDPA-2Me,22 the B-N distances for BDPA-4Me 

and BDPA-5Me are significantly shorter, ranging from 1.628(8)-1.635(8) Å for BDPA-

4Me and 1.637(2)-1.642(2) Å for BDPA-5Me (cf. BDPA-2Me 1.671(4)-1.685(3) Å), as 

expected for a stronger Lewis acid-base interaction. The molecular structures of BDPA-

4Me and BDPA-5Me further confirm the predicted buckled anthracene backbone with 

interplanar angles between the outer benzene rings of e = 17.4° for BDPA-4Me and e = 

20.7° for BDPA-5Me. They are slightly smaller than that of BDPA-2Me (e = 21.5°), which 

may suggest less distortion. However, an increased strain is evident from the dislocation of 

the boron atom from the plane of the anthracene backbone. The Cent1-C1,5-B angles of b = 

168.8, 170.5° for BDPA-4Me and b = 168.0, 168.8° for BDPA-5Me reveal much more 

pronounced distortions than for BDPA-2Me (b = 173.6, 174.8°). The steric effects of the 

5-Me groups in BDPA-5Me also lead to the largest interplanar angle between anthracene 

and pyridyl (41.6 and 43.5°). Overall, these observations are consistent with the results of 

the DFT calculations, which suggested that shorter B-N distances result in enhanced steric 

strain and the presence of the Me group in 5-position in the most severe distortions. Crystal 

packing indicated intermolecular π–π stacking of the anthracene main chain is prevented 

by the presence of the BEt2 and contorted PAHs (Figure 3-6). 
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Figure 3-6. VT 1H NMR spectra of BDPA-3Me and BDPA-4Me (Et region, d8-tol, 
599.7 MHz) 
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Table 3-2. Summary of results from VT NMR spectroscopy studies 

Compound Probe Tc [a] [K] ∆ν [Hz] [b] ∆G≠ 
Tc [a] [kJ mol-1] 

BDPA-2Me [22] CH3 (Et) 323 ± 3 36 [c] 68.5 ± 0.7 

BDPA-3Me CH3 (Et) 303 ± 3 130 [c] 60.8 ± 0.6 

BDPA-4Me CH3 (Et) 308 ± 3 125 [c] 61.9 ± 0.7 
[a] Data from coalescence temperature method by using the approximation ∆G≠ = 0.0194Tc 
[9.972+lg(Tc ∆ν-1)] for estimation of ∆G≠ at Tc;32 [b] an error of 5% in the line width 
determination is assumed; [c] values for ∆ν at Tc were estimated by linear extrapolation of 
chemical shift trends at low temperature (where exchange is negligible) to Tc. 
 
The crystal structures confirm the formation of the cis-isomer with the pyridyl groups 

positioned on the same side relative to the anthracene backbone. However, our prior studies 

revealed that, while the trans-isomer is higher in energy, it may be involved as an 

intermediate in the interconversion of the cis-isomer, a process that can be monitored by 

the chemical exchange of the inequivalent ethyl substituents on boron. To further 

investigate this aspect, we performed VT 1H NMR experiments that provide the free energy 

barrier to interconversion of the ethyl groups (Figures 3-6). From the coalescence 

temperatures the barrier was determined to ∆G≠ = 68.5 ± 0.7 kJ mol−1 for BDPA-2Me, 

60.8 ± 0.6 kJ mol−1 for BDPA-3Me, and 61.9 ± 0.7 kJ mol−1 for BDPA-4Me (Table 3-2), 

whereas for BDPA-5Me the barrier proved to be too high to observe any isomerization. 

Thus, despite the shorter B-N distances, the smallest energy barriers are found for BDPA-

3Me and BDPA-4Me, and this indicates that the reorientation (rotation) of the pyridyl 

group is rate determining rather than the B-N bond cleavage. 
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Figure 3-7. a) UV-vis absorption and b) emission spectra in CH2Cl2 solution. 

 

 

 

 

 

 

 

 



- 133 - 
 

 
 

Table 3-3. Comparison of photophysical data of BN-functionalized anthracenes and their 

ligand precursors  

Compound labs [a] 

[nm] 

labs, 

TDDFT 

[nm] 

lFl [b] 

[nm] 

tFl 
[c] 

[ns] 

FFl [d] kr / knr 
 [e] 

[107 s-1] 

DPA-2Me22 393, 372, 354, 259 359 428 6.0 (c2 = 1.64) 0.77 12.8 / 3.8 

DPA-3Me 393, 372, 354, 259 361 427 5.9 (c2 = 1.46) 0.59 10.0 / 6.9 

DPA-4Me 393, 372, 354, 259 359 428 6.1 (c2 = 1.42) 0.64 10.5 / 5.9 

DPA-5Me 392, 372, 354, 258 355 419, 397 6.9 (c2 = 1.42) 0.60 8.7 / 5.8 

BDPA-2Me22 538, 298, 293 523 620 11.1 (c2 = 1.54) 0.53 4.8 / 4.2 

BDPA-3Me 555, 528 (sh), 295 532 622 10.2 (c2 = 1.53) 0.43 4.2 / 5.6 

BDPA-4Me 554, 525 (sh), 298 533 621 10.9 (c2 = 2.33)[f] 0.60 5.5 / 3.7 

BDPA-5Me 535, 297 512 612 11.5 (c2 = 1.50) 0.55 4.8 / 3.9 

[a] In CH2Cl2 solution. [b] Excited at 372 nm (DPA-2Me, DPA-3Me, DPA-4Me and DPA-

5Me), 538 nm (BDPA-2Me), 528 nm (BDPA-3Me), 525 nm (BDPA-4Me), 535 nm 

(BDPA-5Me); [c] excited with a nanoLED at 388 nm (ligands), or 450 nm (borylated 

species); [d] absolute quantum yield determined using an integrating sphere; [e] radiative 

(kr) and non-radiative (knr) decay rate constants are calculated using the equations kr = φ/ τ, 

knr = (1 – φ) / τ; [f] for double-exponential fit: τFl = 1.3 ns (3%), 11.1 ns (97%) (χ2 = 1.62). 

 

Formation of the B¬N Lewis pairs results in strong bathochromic shifts of the absorption 

and emission bands relative to those of the 9,10-dipyridylanthracene precursors. The BN-

fused species are obtained as red crystalline solids that display a very intense orange 

emission in solution. A comparison of the absorption and emission spectra in CH2Cl2 is 

displayed in Figure 3-7 and the photophysical properties are summarized in Table 3-3. A 

longer wavelength absorption maximum for BDPA-3Me (555 nm) and BDPA-4Me (554 

nm) in comparison to BDPA-2Me (538 nm) and BDPA-5Me (535 nm) is consistent with 
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our DFT data, which showed that the relatively larger HOMO-LUMO energy gap for 

BDPA-2Me is due primarily to an increase in the LUMO energy. The larger HOMO-

LUMO energy gap for BDPA-5Me relative to those of BDPA-3Me and BDPA-4Me is 

owing to a lower HOMO energy level. The quantum yields are consistently very high, 

despite the relatively low energy of the emission, with the largest value determined for 

BDPA-4Me (60%), closely followed by BDPA-5Me (55%), BDPA-2Me (53%), and 

BDPA-3Me (43%). The fluorescence lifetimes are very similar to one another, in the range 

of 10.2 to 11.5 ns, and significantly longer than for the non-borylated precursors. These 

data are consistent with relatively small non-radiative decay constants (knr) due to the more 

rigid molecular framework. 

 

 

Figure 3-8 Cyclic (CV, top) and square wave voltammetry (SWV, bottom) data. 
Oxidation in 0.1M Bu4N[PF6] in DCM, reduction in 0.1M Bu4N[PF6] in THF, reported vs 

Fc+/0, ν = 100 mV s-1. 
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Cyclic (CV) and square wave voltammetry (SWV) data acquired in THF containing 0.1 M 

Bu4N[PF6] show two consecutive reversible reduction processes (Figure 3-8). As predicted 

by the DFT calculations, the first reduction occurs slightly more readily for BDPA-3Me 

(Ered = -1.77 V vs. Fc+/0), BDPA-4Me (Ered = -1.77 V) and BDPA-5Me (Ered = -1.81 V) in 

comparison with BDPA-2Me (Ered = -1.87 V) (Table 3-4). Of note is that the second 

reduction occurs at a much more negative potential for BDPA-5Me in comparison to the 

other isomers, resulting in an unusually large redox splitting of DE = 0.38 V. Considering 

that the LUMO orbitals show a quinoidal p-delocalization between the anthracene and 

pyridyl groups, this may be due to steric constraints that hinder the planarization of the 

pyridyl and anthracene groups in BDPA-5Me. Oxidative scans performed in CH2Cl2 

containing 0.1 M Bu4N[PF6] show irreversible waves with peak potentials of Epa = 0.40 V 

(BDPA-2Me), 0.39 V (BDPA-3Me), 0.42 V (BDPA-4Me), and 0.48 V (BDPA-5Me) 

(Figure 3-8). The derived electrochemical HOMO–LUMO gaps range from 2.16 eV 

(BDPA-3Me) to 2.29 eV (BDPA-5Me), in excellent agreement with the trends in the 

optical gaps deduced from the UV-vis absorption spectra. 
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Table 3-4. Electrochemical data of BN-functionalized anthracenes and comparison of 
HOMO-LUMO gaps with results from DFT calculations and UV-vis absorption 
spectroscopy 

Compound Eox
CV [a] 

[V] 

Ered
CV [b] 

[V] 

HOMO[c] 

[eV] 

LUMO[c] 

[eV] 

Eg
CV [c] 

[eV] 

Eg
DFT[d]

 

[eV] 

Eg,
opt [e] 

[eV] 

BDPA-2Me22 0.40 -1.87, -2.07 -5.20 -2.93 2.27 2.34 2.30 

BDPA-3Me 0.39 -1.77, -2.02 -5.19 -3.03 2.16 2.30 2.23 

BDPA-4Me 0.42 -1.77, -2.00 -5.22 -3.03 2.19 2.31 2.24 

BDPA-5Me 0.48 -1.81, -2.19 -5.28 -2.99 2.29 2.42 2.32 

[a] Recorded using 0.1M Bu4N[PF6] in CH2Cl2, Eox = Epa;  [b] recorded using 0.1M 
Bu4N[PF6] in THF, Ered = 0.5 (Epc + Epa); [c] determined from CV data using the equations 
ELUMO = -(4.8 + Ered) and EHOMO = -(4.8 + Eox); [d] from DFT calculations at the rb3lyp/6-
31g(d) level of theory; [e] estimated from absorption maxima in CH2Cl2 solution. 
 
Beyond the superior emissive properties, an intriguing characteristic of anthracenes is their 

ability to take up and release singlet oxygen via the reversible formation of endoperoxides. 

This behavior is not only of key importance to cancer treatment via photodynamic 

therapy,12-13 but has also been exploited in materials science, for instance, in 

photolithography,14 fluorescent anti-counterfeiting15, and the development of molecular 

switches16. Typically, an external sensitizer is added to promote the by conversion of triplet 

to singlet oxygen, which in turn reacts with the acene to yield the respective endoperoxides. 

In a very recent study Linker demonstrated that this is also the case for 

dipyridylanthracenes which are converted to the endoperoxides by sensitization with 

tetraphenylporphyrin.25 While spontaneous self-sensitized reaction of higher acenes (e.g. 

pentacene) with oxygen is frequently encountered, relatively few examples of anthracene 

derivatives are known that display efficient self-sensitized endoperoxide formation with 

visible light, most notably systems in which the phenyl groups in 9,10-diphenylanthracene 
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are fused to the anthracene backbone via O, S, C=O, or aryl bridges that results in 

planarized structures and red-shifted absorptions.26 We found that the BN-functionalized 

anthracene rapidly react with O2 in the presence of visible light to selectively form the 

corresponding endoperoxide BPO-2Me, BPO-3Me, BPO-4Me, and BPO-5Me (Figure 3-

9). The endoperoxides were fully characterized by multinuclear NMR and high-resolution 

MALDI-TOF MS. 

 

Figure 3-9. Self-sensitized formation of endoperoxides and photographs under ambient 
light and UV-irradiation illustrating color changes for the reversible conversion of BDPA-
5Me to its endoperoxide BPO-5Me.   
 

To explore differences in reactivity, solutions of the acenes in oxygen-saturated CH2Cl2 (1 

× 10−5 M) were irradiated with a Xe lamp at room temperature (Figure 3-10a, see appendix 

for details). The kinetic data reveal a strong influence of substituent effects on the reactivity 

as BDPA-5Me with the Me groups in close proximity to the anthracene backbone reacts 

almost an order of magnitude more slowly than the other derivatives to give the 

corresponding endoperoxide BPO-5Me. In the case of diarylanthracenes, zwitterionic 

intermediates consisting of a C-9 attached peroxo anion and C10-centered carbocation have 

been proposed, and a correlation between the HOMO energy of diarylanthrancenes with 

their reactivity towards O2 has been postulated.27 According to our calculations the HOMO 
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level decreases slightly in the order of BDPA-2Me > BDPA-3Me  » BDPA-4Me > BDPA-

5Me (Figure 3-4), which is consistent with their relative reactivity except for that BDPA-

2Me reacts at a similar rate as BDPA-3Me and BDPA-4Me. However, the much lower rate 

for BDPA-5Me suggests that steric factors play a major role, most likely by preventing 

further planarization of the pyridyl group and the anthracene backbone, which is necessary 

to stabilize the proposed carbocation intermediate27 in the peroxo intermediate for BDPA-

5Me (Figure 3-10a). On the other hand, the fact that the rate for BDPA-2Me is similar to 

that of BDPA-3Me and BDPA-4Me suggests that the effect of the steric pressure of the 

Me group in 2-position and the ensuing weakening of the B¬N interaction is less 

significant as it does not directly affect the ability of the pyridyl group to adopt a position 

that is coplanar with the anthracene backbone. 
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Figure 3-10. a) Pseudo first-order kinetics and structures of proposed intermediates for the 
reaction of BN-functionalized anthracenes with oxygen upon photoirradiation with a Xe 
lamp in CH2Cl2 solution (BDPA-2Me: k = 1.8 ´ 10-3 s-1, BDPA-3Me: k = 2.4 ´ 10-3 s-1, 
BDPA-4Me: 2.0 ´ 10-3 s-1, BDPA-5Me: 2.2 ´ 10-4 s-1). b) Kinetics for the thermolysis of 
the endoperoxides at 100 ºC and structures of proposed intermediates; Aend: final absorption 
intensity of BDPA, At: absorption intensity of BDPA at a given time (BPO-2Me: k = 1.2 ´ 
10-4 s-1, BPO-3Me: 2.9 ´ 10-5 s-1, BPO-4Me: 7.6 ´ 10-6 s-1, BPO-5Me: 7.5 ´ 10-7 s-1). 
 

