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Abstract 

This thesis describes the development of two distinct types of luminescent materials and the 

exploration of their photophysical properties. The first part of the thesis focuses on the synthesis 

of four new deep-blue phosphorescent Pt(II) compounds by introducing side alkyl chains of 

different length to two reported Pt(II) compounds with tetradentate and macrocyclic chelate 

ligands, respectively. The employment of a new synthetic pathway leads to higher yield of the 

products and shorter reaction time. The modified Pt(II) compounds possess improved solubility in 

organic solvents, similar photophysical properties, and better performance as the deep-blue 

electrophosphorescent emitters of OLEDs, compared to the corresponding original Pt(II) 

compounds. In second part of the thesis, a series of fluorescent indolizino[6,5,4,3-

def]phenanthridine derivatives were produced by 1,3-dipolar cycloaddition reactions between a 

new azomethine ylide and eight selected alkynes. All the BPhMes2-functionalized compounds are 

found to exhibit charge-transfer (CT) fluorescence, while the others exhibit ˊ to ˊ* transitions. 

Among them, the three pairs of push-pull regioisomers that are formed by reactions with BPhMes2-

functionalized asymmetrical internal alkynes are worthy of most attention. They possess distinct 

electronic and photophysical properties and some of which show rare and interesting temperature 

ñturn-onò fluorescence. 
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Chapter 1  

Introduction 

1.1 Luminescence 

Luminescence is the spontaneous emission of light by a substance, as a response to the absorption 

of external exciting energies. Based on the source of the energy involved, luminescence is 

distinguished into different types, such as chemiluminescence if the energy from a chemical 

reaction is absorbed, radioluminescence if the energy from x-rays or gamma rays is absorbed, 

photoluminescence if the energy from UV or visible radiation is absorbed, and 

electroluminescence if the energy from the application of an electric field is absorbed etc..1 The 

possible transitions and the allowed pathways between different electronic states in a process of 

absorption and emission of light can be illustrated using an energy level diagram called Jablonski 

diagram shown in Figure 1.1.2   

 

Figure 1.1 Jablonski Diagram.  
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On absorption of a photon, an electron in a molecule is transited from a singlet ground state (S0) 

to a higher-energy singlet excited state. This excitation process takes about 10ï15 s and preserves 

the antiparallel electron spin as the ground state. The molecule then relaxes to the first excited state 

(S1) through two non-radiative pathway, namely vibrational relaxation from higher to lower 

vibrational state and internal conversion from higher to lower electronic state which takes about 

10ï14-10ï11 s. It is followed by the return of molecule from S1 to S0 that can occur with the emission 

of a photon, namely luminescence. Luminescence can be further characterized as fluorescence, 

phosphorescence and delayed fluorescence, depending on the route taken. Fluorescence results 

from the direct return from S1 to S0 on the time scale of 10ï9-10ï7 s and it is temperature-

independent. The relaxation can also take place via intersystem crossing (on the time scale of             

10ï8-10ï3 s) to a triplet state first in which the spin of the excited electron is reversed. Then the 

following return from the first triplet state (T1) to S0 is known as phosphorescence which takes 

much longer (on the time scale of 10ï4-10ï1 s) compared to fluorescence due to the spin-forbidden 

transition and is thus rare in most organic molecules at room temperature. Phosphorescence is most 

common in heavy-atom molecules, especially transition-metal complexes, because the strong spin-

orbital coupling induced by the heavy atoms greatly enhances intersystem crossing by increasing 

the mixing of singlet and triplet excited states. If the excited electron at the triplet excited state 

returns to a singlet excited state instead, a delayed fluorescence is observed but happens much 

more slowly (on millisecond time scale).3 Since both fluorescence and phosphorescence emissions 

are competed by nonradiative thermal decay at the same time, the efficiency of the emission 

processes is quantified by quantum yield or quantum efficiency which is defined as  

ʌ= number of photons emitted/number of photons absorbed= ɻrad/ (ɻrad + ɻnrad) 

Where ɻrad is the rate of radiative decay and ɻnrad is the rate of nonradiative decay. 
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1.2 Organic Light-emitting Diodes (OLEDs) 

Since the first practical OLED device was built by Ching W. Tang and Steven Van Slyke in 1987,4 

extensive time and enormous research efforts have been devoted towards the development of 

OLEDs to make them become one of the most competitive candidates for the next-generation full-

color flat panel displays. In recent years, the OLED display market for smartphones, tablets, 

computer monitors and TVs etc. has grown quickly, and it is expected to exceed the market share 

of the conventional liquid crystal display (LCD) in near future. Liquid crystal materials are non-

emissive, thus backlighting is usually required and true black cannot be displayed.5 On the other 

hand, emissive OLEDs act as their own light sources, which provides inherent advantages such as 

true black state, wide color gamut, high image quality with good brightness and contrast, wide 

viewing angle, low power consumption, and fast response time. In addition, OLEDs are 

lightweight and can be fabricated on flexible substrates which enables the formation of ultrathin 

films and applications in flexible displays. While OLEDs have many advantages, there are also 

two major technical problems to be overcome which are device degradation and limited lifetime 

of the organic materials.6  

In a three-layer OLED as shown in Figure 1.2 (a), an emissive layer (EML) which consists of the 

organic electroluminescent materials doped in the host materials is sandwiched between an 

electron transport layer (ETL) and a hole transport layer (HTL). The three organic layers are placed 

between the cathode and the anode, which together are deposited on the glass substrate. The 

cathode is responsible for the injection of electrons and is usually made of Mg or Al