Another appealing aspect of diarylanthracene endoperoxides is their ability to thermally 

revert to the parent acenes with generation of singlet oxygen that can be delivered on 

demand.11b, 11c This process is believed to proceed through a diradical intermediate 

generated upon initial cleavage of one of the C-O bonds.27 Indeed, when heated to 100 ºC 

in toluene, the BPOs gradually revert back to the parent acenes (Figure 3-10b). The rate of 

cyclo-reversion for BPO-2Me is by far the highest, almost an order of magnitude higher 

than that of BPO-3Me and more than two orders of magnitude higher than that of BPO-



- 140 - 
 

 
 

5Me. This suggests a relatively lower kinetic barrier for BPO-2Me and is in good 

agreement with the calculated C-O and O-O bond distances for the BPOs which increase 

in the order of BPO-5Me < BPO-4Me » BPO-3Me < BPO-2Me (Table 3-15). While not 

directly correlated, our results are also consistent with a comparison of the relative stability 

of the BN-anthracenes and their endoperoxides, where the regeneration of BDPA-5Me 

from its endoperoxide BPO-5Me is energetically least favorable (Table 3-5). BDPA-2Me 

is highest in energy among the acenes, presumably due to the weaker B¬N interaction (B-

N 1.690 Å), but the formation of its endoperoxide BPO-2Me is predicted to be relatively 

even less favorable (B-N 1.727, 1.745 Å). The elongated B-N bond distances for BPO-

2Me and expected more facile bond dissociation could also be an indication that generation 

of a tricoordinate borane plays a role in promoting the release of oxygen from BPO-2Me. 

Indeed, the rate of cyclo-reversion for BPO-2Me (t1/2 = 105 mins) is higher than that 

reported for diphenylanthracene (t1/2 = 121 mins) and, interestingly, the parent non-

borylated di-o-pyridylanthracene was reported to only release O2 at a temperature of 135 

ºC at which other side reactions occur.25, 27a In a recent study, Linker and coworkers 

proposed that N-methylation of di(o-pyridyl)anthracene triggers very rapid O2 release by 

interaction of the cationic methylpyridinium group with the peroxo bridge.28 Although a 

direct interaction between the Lewis-acidic boron center generated upon B-N cleavage and 

the peroxo bridge is sterically not feasible, it is conceivable that the borane interacts with 

a lone pair on the peroxo group after the initial C-O bond cleavage.  
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Table 3-5. Relative computed energies for isomeric BN-anthracenes and their 
endoperoxides[a] 

  DEBDPA [b] 

(kJ/mol)  

DEBPO [c] 

(kJ/mol) 
D(EBPO –EBDPA) 

(kJ/mol) 

BDPA-2Me +77.8 +99.4 +21.6 

BDPA-3Me +5.9 +28.1 +22.2 

BDPA-4Me  º 0  º 0  º 0 

BDPA-5Me +52.6 +40.0 -12.6 
[a] Optimized at rb3lyp/6-31g(d) level of theory. [b] Comparison of total energy relative to 
sterically unhindered 4-methylated acene. [c] Comparison of total energy relative to 
sterically unhindered 4-methylated acene endoperoxide. 
 
The results described above indicate that while compound BDPA-2Me reacts similarly fast 

as BDPA-3Me and BDPA-4Me with O2 under photoirradiation it thermally releases singlet 

O2 more readily. On the other hand, BDPA-5Me sluggishly reacts with O2 and only very 

slowly releases singlet O2. This suggests that by simply varying the substitution pattern on 

the pyridyl moiety either a material (BDPA-2Me) that can be used for delivery of singlet 

oxygen on demand or a material (BDPA-5Me) that acts as a singlet oxygen sensitizer for 

oxygenation of other compounds can be achieved. To test the ability of the BN-fused 

dipyridylanthracenes to act as a singlet oxygen sensitizer and promote oxygenation of other 

substrates we performed competition experiments with 9,10-dimethylanthracene (DMA) 

as a singlet oxygen acceptor. Indeed, all the compounds promote oxygenation of DMA as 

evidenced by a decrease in the characteristic absorptions between 300 to 400 nm. However, 

whereas BDPA-2Me, BDPA-3Me and BDPA-4Me undergo preferential self-sensitized 

oxygenation and the oxygenation of DMA occurs at a relatively lower rate (Figure 3-16), 

BDPA-5Me leads to preferential conversion of DMA into its endoperoxide. The oxidation 

of DMA using 10% of BDPA-5Me as a photosensitizer is illustrated in Figure 3-11. In the 

absence of BDPA-5Me as a photosensitizer only negligible amounts of DMA are converted 
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upon photoirradiation under otherwise identical conditions.  

 

    
Figure 3-11.  Photoirradiation of 9,10-dimethylanthracene (DMA) in the presence of 10 
mol% BDPA-5Me with a Xe lamp in oxygen-saturated CH2Cl2 solution followed by UV-
Vis spectroscopy.isolation of a specific desired cyclic product. 
            

3.3 Experimental 

Materials and General Methods. All reactions were carried out under an atmosphere of 

pre-purified nitrogen using either Schlenk techniques or an inert-atmosphere glovebox. 

THF was distilled from Na/benzophenone prior to use. Hydrocarbon and chlorinated 

solvents were purified using a solvent purification system (alumina/copper columns for 

hydrocarbon solvents), and the chlorinated solvents were subsequently distilled from CaH2 

and degassed via several freeze-pump-thaw cycles. All chemicals were purchased from 

commercial sources and directly used without further purification unless noted otherwise. 

NMR data were acquired at ambient temperature unless noted otherwise. 499.9 MHz 1H 

and 160.4 MHz 11B NMR data were recorded on a 500 MHz Bruker AVANCE spectrometer; 

599.7 MHz 1H, 150.8 MHz 13C{1H}, and 192.4 MHz 11B{1H} NMR data were recorded 

on a Varian INOVA 600 spectrometer. 11B{1H} NMR spectra were acquired with boron-

DMA 

BDPA-5Me 



- 143 - 
 

 
 

free quartz NMR tubes either on the Varian INOVA 600 with a boron-free 5 mm dual 

broadband gradient probe (Nalorac, Varian Inc., Martinez, CA) or the 500 MHz Bruker 

Auto Avance with a 5mm PH SEX 500S1 11B-H/F-D probe. 1H and 13C{1H} NMR spectra 

were referenced internally to solvent signals (CDCl3: 7.27 ppm for 1H NMR, 77.23 ppm 

for 13C NMR; d8-toluene: 2.08 ppm for 1H NMR) and all other NMR spectra externally to 

SiMe4 (0 ppm). Abbreviations used for signal assignments: An = anthracene, Ph = phenyl, 

Py = pyridyl, Me = methyl, s = singlet, d = doublet, t = triplet, vt = virtual triplet, dd = 

doublet of doublets, m = multiplet, br = broad. MALDI-TOF MS measurements were 

performed on a Bruker Ultraflextreme in reflectron mode with delayed extraction. Red 

phosphorus was used for calibration. 

UV-visible absorption data were acquired on a Varian Cary 5000 UV-Vis/NIR 

spectrophotometer or a Cary 60 UV-Vis spectrophotometer. The fluorescence data and 

lifetimes were measured using a Horiba Fluorolog-3 spectrofluorometer equipped with a 

388 or 450 nm nanoLED and a FluoroHub R-928 detector. Absolute quantum yields (ΦF) 

were measured on the HORIBA Fluorolog-3 using a pre-calibrated Quanta-φ integrating 

sphere. Light from the sample compartment is directed into the sphere via a fiber-optic 

cable and an F-3000 Fiber-Optic Adapter, and then returned to the sample compartment 

(and to the emission monochromator) via a second fiber-optic cable and an F-3000 Fiber-

Optic Adapter.  

Cyclic voltammetry (CV) and square wave voltammetry (SWV) experiments were carried 

out on a CV-50W analyzer from BASi. The three-electrode system consisted of an Au disk 

as working electrode, a Pt wire as counter electrode and an Ag wire as the pseudo-reference 

electrode. The voltammograms were recorded with ca. 10-3 to 10-4 M solutions in THF 
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(reduction scans) or DCM (oxidation scans) containing Bu4N[PF6] (0.1 M) as the 

supporting electrolyte. The scans were referenced after the addition of a small amount of 

ferrocene as internal standard. The potentials are reported relative to the 

ferrocene/ferrocenium couple.  

DFT calculations were performed with the Gaussian09 suite of programs.29 The input files 

were generated from single crystal structures when available or otherwise generated from 

Chem3D and pre-optimized in Spartan '08 V 1.2.0. Ground state geometries were then 

optimized in Gaussian09 using the hybrid density functional rb3lyp with a 6-31g(d) basis 

set. Frequency calculations were performed to confirm the presence of local minima (only 

positive frequencies). Vertical excitations were calculated by TD-DFT methods at the 

rcam-b3lyp/6-31g(d) level. First triplet excited state geometries were optimized by DFT 

methods at the ub3lyp/6-31g(d) level and first singlet excited state geometries were 

optimized by TD-DFT methods at the b3lyp/6-31g(d) level. 

Single crystals of BDPA-4Me and BDPA-5Me suitable for X-ray analysis were grown from 

CH2Cl2/hexanes mixture at –20 ºC. X-ray diffraction intensities on BDPA-4Me and BDPA-

5Me were collected on a Bruker SMART APEX II CCD Diffractometer using CuKα 

(1.54178 Å) radiation at 100(2) K. The structures were refined by full-matrix least squares 

based on F2 with all reflections (SHELXTL V5.10; G. Sheldrick, Siemens XRD, Madison, 

WI).30 Non-hydrogen atoms were refined with anisotropic displacement coefficients, and 

hydrogen atoms were treated as idealized contribution. SADABS (Sheldrick, 12 G.M. 

SADABS (2.01), Bruker/Siemens Area Detector Absorption Correction Program; Bruker 

AXS: Madison, WI, 1998) absorption correction was applied.31 Crystallographic data for 

both crystals have been deposited with the Cambridge Crystallographic Data Center as 
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supplementary publications CCDC 1898388-1898389. Copies of the data can be obtained 

free of charge on application to CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (fax: 

(+44) 1223-336-033; email: deposit@ccdc.cam.ac.uk). 

Synthesis of Dipyridylanthracene DPA-3Me. 9,10-Bis(pinacolboryl)anthracene (1) 

(3.00 g, 6.97 mmol), 2-bromo-5-methylpyridine (2.64 g, 15.3 mmol, 2.2 equiv) and sodium 

carbonate (5.9 g, 56 mmol, 8 equiv) were added to a Schlenk flask. Then 155 mL of toluene, 

ethanol and water in a ratio of v/v/v = 7:1.5:7 were added. 

Tetrakis(triphenylphosphine)palladium(0) (0.48 g, 0.42 mmol, 6 mol%) was added after 

degassing under nitrogen for 20 min. The reaction mixture was stirred at 80 °C for 3 days 

under nitrogen atmosphere, allowed to cool to room temperature, and then poured into 

water with stirring. The mixture was extracted with CH2Cl2, the organic layer was washed 

with brine and dried over anhydrous sodium sulfate. After rotary evaporation the crude 

product was redissolved in a small amount of CH2Cl2 and layered with hexanes (v/v = 1:1) 

at room temperature. Diffusion and slow partial evaporation of the solvent resulted in light 

yellow crystals. Yield: 2.16 g (86%). 1H NMR (599.7 MHz, CDCl3, 25 ºC): δ (ppm) = 

Major isomer (68%) 8.77 (s, 2H; Py), 7.75 (dd, J = 7.2 Hz, J = 1.8 Hz, 2H; Py), 7.60 (m, 

4H; An), 7.45 (d, J = 7.2 Hz, 2H; Py), 7.33 (m, 4H; An), 2.55 (s, 6H; Me). Minor isomer 

(32%) 8.80 (s, 2H; Py), 7.75 (dd, J = 7.2 Hz, J = 1.8 Hz, 2H; Py), 7.65 (m, 4H; An), 7.45 

(d, J = 7.2 Hz, 2H; Py), 7.35 (m, 4H; An), 2.55 (s, 6H; Me). 13C{1H} NMR (150.8 MHz, 

CDCl3, 25 ºC): δ (ppm) = Major isomer 155.7, 150.7, 137.0, 136.2, 132.0, 130.2, 130.1, 

126.6, 125.6, 18.7. Minor isomer 155.6, 150.8, 137.0, 136.3, 132.0, 130.1, 126.6, 125.6, 

18.7. High-resolution MALDI-TOF mass spectrum (pos. mode, neat): m/z = 360.1619 

([M]+, 100 %, calcd for 12C261H2014N2 360.1621). 
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Synthesis of Dipyridylanthracene DPA-4Me. In a glovebox, 9,10-

bis(pinacolboryl)anthracene (1) (5.50 g, 12.8 mmol) and 2-bromo-4-methylpyridine (3.1 

mL, 28 mmol, 2.2 equiv) were dissolved in toluene, followed by the addition of 

tetrakis(triphenylphosphine)palladium(0) (1.48 g, 1.29 mmol, 10 mol%) and cesium 

carbonate (25 g, 77 mmol, 6 equiv). The reaction mixture was stirred at 100 ºC for 11 days 

under nitrogen atmosphere, allowed to cool to room temperature, and then filtered through 

a fritted funnel. The solid that was collected, redissolved in a small amount of CH2Cl2, and 

layered with hexanes (v/v = 1:1) at room temperature. Diffusion and slow partial 

evaporation of the solvent resulted in light yellow crystals. Yield: 3.29 g (72%). 1H NMR 

(599.7 MHz, CDCl3, 25 ºC): δ (ppm) = Major isomer (71%) 8.78 (d, J = 4.8 Hz, 2H; Py), 

7.59 (m, 4H; An), 7.36 (s, 2H; Py), 7.34 (m, 4H; An), 7.31 (d, J = 4.8 Hz, 2H; Py), 2.52 (s, 

6H; Me). Minor isomer (29%) 8.81 (d, J = 5.4 Hz, 2H; Py), 7.63 (m, 4H; An), 7.37-7.30 

(overlapped, 8H; An, Py), 2.51 (s, 6H; Me). 13C{1H} NMR (150.8 MHz, CDCl3, 25 ºC): δ 

(ppm) = Major isomer 158.5, 150.0, 147.7, 136.4, 130.0, 127.9, 126.5, 125.6, 123.6, 21.4. 

Minor isomer 158.5, 150.1, 147.5, 136.5, 129.9, 127.9, 126.6, 125.6, 123.6, 21.4. High-

resolution MALDI-TOF mass spectrum (pos. mode, neat): m/z = 360.1616 ([M]+, 100 %, 

calcd for 12C261H2014N2 360.1621). 

Synthesis of Dipyridylanthracene DPA-5Me. 9,10-bis(pinacolboryl)anthracene (1) (3.00 

g, 6.97 mmol), 2-bromo-3-methylpyridine (1.7 mL, 15 mmol, 2.2 equiv) and sodium 

carbonate (5.9 g, 56 mmol, 8 equiv) were added to a Schlenk flask. Then 155 mL of toluene, 

ethanol and water in a ratio of v/v/v = 7:1.5:7 were added. 

Tetrakis(triphenylphosphine)palladium(0) (0.48 g, 0.42 mmol, 6 mol%) was added after 

degassing under nitrogen for 20 min. The reaction mixture was stirred at 80 °C for 2 days 
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under nitrogen atmosphere, allowed to cool to room temperature, and then poured into 

water with stirring. The mixture was extracted with CH2Cl2, the organic layer was washed 

with brine and dried over anhydrous sodium sulfate. After rotary evaporation the crude 

product was purified by column chromatography (silica gel) with 

hexanes/CH2Cl2/triethylamine (v/v/v = 10:1:1) as eluent. The volatile components were 

then removed under high vacuum to give the product as a yellow solid. Yield: 1.93 g (77 

%). 1H NMR (499.9 MHz, CDCl3, 25 °C): δ (ppm) = 8.76 (d, J = 5.0 Hz, 2H; Py), 7.80 (d, 

J = 8.0 Hz, 2H; Py), 7.43 (m, 6H; Py, An), 7.34 (m, 4H; An), 1.97 (s, 6H; Me). 13C{1H} 

NMR (125.8 MHz, CDCl3, 25 °C): δ (ppm) = 157.9, 147.6, 138.0, 135.4, 134.5, 129.6, 

126.1, 125.9, 123.0, 19.0. High-resolution MALDI-TOF mass spectrum (pos. mode, neat): 

m/z = 360.1612 ([M]+, 100 %, calcd for 12C261H2014N2 360.1621). 

Synthesis of Bis-Borane Complex BDPA-3Me. In a glovebox, BCl3 (7.2 mL, 1M solution 

in hexane, 7.2 mmol, 4 equiv) was added to a bright yellow solution of DPA-3Me (0.64 g, 

1.78 mmol) in CH2Cl2. The solution instantly changed color to orange red. 2,6-Di-tert-

butylpyridine (0.683 g, 3.57 mmol, 2 equiv) and AlCl3 (0.715 g, 5.36 mmol, 3 equiv) were 

added to the reaction mixture. After stirring for 16 hours, an additional portion of AlCl3 

(0.238 g, 1.78 mmol, 1 equiv) was added and the mixture was stirred for a further 16 hours 

whereupon it turned dark green. Addition of Bu4NCl (0.993 g, 3.57 mmol, 2 equiv) resulted 

in a dark purple suspension to which ZnEt2 (0.77 mL, 7.32 mmol, 4.1 equiv) was added 

dropwise. The reaction mixture was then stirred for 16 hours at room temperature, followed 

by removal of the solvent under reduced pressure. The dark residue was redissolved in 

toluene and insoluble components were removed by filtration through a fritted funnel. The 

solution was concentrated under reduced pressure. Recrystallization in 
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dichloromethane/hexanes at -20 ºC gave BDPA-3Me as red crystals. Yield: 0.11 g (12 %). 

Yield: 0.11 g (12 %). 1H NMR (499.9 MHz, CDCl3, -10 ºC): δ (ppm) = 8.60 (s, 2H; Py), 

8.22 (d, J = 8.5 Hz, 2H; Py), 8.10 (d, J = 8.0 Hz, 2H; An), 7.74 (br d, J = 7.5 Hz, 2H; Py), 

7.58 (d, J = 6.5 Hz, 2H; An), 7.49 (dd, J = 8.5 Hz, J = 7.0 Hz, 2H; An), 2.54 (s, 6H; Me), 

1.34 (m, 2H; Et), 1.02 (m, 2H; Et), 0.76 (t, J = 7.5 Hz, 6H; Et), 0.41 (overlapped, 10H; Et). 

13C{1H} NMR (150.8 MHz, CDCl3, 25 ºC): δ (ppm) = 150.7, 150.2 (br), 144.9, 138.6, 

132.8, 132.3, 129.4, 128.5, 128.0, 127.2, 120.7, 23.7 (br), 18.8, 14.0 (br), 10.4 (br), 9.4 

(br). 11B{1H} NMR (160.4 MHz, CDCl3, 25 ºC): δ (ppm) = -0.3 (w1/2 = 390 Hz). High-

resolution MALDI-TOF MS (neg. mode, neat): m/z = 496.3163 ([M]-, 15 %, calcd for 

12C341H3811B214N2 496.3227), 467.2821 ([M-Et]-, 100 %, calcd for 12C321H3311B214N2 

467.2835). 

Synthesis of Bis-Borane Complex BDPA-4Me. In a glovebox, BCl3 (8.7 mL, 1M solution 

in hexane, 8.7 mmol, 4 equiv) was added to a bright yellow solution of DPA-4Me (0.79 g, 

2.18 mmol) in CH2Cl2. The solution instantly changed color to orange red. 2,6-Di-tert-

butylpyridine (0.835 g, 4.37 mmol, 2 equiv) and AlCl3 (0.874 g, 6.55 mmol, 3 equiv) were 

added to the reaction mixture. After stirring for 16 hours, an additional portion of AlCl3 

(0.291 g, 2.18 mmol, 1 equiv) was added and the mixture was stirred for a further 16 hours 

whereupon it turned dark green. Addition of Bu4NCl (386 mg, 1.387 mmol, 2 equiv) 

resulted in a dark purple suspension to which ZnEt2 (0.95 mL, 8.96 mmol, 4.1 equiv) was 

added dropwise. The reaction mixture was then stirred for 16 hours at room temperature, 

followed by removal of the solvent under reduced pressure. The dark residue was 

redissolved in toluene and insoluble components were removed by filtration through a 

fritted funnel. The solution was concentrated under reduced pressure. Recrystallization in 
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dichloromethane/hexanes at -20 ºC gave BDPA-4Me as red crystals that were suitable for 

X-ray analysis. Yield: 0.45 g (42%). 1H NMR (599.7 MHz, CDCl3, -5 ºC): δ (ppm) = 8.65 

(d, J = 6.6 Hz, 2H; Py), 8.13 (m, 4H; Py, An), 7.59 (d, J = 6.0 Hz, 2H; An), 7.51 (vt, J = 

7.8 Hz, 2H; An), 7.29 (d, J = 6.6 Hz, 2H; Py), 2.49 (s, 6H; Me), 1.32 (m, 2H; Et), 1.01 (m, 

2H; Et), 0.75 (t, J = 7.2 Hz, 6H; Et), 0.45 (t, J = 7.2 Hz, 6H; Et), 0.36 (m, 4H; Et). 13C{1H} 

NMR (150.8 MHz, CDCl3, 25 ºC): δ (ppm) = 152.5, 150.4 (br),149.6, 144.7, 133.0, 130.3, 

128.7, 128.7, 127.9, 127.3, 123.2, 120.6, 23.5 (br), 21.6, 13.7 (br), 10.5, 9.3. 11B{1H} NMR 

(160.4 MHz, CDCl3, 25 ºC): δ (ppm) = -0.6 (w1/2 = 400 Hz). High-resolution MALDI-TOF 

MS (neg. mode, neat): m/z = 496.3214 ([M]-, 13 %, calcd for 12C341H3811B214N2 496.3227), 

467.2804 ([M-Et]-, 100 %, calcd for 12C321H3311B214N2 467.2835). 

Synthesis of Bis-Borane Complex BDPA-5Me. In a glovebox, BCl3 (11.1 mL, 1M 

solution in hexane, 11.1 mmol, 4 equiv) was added to a bright yellow solution of DPA-

5Me (1.00 g, 2.77 mmol) in CH2Cl2. The solution instantly changed color to orange red. 

2,6-Di-tert-butylpyridine (1.06 g, 5.55 mmol, 2 equiv) and AlCl3 (1.11 g, 8.32 mmol, 3 

equiv) were added to the reaction mixture. After stirring for 16 hours, an additional portion 

of AlCl3 (0.37 g, 2.77 mmol, 1 equiv) was added and the mixture was stirred for a further 

16 hours whereupon it turned purple. Addition of Bu4NCl (1.54 g, 5.55 mmol, 2 equiv) 

resulted in a dark orange suspension to which ZnEt2 (1.20 mL, 11.37 mmol, 4.1 equiv) was 

added dropwise. The reaction mixture was then stirred for 16 hours at room temperature, 

followed by removal of the solvent under reduced pressure. The dark residue was 

redissolved in toluene and insoluble components were removed by filtration through a 

fritted funnel. The solution was concentrated under reduced pressure. Recrystallization in 

dichloromethane/hexanes at -20 ºC gave BDPA-5Me as red crystals that were suitable for 
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X-ray analysis. Yield: 0.42 g (31 %). 1H NMR (500.2 MHz, CDCl3, 25 ºC): δ (ppm) = 8.79 

(d, J = 5.5 Hz, 2H; Py), 7.85 (d, J = 8.0 Hz, 2H; An), 7.47 (m, 6H; Py, An), 7.36 (d, J = 8.0 

Hz, 2H; Py), 2.06 (s, 6H; Me), 1.33 (m, 2H; Et), 0.98 (m, 2H; Et), 0.73 (t, J = 7.5 Hz, 6H; 

Et), 0.30 (m, 10H; Et). 13C{1H} NMR (125.8 MHz, CDCl3, 25 ºC): δ (ppm) = 152.9, 150.1 

(br),143.0, 141.5, 136.0, 134.0, 128.7, 127.5, 127.3, 127.0, 121.7, 119.9, 23.8, 22.9 (br), 

14.5 (br), 10.5, 9.6. 11B{1H} NMR (160.4 MHz, CDCl3, 25 ºC): δ (ppm) = -0.7 (w1/2 = 360 

Hz). High-resolution MALDI-TOF MS (neg. mode, neat): m/z = 496.3194 ([M]-, 11 %, 

calcd for 12C341H3811B214N2 496.3227), 467.2816 ([M-Et]-, 100 %, calcd for 

12C321H3311B214N2 467.2835). 

Synthesis of Endoperoxide BPO-3Me. Compound BDPA-3Me (15.8 mg) was dissolved 

in CH2Cl2 (8 mL) in a vial. The solution was irradiated under sunlight for one day. After 

the removal of solvent, the crude product was dissolved in a minimum amount of CH2Cl2 

and carefully layered with hexanes (v/v = 1:1) at room temperature. Diffusion and slow 

partial evaporation of the solvents gave BPO-3Me as colorless crystals. Yield: 16.0 mg 

(95 %). 1H NMR (599.7 MHz, CDCl3, 25 ºC): δ (ppm) = 8.71 (s, 2H; Py), 8.13 (d, J = 8.4 

Hz, 2H; Py), 7.97 (d, J = 8.4 Hz, 2H; Py), 7.29 (d, J = 7.8 Hz, 2H; An), 7.08 (vt, J = 7.5 

Hz, 2H; An), 6.46 (d, J = 7.8 Hz, 2H; An), 2.62 (s, 6H; Me), 0.97 (m, 2H; Et), 0.80 (m, 2H; 

Et), 0.62 (m, 4H; Et), 0.41 (t, J = 7.5 Hz, 6H; Et), 0.22 (t, J = 7.5 Hz, 6H; Et). 13C{1H} 

NMR (150.8 MHz, CDCl3, 25 ºC): δ (ppm) = 148.4, 147.3 (br), 145.4, 140.0, 138.4, 136.4, 

135.8, 129.9, 129.2, 126.2, 118.6, 82.0, 22.5 (br), 19.6 (br), 19.1, 10.4, 10.0. 11B{1H} NMR 

(160.4 MHz, CDCl3, 25 ºC): δ (ppm) = 1.2 (w1/2 = 490 Hz). High-resolution MALDI-TOF 

MS (neg. mode, neat): m/z = 499.2736 ([M-Et]-, 100 %, calcd for 12C321H3311B214N216O2 

499.2733). 
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Synthesis of Endoperoxide BPO-4Me. Compound BDPA-4Me (10.0 mg) was dissolved 

in CH2Cl2 in a vial. The solution was irradiated under sunlight for one day. After the 

removal of solvent, the crude product was dissolved in a minimum amount of CH2Cl2 and 

carefully layered with hexanes (v/v = 1:1) at room temperature. Diffusion and slow partial 

evaporation of the solvents gave BPO-4Me as white crystals. Yield: 9.0 mg (85 %).  1H 

NMR (499.9 MHz, CDCl3, 25 ºC): δ (ppm) = 8.75 (d, J = 6.5 Hz, 2H; Py), 8.06 (s, 2H; Py), 

7.58 (dd, J = 6.0 Hz, J = 2.0 Hz, 2H; Py), 7.30 (d, J = 7.5 Hz, 2H; An), 7.10 (vt, J = 7.5 Hz, 

2H; An), 6.48 (d, J = 7.5 Hz, 2H; An), 2.62 (s, 6H; Me), 0.96 (m, 2H; Et), 0.79 (m, 2H; 

Et), 0.60 (m, 4H; Et), 0.41 (t, J = 8.0 Hz, 6H; Et), 0.22 (t, J = 7.5 Hz, 6H; Et). 13C{1H} 

NMR (150.8 MHz, CDCl3, 25 ºC): δ (ppm) = 151.7, 150.4, 147.5 (br), 145.0, 138.5, 135.9, 

130.2, 130.0, 126.9, 126.2, 118.6, 82.1, 22.3 (br), 21.6, 19.5 (br), 10.4, 10.0. 11B{1H} NMR 

(160.4 MHz, CDCl3, 25 ºC): δ (ppm) = 0.8 (w1/2 = 490 Hz). High-resolution MALDI-TOF 

MS (neg. mode, neat): m/z = 499.2732 ([M-Et]-, 100 %, calcd for 12C321H3311B214N216O2 

499.2733). 

Synthesis of Endoperoxide BPO-5Me. Compound BDPA-5Me (11.0 mg) was dissolved 

in CH2Cl2 in a vial. The solution was irradiated under sunlight for one day. After the 

removal of solvent, the crude product was dissolved in a minimum amount of CH2Cl2 and 

carefully layered with hexanes (v/v = 1:1) at room temperature. Diffusion and slow partial 

evaporation of the solvents gave BPO-5Me as white crystals. Yield: 5.0 mg (43 %). 1H 

NMR (500.2 MHz, CDCl3, 25 ºC): δ (ppm) = 8.85 (d, J = 5.5 Hz, 2H; Py), 7.98 (d, J = 7.5 

Hz, 2H; Py), 7.67 (vt, J = 6.5 Hz, 2H; Py), 7.23 (d, J = 7.5 Hz, 2H; An), 7.03 (vt, J = 7.5 

Hz, 2H; An), 6.42 (d, J = 7.5 Hz, 2H; An), 2.59 (s, 6H; Me), 0.93 (m, 2H; Et), 0.77 (m, 2H; 

Et), 0.64 (m, 4H; Et), 0.39 (t, J = 7.5 Hz, 6H; Et), 0.23 (t, J = 7.5 Hz, 6H; Et). 13C{1H} 
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NMR (125.8 MHz, CDCl3, 25 ºC): δ (ppm) = 149.3, 146.2 (br), 144.1, 143.4, 140.8, 138.7, 

135.1, 129.4, 125.6, 125.2, 119.3, 82.6, 22.7, 22.3 (br), 20.4 (br), 10.5, 9.8. 11B{1H} NMR 

(160.4 MHz, CDCl3, 25 ºC): δ (ppm) = 2.3 (w1/2 = 470 Hz). High-resolution MALDI-TOF 

MS (neg. mode, neat): m/z = 528.3117 ([M]-, 10 %, calcd for 12C341H3811B214N216O2 

528.3125), 499.2717 ([M-Et]-, 100 %, calcd for 12C321H3311B214N216O2 499.2733). 

 

3.4 Conclusions 

We have synthesized a series of BN-fused 9,10-dipyridylanthracenes with Me groups in 

different positions of the pyridyl ring to investigate in detail steric and electronic effects on 

the structural parameters, the optical and electronic properties, and the reactivity towards 

oxygen. Single crystal X-ray structures and DFT calculations reveal the most pronounced 

structural distortions for BDPA-5Me as reflected in a strong buckling and dislocation of 

the boron atoms from the anthracene backbone, whereas for BDPA-2Me a lengthening of 

the B-N bonds allows for some relaxation of the overall steric strain. The dynamic nature 

of the B¬N Lewis pair formation was verified by variable temperature NMR spectroscopy 

and the barrier to the structural inversion correlated to the hindered rotation of the pyridyl 

group relative to the anthracene backbone. The substitution pattern also influences the 

HOMO and LUMO energy levels as evidenced by electrochemical, UV-Vis and 

fluorescence spectroscopy measurements. The most dramatic effect of the substitution 

pattern is seen in the reactivity toward oxygen to give the respective endoperoxides and 

their cyclo-reversion with release of singlet oxygen. BDPA-2Me, BDPA-3Me and BDPA-

4Me rapidly react with O2 under photoirradiation, whereas the rate for BDPA-5Me is one 

order of magnitude lower. The difference in reactivity is attributed to kinetic factors where 
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the Me groups in 5-position prevent effective planarization and therefore limit carbocation 

stabilization of the generally accepted zwitterionic intermediate in the oxygenation reaction. 

The substitution pattern also has a dramatic effect on the rate of thermal release of singlet 

oxygen from the endoperoxides with almost an order of magnitude difference in reactivity 

between each compound, BDPA-5Me < BDPA-4Me < BDPA-3Me < BDPA-2Me. We 

speculate that the much higher rate of cyclo-reversion for BDPA-2Me may relate to the 

weaker B¬N dative bond and possibly an involvement of the borane Lewis acid sites in 

stabilizing the radical intermediate. 

The demonstrated ability to alter the reactivity of the BN-anthracenes through relatively 

minor structural modifications has important ramifications in respect to potential 

applications as singlet oxygen sensitizers and on-demand delivery of singlet oxygen from 

the respective endoperoxides. With respect to singlet oxygen sensitization it is desirable to 

avoid self-sensitized reactivity with formation of endoperoxides. Our studies clearly 

indicate that further enhanced bulk in 5-position will be beneficial in this respect. A lower 

reactivity towards oxygen is also beneficial for applications in organic electronics and 

fluorescent imaging. Conversely, a high propensity for self-sensitized endoperoxide 

formation and subsequent cyclo-reversion is of interest for on-demand delivery of singlet 

O2. In this respect, the favorable reactivity of BDPA-2Me suggests that further weakening 

of the B-N bond, possibly even a fully ring-opened “frustrated” Lewis pair structure, could 

provide superior singlet oxygen release properties and might also result in unusual 

reactivity towards other substrates. 
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Appendix 

 
Figure 3-12. Crystal packing of BDPA-2Me 

 

 
Figure 3-13. Crystal packing of BDPA-4Me 

 

 
Figure 3-14. Crystal packing of BDPA-5Me 
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Table 3-6. Comparison of computed total energies for cis- and trans-isomers. 

 cis-isomer 

E(rb3lyp) 

(Hartree) 

trans-isomer 

E(rb3lyp) 

(Hartree) 

cis-isomer 

S el & th free energies 

(Hartree) 

trans-isomer 

S el & th free energies 

(Hartree) 

∆E 

(kJ/mol) 

BDPA-2Me -1477.7984 -1477.7851 -1477.2161 -1477.200133 35.0 / 42.0 

BDPA-3Me -1477.8258 -1477.8163 -1477.2462 -1477.235471 25.0 / 28.1 

BDPA-4Me -1477.8280 -1477.8184 -1477.2487 -1477.238861 25.3 / 25.9 

BDPA-5Me -1477.8080 -1477.7947 -1477.2258 -1477.213080 34.8 / 33.5 
 
 

Table 3-7. Comparison of geometric parameters (distances in A$ , angles in °)	obtained from 
X-ray crystal structure analyses and DFT calculations (Gaussian 09; rb3lyp/6-31g(d)) 

 B-N B-C1,5 C9,10-CPy a [a] b [b] g [c] d [d] e [e] f [f] 

BDPA 1.642 1.619 1.471 105.3 171.2 165.4 18.4 21.3 36.2 

BDPA-
2MeX-ray 

22 
1.685(3), 

1.671(4) 

1.616(4), 

1.626(4) 

1.479(3), 

1.479(3) 

106.5(2), 

107.6(2) 

173.6, 

174.8 

164.7, 

166.4 
18.6 21.5 

39.0, 

38.8 

BDPA-2Me  1.690 1.626 1.474 107.4 172.2 167.6 17.4 21.6 40.0 

BDPA-3Me 1.643 1.618 1.471 105.5 171.0 165.8 18.1 20.7 35.4 

BDPA-
4MeX-ray 

1.628(8), 

1.635(8) 

1.584(10), 

1.610(9) 

1.492(8), 

1.459(8) 

106.2(5), 

106.4(5) 

168.8, 

170.5 

166.2, 

167.3 
16.5 17.4 

34.9, 

32.2 

BDPA-4Me 1.640 1.618 1.472 105.4 171.0 165.6 18.2 21.1 35.8 

BDPA-
5MeX-ray 

1.637(2), 

1.642(2) 

1.611(2), 

1.615(2) 

1.480(2), 

1.479(2) 

106.6(1), 

106.0(1) 

168.0, 

168.8 

169.6, 

168.1 
17.8 20.7 

41.6, 

43.5 

BDPA-5Me 1.655 1.618 1.474 105.7 168.8 167.3 20.9 25.6 42.2 

[a] a = C1,5-B-N angle; [b] b = Cent1-C1,5-B; [c] g = Cent2-C9,10-CPy; [d] d = internal twist 
of central anthracene ring; [e] e = PhAn,out // PhAn,out , dihedral angle between outer 
anthracene rings; [f] f = PhAn,in // Py, dihedral angle between inner anthracene ring and 
pendent pyridyl ring. 
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Figure 3-15. Different views of the optimized structures of BDPA-2Me, BDPA-3Me, 
BDPA-4Me, and BDPA-5Me (Gaussian 09; rb3lyp/6-31g(d)). C grey, B green, N blue. 
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Table 3-8. Electrochemical data of BN-functionalized anthracenes. 

Compound EoxCV [a] 

[V] 
EoxSWV [a] 

[V] 
EredCV [b] 

[V] 
EredSWV [b] 

[V] 

BDPA-2Me22 0.40 0.36 -1.87, -2.07 -1.78, -1.99 

BDPA-3Me 0.39 0.37 -1.77, -2.02 -1.74, -1.99 

BDPA-4Me 0.42 0.38 -1.77, -2.00 -1.75, -1.97 

BDPA-5Me 0.48 0.43 -1.81, -2.19 -1.78, -2.16 

[a] Recorded using 0.1M Bu4N[PF6] in CH2Cl2, Eox = Epa; [b] recorded using 0.1M 
Bu4N[PF6] in THF, Ered = 0.5 (Epc + Epa). 
  
Table 3-9. Comparison of calculated orbital energy levels (rb3lyp/6-31g(d)) for differently 
substituted B-N Lewis-pairs (cis-isomers) 

Compound LUMO (eV) HOMO (eV) Egap (eV) 

BDPA  -2.63 -4.91 2.28 
BDPA-2Me  -2.43 -4.77 2.34 

BDPA-3Me -2.51 -4.81 2.30 
BDPA-4Me -2.52 -4.83 2.31 

BDPA-5Me -2.51 -4.93 2.42 
 
 
 
 
Table 3-10. Kohn-Sham HOMO and LUMO orbital plots for differently substituted BN-
functionalized anthracenes (rb3lyp/6-31g(d), scaling radii of 75%, isovalue = 0.04) 
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Table 3-11. TD-DFT data for BDPA-2Me, BDPA-3Me, BDPA-4Me and BDPA-5Me 
(rcam-b3lyp/6-31g(d)) 

Compound Transition [a] Eex 
(eV) λ (nm) Oscillator 

strength f Assignment 

BDPA-2Me  

S0 → S1 2.37  522.8 0.359  H → L (0.70) 

S0 → S8 4.40  282.1  0.181 

H-8 → L+1 (-0.13),  
H-7 → L (0.17) 
H-3 → L (0.62),  
H-1 → L+1 (-0.18) 

S0 → S10 4.64   267.1 0.204   

H-7 → L (-0.11),  
H-6 → L (0.44), 
H-2 → L (0.24),  
H-2 → L+4 (0.11), 
H-1 → L+1 (-0.15),  
H → L+5 (0.39) 

S0 → S11 4.69 264.6 0.169 

H-7 → L (0.15),  
H-6 → L (0.49), 
H-4 → L+1 (0.11),  
H-2 → L (0.19), 
H → L+5 (0.37) 

BDPA-3Me 
 

S0 → S1 2.33  532.2 0.409   H → L (0.70) 

S0 → S6 4.30  288.1 0.107   

H-7 → L (-0.11), 
H-6 → L (-0.22), 
H-3 → L (0.34),  
H → L+2 (-0.15), 
H → L+4 (0.52)  

S0 → S13 4.74  261.3 0.569   

H-7 → L (-0.25),  
H-6 → L (-0.20), 
H-2 → L (-0.25),  
H-2 → L+4 (-0.13), 
H → L+5 (0.53) 

BDPA-4Me 
 

S0 → S1 2.33  532.5 0.365   H → L (0.70) 

S0 → S12 4.67 265.7 0.109   

H-7 → L (0.45),  
H-6 → L (-0.33), 
H-2 → L (-0.14),  
H-1 → L+1 (-0.11), 
H → L+5 (-0.31)  

S0 → S13 4.75  261.0 0.535   

H-7 → L (0.38),  
H-3 → L (-0.11), 
H-2 → L (0.23),  
H-2 → L+4 (0.12), 
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H → L+5 (0.49) 

BDPA-5Me 

S0 → S1 2.42  512.0 0.310        H → L (0.70) 

S0 → S6 4.28 289.5 0.147 

H-7 → L (0.24),  
H-3 → L (0.60), 
H-1 → L+1 (0.11),  
H → L+2 (-0.16) 

S0 → S13 4.74 261.6 0.445 

H-7 → L (0.38),  
H-2 → L (-0.23), 
H-2 → L+2 (-0.10),  
H-2 → L+4 (-0.11),  
H → L+5 (0.50) 

[a] Only transitions with oscillator strengths >0.1 are presented. 
 
 
Table 3-12. Comparison of the calculated singlet state and triplet state energies for BDPA-
2Me, BDPA-3Me, BDPA-4Me, and BDPA-5Me 

 S0 [a] 

(Hartree) 

T1 [a] 

(Hartree) 

S1 [b] 

(Hartree) 

DEad(S0-S1) 

(eV/kJ mol–1)  

DEad(S0-T1) 

(eV/kJ mol–1) 

DEad(S1-T1) 

(eV/kJ mol–1)  

BDPA-2Me -1477.7984 -1477.7620 -1477.7322 1.803/174.0 0.990/95.5 0.813/78.5 

BDPA-3Me -1477.8258 -1477.7901 -1477.7598 1.797/173.4 0.972/93.8 0.825/79.6 

BDPA-4Me -1477.8280 -1477.7922 -1477.7621 1.793/173.0 0.974/94.0 0.819/79.0 

BDPA-5Me -1477.8080 -1477.7703 -1477.7389 1.881/181.5 1.026/99.0 0.855/82.5 

[a] S0 optimized a rb3lyp/6-31g(d), T1 optimized a ub3lyp/6-31g(d) level of theory. [b] 
From TD-DFT optimization of S1 state at b3lyp/6-31g(d) level of theory. 
 
Table 3-13. Comparison of total energies for BDPA-2Me, BDPA-3Me, BDPA-4Me, 
BDPA-5Me and their endoperoxides 

  Eacene [a] 

(Hartree) 
DEacene [b] 

(kJ/mol)  

EBPO [a] 

(Hartree) 
DEBPO [c] 

(kJ/mol) 
D (EBPO –Eacene) 

(kJ/mol) 

BDPA-2Me -1477.798416 +77.8 -1628.10648366 +99.4 +21.6 

BDPA-3Me -1477.825777 +5.9 -1628.14161416      +28.1 +22.2 

BDPA-4Me -1477.828041  º 0 -1628.14433321  º 0  º 0 

BDPA-5Me -1477.808001 +52.6 -1628.12908112      +40.0 -12.6 

[a] S0 optimized with rb3lyp/6-31g(d). [b] Comparison of total energy relative to sterically 
unhindered 4-methylated acene. [c] Comparison of total energy relative to sterically 
unhindered 4-methylated endoperoxide. 
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Table 3-14. Comparison of calculated geometric parameters (distances in A$ , angles in °)	
for Singlet Ground State (S0), First Singlet Excited State (S1), and First Triplet Excited 
State (T1) for B-N anthracenes BDPA-2Me, BDPA-3Me, BDPA-4Me and BDPA-5Me. 
Derived from DFT calculations; for S0: rb3lyp/6-31g(d); S1: TD-DFT, b3lyp/6-31g(d); T1: 
ub3lyp/6-31g(d).  

 B-N B-C1,5 C9,10-CPy a [a] b [b] g [c] d [d] e [e] f [f] 

BDPA-2Me 
(S0) 

1.690 1.626 1.474 107.4 172.2 167.6 17.4 21.6 40.0 

BDPA-2Me 

(S1) 
1.649, 
1.652 

1.610, 
1.613 

1.448 
109.2, 
108.9 

176.8, 
175.8 

169.2, 
167.9 

20.6 28.5 31.4 

BDPA-2Me 

(T1) 
1.675 1.619 

1.440, 
1.439 

108.3 177.7 166.1 25.7 35.1 31.7 

BDPA-3Me 

(S0) 
1.643 1.618 1.471 105.4 171.0 165.8 18.1 20.7 35.4 

BDPA-3Me 

(S1) 
1.616 1.608 1.444 107.1 174.9 166.2 22.0 29.0 32.6 

BDPA-3Me 

(T1) 
1.633 1.613 1.436 106.3 176.1 164.7 24.8 30.4 34.5 

BDPA-4Me 

(S0) 
1.640 1.618 1.472 105.4 171.0 165.6 18.2 21.1 35.8 

BDPA-4Me 

(S1) 
1.614, 
1.615 

1.607 1.443 107.1 174.9 166.2 22.2 29.3 32.7 

BDPA-4Me 

(T1) 
1.631 1.614 1.438 106.3 176.2 164.6 24.9 30.8 34.6 

BDPA-5Me 
(S0) 

1.655 1.618 1.474 105.7 168.8 167.3 20.9 25.6 42.2 

BDPA-5Me 
(S1) 

1.625 1.606 1.447 107.3 172.6 167.7 25.5 34.0 38.6 

BDPA-5Me 
(T1) 

1.647 1.611 1.443 106.7 174.8 166.2 29.5 35.6 39.1 

[a] a = C1,5-B-N angle; [b] b = Cent1-C1,5-B; [c] g = Cent2-C9,10-CPy; [d] d = internal twist 
of central anthracene ring; [e] e = PhAn,out // PhAn,out , dihedral angle between outer 
anthracene rings; [f] f = PhAn,in // Py, dihedral angle between inner anthracene ring and 
pendent pyridyl ring. 
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Table 3-15. Comparison of calculated geometric parameters (distances in A$ , angles in °)	
for endoperoxides obtained from DFT calculations (Gaussian 09; rb3lyp/6-31g(d)) 

 B-N B-C1,5 C9,10-CPy C-O O-O a [a] b [b] g [c] d [d] e [e] f [f] 

BPO-2Meth 

22
 

1.727, 

1.745 

1.617, 

1.619 

1.517, 

1.515 

1.491, 

1.490 
1.465 

107.5, 

107.7 

175.1, 

176.0 

170.3, 

169.8 
57.7 58.4 

40.0, 

41.9 

BPO-3Meth 
1.678, 

1.692 

1.612, 

1.616 

1.510, 

1.509 

1.489, 

1.486 
1.466 

106.9, 

107.0 

176.4, 

179.0 

170.2, 

168.9 
58.0 60.8 

37.8, 

36.7 

BPO-4Meth 
1.674, 

1.689 

1.612, 

1.615 

1.511, 

1.511 

1.488, 

1.486 
1.467 

106.9, 

107.0 

176.4, 

178.9 

170.1, 

168.9 
58.1 61.0 

38.1, 

36.9 

BPO-5Meth 
1.690, 

1.703 

1.606, 

1.610 

1.519, 

1.517 

1.483, 

1.480 
1.462 

107.0, 

107.2 

175.6, 

179.0 

169.8, 

168.3 
60.3 66.6 

41.1, 

40.1 

[a] a = C1,5-B-N angle; [b] b = Cent1-C1,5-B; [c] g = Cent2-C9,10-CPy; [d] d = internal twist 
of central anthracene ring; [e] e = PhAn,out // PhAn,out , dihedral angle between outer 
anthracene rings; [f] f = PhAn,in // Py, dihedral angle between inner anthracene ring and 
pendent pyridyl ring. 
 

 
Figure 3-16. Optimized structures of (a) BPO-2Me, (b) BPO-3Me, (c) BPO-4Me, (d) 

BPO-5Me (Gaussian 09; rb3lyp/6-31g(d)). C grey, B green, N blue, O red. 
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Kinetics of Photo-Induced Endoperoxide Formation 
 
Solutions of the acene (0.01 mM) in oxygen-saturated DCM were prepared. The solutions 

were irradiated by a Xe lamp at room temperature (34 Watt, the distance to the light source 

was kept constant at 10 cm). The decrease in the acene concentration during irradiation 

was measured by UV-Vis spectroscopy at constant time intervals. The wavelengths for 

recording the absorbances A were as follows: BDPA-2Me (538 nm), BDPA-3Me (555 nm), 

BDPA-4Me (554 nm), BDPA-5Me (535 nm). The corresponding endoperoxides do not 

absorb at these wavelengths. The kinetics were determined three times for each substance 

and the absorbance averaged at each time point.   

The bimolecular rate constants (k) were derived using the equation lnA = lnA0 – kt, where 

a plot of ln[A/A0] vs t will be linear with a slope of –k. 

 

 
 

Figure 3-17. Pseudo first-order kinetics for the reaction of BN-functionalized 
anthracenes with oxygen upon photoirradiation to give the respective endoperoxides in 

DCM. 
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Kinetics of the Endoperoxide Thermolysis 

 
For measurements of the values of k-1, solutions of the BPOs in toluene (0.1 mM) were 

heated to 100 ºC. The appearance of the oxygen-free acene species was recorded by UV-

vis spectroscopy. The wavelengths for recording the absorbances A were as follows: 

BDPA-2Me (548 nm), BDPA-3Me (565 nm), BDPA-4Me (566 nm), BDPA-5Me (544 

nm). The rate constant k-1 was determined from the plot of ln (Aend-At)/Aend versus time. 

 

 
 

Figure 3-18. Thermolysis of the endoperoxides at 100 ºC; Aend: final absorption intensity 
of BDPA, At: absorption intensity of BDPA at a given time.   
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Competition Experiments for Endoperoxide Formation 

     

 
 

   

 

BDPA-5Me / DMA 

BDPA-4Me / DMA 
 

BDPA-2Me / DMA 

BDPA-3Me / DMA 
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Figure 3-19. Competition of BN-functionalized anthracenes (5 × 10-5 M in DCM) and 
dimethyl-anthracene (DMA) (5 × 10-5 M in DCM) in the reaction with oxygen upon 
photoirradiation by a Xe lamp at room temperature (34 Watt). to give the respective 
endoperoxides in DCM.  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

DMA 
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Spectral Data for Isolated Compounds 

 

 
 

Figure 3-20. 1H NMR spectrum of 9,10-bis(3-methylpyrid-2-yl)anthracene (DPA-3Me) 
in CDCl3, a and b correspond to two distinct isomers 

 
 

 
 

Figure 3-21. 13C{1H} NMR spectrum of 9,10-bis(3-methylpyrid-2-yl)anthracene (DPA-
3Me) in CDCl3 
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Figure 3-22. MALDI-TOF mass spectrum (pos. mode) of 9,10-bis(3-methylpyrid-2-
yl)anthracene (DPA-3Me) 

 
 

 

 
 

 Figure 3-23. 1H NMR spectrum of 9,10-bis(4-methylpyrid-2-yl)anthracene (DPA-4Me) 
in CDCl3, a and b correspond to two distinct isomers 
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Figure 3-24. 13C{1H} NMR spectrum of 9,10-bis(4-methylpyrid-2-yl)anthracene (DPA-
4Me) in CDCl3 

 

 

 

 

 
 

Figure 3-25. MALDI-TOF mass spectrum (pos. mode) of 9,10-bis(4-methylpyrid-2-
yl)anthracene (DPA-4Me) 
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Figure 3-26. 1H NMR spectrum of 9,10-bis(5-methylpyrid-2-yl)anthracene (DPA-5Me) in 
CDCl3 

 
 
 

 
 

Figure 3-27. 13C{1H} NMR spectrum of 9,10-bis(5-methylpyrid-2-yl)anthracene (DPA-
5Me) in CDCl3 



- 178 - 
 

 
 

 
 

Figure 3-28. MALDI-TOF mass spectrum (pos. mode) of 9,10-bis(5-methylpyrid-2-
yl)anthracene (DPA-5Me) 
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Figure 3-29. 1H NMR spectrum of BDPA-3Me in in CDCl3 at -10 ºC 
 
 

 

 
 

Figure 3-30. Aromatic region of the gCOSY NMR spectrum of BDPA-3Me in CDCl3 at 
RT 
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Figure 3-31. 13C{1H} NMR spectrum of BDPA-3Me in CDCl3 
 
 

 
 

Figure 3-32. 11B{1H} NMR spectrum of BDPA-3Me in CDCl3 
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Figure 3-33. MALDI-TOF mass spectrum (neg. mode) of BDPA-3Me 
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Figure 3-34. 1H NMR spectrum of BDPA-4Me in CDCl3 at -5 ºC 
 
 

 
 

Figure 3-35. Aromatic region of the gCOSY NMR spectrum of BDPA-4Me in CDCl3 at 
RT 



- 183 - 
 

 
 

 
 

 
 

Figure 3-36a. Expansions of the HH-NOESY NMR spectrum of BDPA-4Me in CDCl3 at 
RT 
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Figure 3-36b. Expansion of the HH-NOESY NMR spectrum of BDPA-4Me in CDCl3 at 
RT 

 
 

 
 

Figure 3-37. 13C{1H} NMR spectrum of BDPA-4Me in CDCl3 
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Figure 3-38. 11B{1H} NMR spectrum of BDPA-4Me in CDCl3 
 
 
 
 

 
 

Figure 3-39. MALDI-TOF mass spectrum (neg. mode) of BDPA-4Me 
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Figure 3-40. 1H NMR spectrum of BDPA-5Me in CDCl3 
 
 
 

 
 

Figure 3-41a. Expansion of the HH-NOESY NMR spectrum of BDPA-5Me in CDCl3 
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Figure 3-41b. Expansions of the HH-NOESY NMR spectrum of BDPA-5Me in CDCl3 
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Figure 3-42. 13C{1H} NMR spectrum of BDPA-5Me in CDCl3 
 
 
 

 
 

Figure 3-43. 11B{1H} NMR spectrum of BDPA-5Me in CDCl3 
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Figure 3-44. MALDI-TOF mass spectrum (neg. mode) of BDPA-5Me in CDCl3 
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Figure 3-45. 1H NMR spectrum of BPO-3Me in CDCl3 
 
 

 
 

Figure 3-46. 13C{1H} NMR spectrum of BPO-3Me in CDCl3 
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Figure 3-47. 11B{1H} NMR spectrum of BPO-3Me in CDCl3 
 
 
 
 
 

 
 

Figure 3-48. MALDI-TOF mass spectrum (neg. mode) of BPO-3Me 
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Figure 3-49. 1H NMR spectrum of BPO-4Me in CDCl3 
 
 
 
 

 
 

Figure 3-50. Aromatic region of the gCOSY NMR spectrum of BPO-4Me in CDCl3 
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Figure 3-51. Aromatic region of the HH-NOESY NMR spectrum of BPO-4Me in CDCl3 
 
 

 
 

Figure 3-52. 13C{1H} NMR spectrum of BPO-4Me in CDCl3 



- 194 - 
 

 
 

 
 

Figure 3-53. 11B{1H} NMR spectrum of BPO-4Me in CDCl3 
 
 
 
 
 

 
 

Figure 3-54. MALDI-TOF mass spectrum (neg. mode) of BPO-4Me 
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Figure 3-55. 1H NMR spectrum of BPO-5Me in CDCl3 
 
 
 

 
 

Figure 3-56. 13C{1H} NMR spectrum of BPO-5Me in CDCl3 
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Figure 3-57. 11B{1H} NMR spectrum of BPO-5Me in CDCl3 
 
 
 

  
 

Figure 3-58. MALDI-TOF mass spectrum (neg. mode) of BPO-5Me 



- 197 - 
 

 
 

Chapter 4 Boron Complexes of a Pyrazine-Bridged Anthracene 

Dimer as Low Band Gap Materials 

4.1 Introduction 

Conjugated organic materials are important because of their wide applications ranging 

from electronic and optoelectronic devices, such as organic photovoltaic devices (OPVs), 

organic field effect transistors (OFETs) and organic light emitting diodes (OLEDs) to 

chemical sensors and biological imaging materials.1-5 Recently, low band gap materials 

with strong near-infrared (NIR) absorption or emission have gained interest for use in 

photovoltaic devices and biological imaging applications.6-9 In this respect, the 

functionalization of π-conjugated systems with main group elements such as boron is 

particularly attractive because it offers a means to easily tune the electronic structures and 

optoelectronic properties.10-12 Substitution of the carbon-carbon covalent bond (C-C) with 

an isoelectronic B←N unit has emerged as a general strategy to adjust the energy levels 

and bandgaps of conjugated materials. However, so far only a limited number of low band 

gap molecules containing B←N units have been introduced.13-19 In late 2017, we reported 

a new class of BN-fused dipyridylanthracenes with unique structural features and 

electronic properties. We found that the formation of the B←N Lewis pairs at the periphery 

of anthracene results in dramatically lowered LUMO energy levels, which leads to large 

bathochromic shifts in the absorption and emission relative to the all-carbon analogs. To 

achieve a further decrease in the HOMO-LUMO gap of BN Lewis pair-functionalized 

anthracenes, we designed the borane-modified dianthracenylpyrazine derivatives shown in 

Figure 4-1. We chose the pyrazine unit as a linker because it is an inherently highly 
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electron-deficient heterocycle and binding of boron to the N atoms is expected to further 

decrease the LUMO energy levels. Fang and Pammer demonstrated that the borylation of 

pyrazine-derived substrates results in low-lying LUMO levels (Figure 4-1).15, 20 Indeed, 

our theoretical studies indicated that BN-fused dianthracenylpyrazine compounds show 

very low-lying LUMO levels and a dramatically decreased HOMO-LUMO gap relative to 

the previously described BN-fused dipyridylanthracenes. Modification of the boryl 

substituents provides an additional opportunity for LUMO tuning.14 Thus, the attachment 

of electron-withdrawing groups, such as C6F5 to boron further lowers the HOMO-LUMO 

gap, potentially offering access to near-infrared (NIR) emitting materials. In this Chapter 

we report the BN-fusion of a pyrazine-bridged anthracene dimer to generate new low band 

gap materials. 

 

Figure 4-1. Examples of borylation of pyrazine-derived substrates.    
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4.2 Result and Discussion 

The synthetic route to the targeted boron-complexed dianthracenylpyrazines is shown in 

Scheme 4-1. The unsymmetrically substituted anthracene 2 was obtained in 55% yield by 

reaction of 121 with 1-bromo-4-tert-butylbenzene. The tert-butylphenyl group was 

introduced to increase the solubility and stability of the final products. Suzuki-Miyaura 

cross coupling of 2 with dibromopyrazine furnished the pyrazine-bridged anthracene dimer 

3 in a yield of 59 %. The addition of BCl3, AlCl3 and the bulky base 2,6-di-tert-

butylpyridine (DBP) to a DCM solution of 3 gave the fused boracyclic species. Subsequent 

treatment with Et2Zn or (C6F5)2Zn produced the targeted planarized B-N doped polycyclic 

species 4-Et and 4-Pf in low yields. 

 

 

Scheme 4-1. Synthesis of BN-fused dianthracenylpyrazines 4-Et and 4-Pf 

The B-N fused products were fully characterized by multinuclear NMR and high-resolution 

MALDI-TOF mass spectrometry. 11B NMR data in CDCl3 revealed signals at 1.7 ppm (4-

Et) and -2.6 ppm (4-Pf) that suggest a tetra-coordinate configuration for the boron centers. 
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The 11B NMR signal of 4-Pf is slightly shifted upfield compared with that of 4-Et, 

consistent with the expected stronger B←N interaction for the more electron-deficient 

bis(pentafluorophenyl)borane derivative. The 19F NMR spectrum of 4-Pf showed strongly 

broadened signals at room temperature. At -30 ºC in D8-toluene they split into four signals 

for the ortho- and meta- and two signals for the para-fluorine atoms of the C6F5 rings. A 

VT NMR study showed gradual coalescence into one set of signals and at 80 ºC all the 

signals became sharp except for the ortho-fluorines. The coalescence phenomena are 

attributed to two distinct processes, the hindered rotation of the C6F5 rings and the exchange 

of the C6F5 rings. The latter presumably occurs through B-N bond dissociation followed 

by rotation of the B(C6F5)2 group about the B-C(pyrazine) bond. The free energy barrier 

for exchange of the C6F5 rings was calculated to be 52 kJ mol-1 based on the coalescence 

for the para-fluorine signals. The energy required for rotation of the C6F5 groups 

themselves is in a similar range, preventing accurate determination due to simultaneous 

coalescence events. 
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Figure 4-2. Optimized structures of (a) 4-Et and (b) 4-Pf(Gaussian 09; rb3lyp/6-31g(d)). C 
grey, B green, N blue, F yellow. 

 

Geometry optimization of 4-Et and 4-Pf predicts the formation of highly distorted PAHs. 

The results are in Figure 4-2 and Table 4-10. The two anthracene backbones of 4-Et and 4-

Pf both are strongly distorted with butterfly conformation, indicating the incorporation of 

tetrahedral boron centers into the B−N heterocycles contributes to structural distortion.The 

largest distortions are found for 4-Et with an interplanar angle between the two inner 

benzene rings of anthracene of 70.7°. 
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Figure 4-3. UV-vis absorption spectra of 3, 4-Et and 4-Pf in DCM 

 

The UV-vis-NIR absorption data of 4-Et and 4-Pf were measured in DCM and are 

illustrated in Figure 4-3. Compared to the precursor 3, the absorption spectra of 4-Et and 

4-Pf in dichloromethane were dramatically redshifted, approaching the NIR region. The 

larger shift was observed for 4-Pf, which shows a broad band with a maximum at 774 nm 

in DCM with relatively little absorption throughout the visible region (400-700 nm). These 

results are indicative of a very narrow HOMO-LUMO gap. The observed intense NIR 

absorptions were well reproduced by TDDFT calculations (CAM-B3LYP/6-31G(d), Table 

5-1) on optimized DCM-solution structures. According to these calculations the longest 

wavelength absorption is assigned to a HOMO→LUMO transition and exhibits a large 

oscillator strength (f = 0.9028 for 4-Et and 0.8333 for 4-Pf). 
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Table 4-1. Summary of photophysical data in DCM solution 

Compound labs / nm labs (TDDFT) / nm Eg
opt / eV 

3 399 
379 
358 
258 

376.6 
(S0 → S1) 

3.11 

4-Et 687 
   637 (sh) 

263 

596.5 
(S0 → S1) 

1.80 

4-Pf 774 
   708 (sh) 

263 

663.4  
(S0 → S1) 

1.60 

 

Significant negative solvatochromic shifts were found when varying the polarity of the 

solvent. The absorption maxima change from λmax = 698 nm (4-Et) and 777 nm (4-Pf) in 

toluene to λ max = 648 nm (4-Et) and 733 nm (4-Pf) in acetonitrile (Figure 4-4), indicative 

of a more polar ground state that is better stabilized by polar solvents in comparison to the 

first excited state. 
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Figure 4-4. UV-vis absorption spectra of (a) 4-Et and (b) 4-Pf in solvents of varying 
polarity 

 

To experimentally verify the electronic features of the BN-fused dianthracenylpyrazine 

unit, we acquired cyclic (CV) and square wave voltammograms (SWV) for 4-Et and 4-Pf 

in THF containing 0.1 M Bu4N[PF6]. The electrochemical data are summarized in Table 

4-6. 4-Pf exhibits two consecutive reversible reduction processes at Ered = -0.74 and -1.75 

V, which appear at much less negative potential than those of 4-Et (Ered = -1.23, -2.10 V; 

vs Fc+/0) (Figure 4-5). The far less negative potentials for 4-Pf are due to the electron 

withdrawing nature of the C6F5 substituents that dramatically increase the electron-

deficient character of 4-Pf. Oxidative scans were performed in CH2Cl2 containing 0.1 M 
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Bu4N[PF6]. 4-Pf undergoes two reversible oxidations, whereas 4-Et shows only 

irreversible processes. The HOMO and LUMO levels were estimated from these redox 

potentials and are given in Table 4-2. The HOMO-LUMO gaps are in good agreement with 

the trends from our DFT results (vide infra) and the optical gaps deduced from UV-Vis 

absorption spectroscopy.  

 

 

Figure 4-5. Cyclic voltammetry (CV) data. Oxidation in 0.1M Bu4N[PF6] in DCM, 
reduction in 0.1M Bu4N[PF6] in THF, reported vs Fc+/0, ν = 250 mV s-1. 
 

Table 4-2. Electrochemical data of BN-fused dianthracenylpyrazine and comparison of 
HOMO-LUMO gaps with results from DFT calculations and UV-Vis absorption 
spectroscopy 

Compound Eox
CV  

(V) 
Ered

CV  

(V) 
HOMO c 

(eV) 
LUMO c  

(eV) 
Eg

CV c  

(eV) 
Eg

DFT d  

(eV) 
Eg

opt e 

(eV) 

4-Et 0.65, 0.93b -1.23, -2.10a -5.45 -3.57 1.88 2.05 1.80 

4-Pf 0.85, 1.02a -0.74, -1.75a -5.65 -4.06 1.59 1.84 1.60 

[a] Quasi-reversible or reversible (Ered or Eox = 0.5 (Epc + Epa)); [b] Irreversible (Eox = Epa; 
Ered = Epc); [c] Determined from CV data using the equations ELUMO = −(4.8 + Ered) and 
EHOMO = −(4.8 + Eox); [d] From DFT calculations at the rb3lyp/6-31g(d) level of theory; 
[e] Estimated from absorption maxima in CH2Cl2 solution. 



- 206 - 
 

 
 

In order to gain a deeper understanding into the effects of the B-N coordination on the 

electronic structure in the central building block, calculations were performed using a 

rb3lyp/6-31g(d) basis set and the calculated energy levels are illustrated in Figure 4-6 and 

summarized in Table 4-3. The BN-fused dianthracenylpyrazine compounds show slightly 

decreased HOMO energy levels and a dramatically decreased LUMO energy levels relative 

to the all-carbon analogs 4-Et-C and 4-Pf-C. This leads to small HOMO-LUMO energy 

gaps for BN-fused dianthracenylpyrazine compounds. The HOMO and LUMO orbitals for 

the all-carbon analogs 4-Et-C and 4-Pf-C are delocalized into the pyrazine groups. 

However, dramatic differences are apparent for the BN-fused dianthracenylpyrazine 

compounds. The electron densities of the HOMOs of 4-Et and 4-Pf are mainly localized 

on the two anthracene groups and the LUMOs on the pyrazine units. The spatial separation 

of the HOMO and LUMO illustrates the D-A-D character of this class of molecules. The 

HOMO-LUMO energy gaps (Eg) for 4-Et and 4-Pf are 2.05 and 1.84 eV, respectively. The 

attachment of electron-withdrawing groups C6F5 groups to boron further lowers the 

HOMO-LUMO gap, in good agreement with the redshift of the absorption of 4-Pf in 

comparison to 4-Et.  
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Figure 4-6. Calculated frontier orbital energy levels and HOMO/LUMO orbital plots of 
4-Et and 4-Pf (DFT, B3LYP/6-31G(d)). 

 

Table 4-3. Comparison of calculated orbital energy levels (rb3lyp/6-31g(d)) for differently 
substituted B-N Lewis-pairs 

Compound LUMO (eV) HOMO (eV) Egap (eV) 

3 -1.84 -5.12 3.28 

4-Et  -2.91 -4.96 2.05 

4-Pf -3.49 -5.33 1.84 

 

4.3 Experimental 

Materials and General Methods. All reactions were carried out under an atmosphere of 

pre-purified nitrogen using either Schlenk techniques or an inert-atmosphere glovebox. 
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DCM was distilled from CaH2 and degassed via several freeze-pump-thaw cycles. THF 

was distilled from Na/K and degassed via several freeze-pump-thaw cycles. All chemicals 

were purchased from commercial sources and directly used without further purification 

unless noted otherwise. 

NMR data were acquired at ambient temperature unless noted otherwise. 499.9 MHz 1H 

and 160.4 MHz 11B NMR data were recorded on a 500 MHz Bruker AVANCE 

spectrometer; 599.7 MHz 1H, 150.8 MHz 13C and 192.4 MHz 11B NMR data were recorded 

on a Varian INOVA 600 spectrometer. 11B NMR spectra were acquired with boron-free 

quartz NMR tubes either on the Varian INOVA 600 with a boron-free 5 mm dual 

broadband gradient probe (Nalorac, Varian Inc., Martinez, CA) or the 500 MHz Bruker 

Auto Avance with a 5mm PH SEX 500S1 11B-H/F-D probe. 1H and 13C NMR spectra 

were referenced internally to solvent signals (CDCl3: 7.27 ppm for 1H NMR, 77.23 ppm 

for 13C NMR) and all other NMR spectra externally to SiMe4 (0 ppm). Abbreviations used 

for signal assignments: An = anthracene, Ph = phenyl, Py = pyrazinyl, Me = methyl, s = 

singlet, d = doublet, t = triplet, m = multiplet, br = broad.  

MALDI-TOF MS measurements were performed on a Bruker Ultraflextreme in reflectron 

mode with delayed extraction. Red phosphorus was used for calibration. 

UV-visible absorption data were acquired on a Varian Cary 5000 UV-Vis/NIR 

spectrophotometer.   

Cyclic voltammetry (CV) and square wave voltammetry (SWV) experiments were carried 

out on a CV-50W analyzer from BASi. The three-electrode system consisted of an Au disk 

as working electrode, a Pt wire as counter electrode and an Ag wire as the pseudo-reference 

electrode. The voltammograms were recorded with ca. 10-3 to 10-4 M solutions in THF 
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(reduction scans) or DCM (oxidation scans) containing Bu4N[PF6] (0.1 M) as the 

supporting electrolyte. The scans were referenced after the addition of a small amount of 

ferrocene as internal standard. The potentials are reported relative to the 

ferrocene/ferrocenium couple.  

DFT calculations were performed with the Gaussian09 suite of programs.[S1] The input files 

were generated from Chem3D and pre-optimized in Spartan '08 V 1.2.0. Ground state 

geometries were then optimized in Gaussian09 using the hybrid density functional rb3lyp 

with a 6-31g(d) basis set. Frequency calculations were performed to confirm the presence 

of local minima (only positive frequencies). Vertical excitations were calculated by TD-

DFT methods at the rcam-b3lyp/6-31g(d) level. DCM solution phase calculations were 

performed. First triplet excited state geometries were optimized by DFT methods at the 

ub3lyp/6-31g(d) level and first singlet excited state geometries were optimized by TD-DFT 

methods at the b3lyp/6-31g(d) level. 

Synthesis of 2-(10-(4-(tert-butylphenyl)anthracen-9-yl)-4,4,5,5-tetramethyl- 1,3,2-

dioxaborolane (2). 9,10-Bis(pinacolboryl)anthracene (5.00 g, 11.6 mmol, 1.4 equiv), 1-

bromo-4-tert-butylbenzene (1.44 mL, 8.30 mmol) and sodium carbonate (3.52 g, 33.2 

mmol, 4 equiv) were added to a Schlenk flask. Then a mixture of toluene (210 mL), ethanol 

(45 mL) and water (210 mL) was added. The mixture was degassed by bubbling nitrogen 

for 20 min and then tetrakis(triphenylphosphine) palladium(0) (0.288 g, 0.249 mmol, 3 

mol%) was added as the catalyst. The reaction mixture was stirred at 80 °C for 2 days under 

nitrogen atmosphere, allowed to cool to room temperature, and then poured into water with 

stirring. The mixture was extracted with DCM, the organic layer was washed with brine 

and dried over anhydrous sodium sulfate. After rotary evaporation the crude product was 
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purified by column chromatography (silica gel) with hexanes/DCM (v/v = 3:1) as eluent. 

Recrystallization in ethanol/dichloromethane (1:1) gave the product as yellow crystals. 

Yield: 2.0 g (55%).  1H NMR (499.9 MHz, CDCl3, 25 ℃): δ (ppm) = 8.44 (d, J = 9.0 Hz, 

2H; An), 7.69 (d, J = 8.5 Hz, 2H; An), 7.58 (d, J = 8.0 Hz, 2H; Ph), 7.47 (td, 2J = 7.5 Hz, 

3J = 1.5 Hz, 2H; An), 7.34-7.30 (overlapped, 4H; Ph, An), 1.61 (s, 12H; Me), 1.47 (s, 9H; 

Me). 13C NMR (150.8 MHz, CDCl3, 25 ℃): δ (ppm) = 150.4, 140.0, 136.1, 135.6, 130.9, 

130.1, 128.6, 127.8, 125.6, 125.3, 124.9, 84.6, 34.9, 31.8, 25.5. High-resolution MALDI-

TOF mass spectrum (pos. mode, neat): m/z = 436.2562 ([M]+, 100 %, calcd for 

12C301H3311B116O2 436.2573). 

Synthesis of 2,5-bis(10-(4-tert-butylphenyl)anthracen-9-yl)pyrazine (3). 2,5-

Dibromopyrazine (0.39 g, 1.64 mmol), 2-(10-(4-(tert-butylphenyl)anthracen- 9-yl)-

4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2.00 g, 4.58 mmol, 2.8 equiv), cesium carbonate 

(1.60 g, 4.92 mmol, 3 equiv) and cesium fluoride (0.75 g, 4.92 mmol, 3 equiv) were added 

to a Schlenk flask. Then a mixture of toluene (80 mL) and DMF (40 mL) was added. The 

mixture was degassed by bubbling nitrogen for 20 min and then 

tetrakis(triphenylphosphine) palladium(0) (0.152 g, 0.131 mmol, 8 mol%) was added as 

the catalyst. The reaction mixture was stirred at 90 °C for 3 days under nitrogen atmosphere, 

allowed to cool to room temperature, and then poured into water with stirring. The mixture 

was extracted with DCM, the organic layer was washed with brine and dried over 

anhydrous sodium sulfate. After removal of the solvent under vacuum, the residue was 

purified by column chromatography (silica gel) with hexanes/ethyl acetate (v/v = 10:1) as 

eluent to afford the desired product as a yellow solid. Yield: 0.67 g (59 %). 1H NMR (499.9 

MHz, CDCl3, 25 ℃): δ (ppm) = 9.22 (s, 2H; Py), 7.86-7.83 (overlapped, 8H; An), 7.66  (d, 
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J = 7.5 Hz, 4H; Ph), 7.56 (t, J = 7.5 Hz, 4H; An), 7.46-7.43 (overlapped, 8H; Ph, An), 1.51 

(s, 18H; Me). 13C NMR (125.8 MHz, CDCl3, 25 ℃): δ (ppm) = 153.0, 150.8, 147.7, 140.0, 

135.7, 131.2, 131.0, 130.6, 130.4, 128.0, 126.6, 125.6, 125.6, 125.4, 35.0, 31.8.  High-

resolution MALDI-TOF mass spectrum (pos. mode, neat): m/z = 696.3533 ([M]+, 100 %, 

calcd for 12C521H4414N2 696.3499). 

Synthesis of 4-Et. In a glovebox, BCl3 (3.9 mL, 1M solution in hexane, 3.83 mmol, 4 

equiv) was added to a bright yellow solution of 2,5-bis(10-(4-tert-butylphenyl)- anthracen-

9-yl)pyrazine (0.67 g, 0.96 mmol) in DCM (20 mL). The solution instantly changed color 

to dark yellow. 2,6-Di-tert-butylpyridine (0.37 g, 1.92 mmol, 2 equiv) and AlCl3 (0.383 g, 

2.87 mmol, 3 equiv) were added to the reaction mixture. After stirring for 16 hours, an 

additional portion of AlCl3 (0.128 g, 0.96 mmol, 1 equiv) was added and the mixture was 

stirred for a further 16 hours whereupon it turned dark blue. Addition of Bu4NCl (0.533 g, 

1.92 mmol, 2 equiv) resulted in a dark purple suspension to which ZnEt2 (0.44 mL, 3.93 

mmol, 4.1 equiv) was added dropwise. The reaction mixture was stirred for 16 hours at 

room temperature and the solvent was then removed under reduced pressure. The dark 

green residue was redissolved in toluene and insoluble components were removed by 

filtration through a fritted funnel. The solution was concentrated under reduced pressure. 

The residue was dissolved in dichloromethane, layered with hexanes, and stored at -37 ºC. 

The product was collected as a dark green crystalline solid. Yield: 0.18 g (22 %). 1H NMR 

(599.7 MHz, CDCl3, 25 ℃): δ (ppm) = 9.50 (s, 2H; Py), 8.60 (d, J = 9.0 Hz, 2H; na), 7.88 

(d, J = 9.0 Hz, 2H; An), 7.70-7.62 (overlapped, 8H; Ph, An), 7.56 (d, J = 8.4 Hz, 2H; An), 

7.51-7.47 (overlapped, 4H; An), 7.45 (d, J = 7.8 Hz, 4H; Ph), 1.51 (s, 18H; Me), 1.02 (m, 

4H; Et), 0.80 (m, 4H; Et), 0.66 (t, J = 7.8 Hz, 12H; Et). 13C NMR (150.8 MHz, CDCl3, 
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25 ℃): δ (ppm) = 151.1, 147.2 (br), 146.0, 144.7, 143.7, 135.5, 133.5, 131.2, 130.8, 130.7, 

130.2, 129.4, 129.3, 128.1, 127.3, 125.8, 125.6, 124.1, 124.0, 121.1, 35.1, 31.8, 18.9 (br), 

10.0. 11B NMR (160.4 MHz, CDCl3, 25 ℃): δ (ppm) = 1.7 (w1/2 = 1040 Hz). High-

resolution MALDI-TOF mass spectrum (pos. mode, neat): m/z = 832.5061 ([M]+, 5%, 

calcd for 12C601H6211B214N2 832.5112), 803.4689 ([M-Et]+, 3%, calcd for 12C581H5711B214N2 

803.4720), 774.4325 ([M-2Et]+, 100 %, calcd for 12C561H5211B214N2 774.4329). 

Synthesis of 4-Pf. In a glovebox, BCl3 (1.15 mL, 1M solution in hexane, 1.15 mmol, 4 

equiv) was added to a bright yellow solution of 2,5-bis(10-(4-tert-butylphenyl)- anthracen-

9-yl)pyrazine (0.200 g, 0.287 mmol) in DCM (50 mL). The solution instantly changed 

color to dark yellow. 2,6-Di-tert-butylpyridine (0.110 g, 0.574 mmol, 2 equiv) and AlCl3 

(0.115 g, 0.861 mmol, 3 equiv) were added to the reaction mixture. After stirring for 16 

hours, an additional portion of AlCl3 (0.0383 g, 0.287 mmol, 1 equiv) was added and the 

mixture was stirred for a further 16 hours whereupon it turned dark blue. Addition of 

Bu4NCl (0.160 g, 0.574 mmol, 2 equiv) resulted in a dark red suspension. After evaporation 

of the solvent under high vacuum, the dark residue was redissolved in toluene (50 mL) and 

insoluble components were removed by filtration through a fritted funnel. A solution of 

(C6F5)2Zn (0.287 g, 0.718 mmol, 2.5 equiv) in toluene (10 mL) was added dropwise. The 

reaction mixture was kept stirring overnight, and then heated to 80 ºC for 2 h. The dark 

green solution was allowed to cool to room temperature and filtered through a plug of silica 

gel with toluene as the eluent. The solution was concentrated using a rotary evaporator. 

The residue was redissolved in dichloromethane, the solution layered with hexanes, and 

stored at -37 ºC. The product was collected as a dark green crystalline solid. Yield: 65 mg 

(16 %).  1H NMR (499.9 MHz, CDCl3, 25 ℃): δ (ppm) = 9.42 (s, 2H; Py), 7.97 (d, J = 7.5 
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Hz, 2H; An), 7.88 (d, J = 8.0 Hz, 2H; An), 7.73 (d, J = 8.5 Hz, 2H; An), 7.64 (d, J = 8.0 Hz, 

4H; Ph), 7.54-7.40 (overlapped, 12H; Ph, An), 1.49 (s, 18H; Me). 13C NMR (150.8 MHz, 

CDCl3, 25 ℃): δ (ppm) = 151.8, 149.5, 148.8 (br d,1J (13C, 19F) = 254 Hz), 145.6, 143.4, 

140.6 (br d,1J (13C, 19F) = 250 Hz), 137.6 (br d,1J (13C, 19F) = 261 Hz), 134.3, 131.5, 131.4, 

130.6, 130.2, 129.8, 129.7, 129.1, 127.9, 127.5, 126.7, 125.6, 122.7, 120.4, 117.3 (br), 35.1, 

31.7. 11B NMR (160.4 MHz, CDCl3, 25 ℃): δ (ppm) = -2.6 (w1/2 = 750 Hz). 19F NMR 

(470.2 MHz, d8-tol, 80 ℃): δ (ppm) = -131.0 (8F, o-Pf), -155.4 (4F, p-Pf), -162.4 (8F, m-

Pf). High-resolution MALDI-TOF mass spectrum (neg. mode, neat): m/z = 1384.3260 

([M]-, 100 %, calcd for 12C761H4211B219F2014N2 1384.3231). 

4.4 Conclusions 

In summary, we have successfully synthesized two new BN-fused dianthracenylpyrazine 

derivatives with narrow band gap. Incorporation of the B-N units into the conjugated 

systems leads to dramatic changes in the electronic structure compared to the C-C analogs, 

most importantly a large decrease in the HOMO-LUMO gap. Thus, the borylated 

dianthracenylpyrazine derivatives have significant absorbance at greater than 700 nm. DFT 

calculations reveal the D-A-D character of these BN-fused dianthracenylpyrazines as seen 

in the spatial separation of the HOMO and LUMO orbitals. These results indicate that the 

borylative fusion of the dianthracenylpyrazine donor-acceptor-donor structure is a 

promising strategy toward materials with low band gap. Thus, the products will be 

investigated as low band gap materials for organic electronics and imaging applications.  
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Appendix 

 

 

Figure 4-7. VT 19F NMR spectra of 4-Pf (d8-tol, 470.2 MHz) 

 
 
 
Table 4-4. Summary of results from VT NMR spectroscopy studies 

Compound Probe Tc [a] [K] ∆ν [Hz] [b] ∆G≠ 
Tc [a] [kJ mol-1] 

4-Pf p-Pf 293 ± 3 1636 52.4 ± 0.6 

4-Pf o-Pf (-130.0/-131.1) 278 ± 3 513  52.3 ± 0.6 

4-Pf o-Pf (-122.6/-140.7)  308 ± 3 8497 51.0 ± 0.5 

[a] Data from coalescence temperature method by using the approximation ∆G≠ = 
0.0194Tc [9.972+lg(Tc ∆ν-1)] for estimation of ∆G≠ at Tc; [b] an error of 5% in the line 
width determination is assumed. 
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Table 4-5. Comparison of UV-Vis spectra of boron complexes 4-Et and 4-Pf in different 
solvents 

 Cyclohexane Toluene DCM THF Acetonitrile 
4-Et 695 698 687 672 648 
4-Pf 771 777 774 758 733 

 

 

 

 
Figure 4-8. Square wave voltammetry (SWV) data. Oxidation in 0.1M Bu4N[PF6] in DCM, 
reduction in 0.1M Bu4N[PF6] in THF, reported vs Fc+/0, ν = 250 mV s-1. 

 

 

Table 4-6. Electrochemical Data of BN-fused Dianthracenylpyrazines. 

Compound Eox
CV  

[V] 
Eox

SWV 
 

[V] 
Ered

CV  
[V] 

Ered
SWV 

 [V] 

4-Et 0.65, 0.93b 0.63, 0.91 -1.23, -2.10a -1.22, -2.09 

4-Pf 0.85, 1.02a 0.85, 1.01 -0.74, -1.75a -0.71, -1.72 

[a] Quasi-reversible or reversible (Ered or Eox = 0.5 (Epc + Epa)); [b] Irreversible (Eox = Epa; 
Ered = Epc). 
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Table 4-7. Kohn-Sham HOMO and LUMO orbital plots for precursor 3 (rb3lyp/6-31g(d), 
scaling radii of 75%, isovalue = 0.04) 

 

 

 

 

 

Table 4-8. Kohn-Sham HOMO and LUMO orbital plots for differently substituted BN-
functionalized anthracenes (rb3lyp/6-31g(d), scaling radii of 75%, isovalue = 0.04)  
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Table 4-9. Comparison of calculated geometric parameters (distances in A$ , angles in °)	for 
BN-fused dianthracenylpyrazines 4-Et and 4-Pf from DFT calculations (Gaussian 09; 
rb3lyp/6-31g(d)) 

 B-N B-CAn CAn-CPy CAn-B-N CentAn-
C-B 

CentAn-
C-CPy 

PhAn,inner // 
PhAn,inner 

PhAn,inner // 
Py 

4-Et 
1.639, 
1.652 

1.619, 
1.624 

1.462, 
1.463 

104.8, 
102.2 

170.6, 
170.3 

167.2, 
164.8 

70.7 
33.0, 
37.8 

4-Pf 1.645 
1.612, 
1.613 

1.456 107.2 174.6 168.5 62.2 31.1 

 
Table 4-10. TD-DFT data for precursors 3 (rcam-b3lyp/6-31g(d)) 

Compound Transition [a] Eex (eV) λ (nm) Oscillator strength f Assignment 

3 S0 → S1 3.29 376.57   0.8599 H → L (0.57) 
H-1→ L+1 (-0.41) 

[a] Only transitions with oscillator strengths >0.1 are presented. 
 
Table 4-11. TD-DFT data for 4-Et and 4-Pf (rcam-b3lyp/6-31g(d)) 
Compound Transition [a] Eex (eV) λ (nm) Oscillator strength f Assignment 

4-Et 

S0 → S1 2.08 596.54   0.9028 H → L (0.69) 
H-1→ L+1 (-0.13) 

S0 → S3 3.20 387.76  0.1650 
H-1 → L+1 (-0.21) 
H → L+1 (-0.10) 
H → L+2 (0.66)          

S0 → S7 3.78  328.34 0.2048 

H-8 → L (-0.14) 
H-6 → L (0.37) 
H-4 → L (-0.24) 
H-3 → L+1 (0.13) 
H-2 → L (0.44) 

4-Pf 

S0 → S1 1.87 663.37  0.8333 H → L (0.69) 
H-1 → L+2 (0.11) 

S0 → S3 3.00 413.19 0.2425 H-1 → L+2 (0.18) 
H → L+1 (0.68) 

S0 → S5 3.52 352.53 0.1006 

H-8 → L (0.31) 
H-5 → L (0.43) 
H-4 → L+2 (-0.15) 
H-3 → L (-0.28) 
H-2 → L+2 (-0.13) 
H-1 → L+4 (0.12) 
H → L+5 (0.17) 

[a] Only transitions with oscillator strengths >0.1 are presented. 
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Table 4-12. The calculated singlet and triplet state energies for 4-Et  

 S0 
[a]

 

(Hartree) 

T1 
[a]

 

(Hartree) 

S1 
[b] 

(Hartree) 

DEad(S0-S1) 

(eV / kJ mol–1)  

DEad(S0-T1) 

(eV / kJ mol–1) 

DEad(S1-T1) 

(eV / kJ mol–1)  

4-Et -2483.0657 -2483.0274 -2483.0075 1.582/152.6 1.042/100.5 0.540/52.1 

[a] S0 optimized with rb3lyp/6-31g(d), T1 optimized with ub3lyp/6-31g(d). [b] From TD-
DFT optimization of S1 state with b3lyp/6-31g(d). 
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Spectral Data for Isolated Compounds 

 

Figure 4-9. 1H NMR spectrum of 2-(10-(4-tert-butylphenyl)anthracen-9-yl)-4,4,5,5- 
tetramethyl-1,3,2-dioxaborolane (2) in CDCl3 

 

 

Figure 4-10. 13C NMR spectrum of 2-(10-(4-tert-butylphenyl)anthracen-9-yl)-4,4,5,5- 
tetramethyl-1,3,2-dioxaborolane (2) in CDCl3 
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Figure 4-11. MALDI-TOF mass spectrum (pos. mode) of 2-(10-(4-tert-
butylphenyl)anthracen-9-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (2)  

 

 

Figure 4-12. 1H NMR spectrum of 2,5-bis(10-(4-tert-butylphenyl)anthracen-9-
yl)pyrazine (3) in CDCl3 
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Figure 4-13. 13C NMR spectrum of 2,5-bis(10-(4-tert-butylphenyl)anthracen-9-yl)- 
pyrazine (3) in CDCl3 

 

 

 

Figure 4-14. Aromatic region of the gCOSY NMR spectrum of 2,5-bis(10-(4-tert-
butylphenyl)anthracen-9-yl)pyrazine (3) in CDCl3  
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Figure 4-15. Aromatic region of the HSQC NMR spectrum of 2,5-bis(10-(4-tert-
butylphenyl)anthracen-9-yl)pyrazine (3) in CDCl3 

 

 

Figure 4-16. MALDI-TOF mass spectrum (pos. mode) of 2,5-bis(10-(4-tert-
butylphenyl)anthracen-9-yl)pyrazine (3) 
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Figure 4-17. 1H NMR spectrum of 4-Et in CDCl3 

 

 

Figure 4-18. 13C NMR spectrum of 4-Et in CDCl3 
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Figure 4-19. 11B NMR spectrum of 4-Et in CDCl3 

 

 

Figure 4-20. MALDI-TOF mass spectrum (pos. mode) of 4-Et  
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Figure 4-21. 1H NMR spectrum of 4-Pf in CDCl3 

 

Figure 4-22. 13C NMR spectrum of 4-Pf in CDCl3 
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Figure 4-23. 11B NMR spectrum of 4-Pf in CDCl3 

 

 

Figure 4-24. 19F NMR spectrum of 4-Pf in CDCl3 
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Figure 4-25. MALDI-TOF mass spectrum (neg. mode) of 4-Pf  
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Overall Conclusions 

In this thesis, we explored the effects of peripheral functionalization of larger π-conjugated 

scaffolds based on anthracene via Lewis base-directed electrophilic C-H borylation. 

Several new types of BN-substituted anthracene were synthesized with unique structural 

features and electronic properties. 

In Chapter 2, we prepared a new class of B-N fused dipyridylanthracenes via electrophilic 

aromatic borylation. We demonstrated that this B-N Lewis pair functionalization of 

anthracene leads to severe distortions due to steric strain and results in substantially 

decreased LUMO energy. In the presence of light, the BN-fused anthracene rapidly react 

with O2 to form endoperoxide compound without an external photosensitizer. 

Endoperoxide compounds also can thermally revert to the parent acenes when heating in 

toluene under N2. This study presented a new way to prepare conjugated materials, 

especially for structurally distorted systems. The facile reactivity with oxygen opens the 

possibility for applications in photodynamic therapy (PDT) and sensing. 

Chapter 3 continued our studies on tuning the structure and electronic properties of B-N 

fused dipyridylanthracene and the self-sensitized reactivity with singlet oxygen. Four 

isomeric derivatives of BN-fused dipyridylanthracene with Me groups in different 

positions of the pyridyl ring were synthesized. The impact of the substituents in different 

positions on the photophysical and electrochemical properties of this class of compounds 

have been examined. The most dramatic effect of the substitution pattern is in the reactivity 

of the acenes toward oxygen and the respective endoperoxides thermal release of singlet 

oxygen. These results demonstrated that small changes in the substitution pattern on the 
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pyridyl moiety can dramatically alter the reactivity patterns, allowing for applications as 

highly effective sensitizers on one hand and materials for delivery of singlet oxygen on 

demand on the other hand. Further work on avoiding self-sensitized reactivity with 

formation of endoperoxides is expected to improve performance as singlet oxygen 

sensitizers. On the other hand, further weakening of the B-N bond, possibly even “open” 

the B-N bonds, could provide excellent singlet oxygen release performance and might offer 

the broader field of small molecule activation. 

Chapter 4 introduced a series of BN fused dianthracenylpyrazines as new low band gap 

materials. DFT calculations revealed BN fused dianthracenylpyrazines show a small band 

gap. The electron withdrawing groups C6F5 further decrease the HOMO-LUMO gap. 

Photophysical and electrochemical studies indicated a dramatic effect of borane 

functionalization on the electronic structure, as well as the substitution pattern attached 

boron influencing the HOMO and LUMO energy levels. These results demonstrated that 

boron-doped dianthracenylpyrazine derivatives are promising compounds as low band gap 

materials. Therefore, for the future work the device performance in organic solar cells may 

be investigated. 

 

 

 

 

 

 

 


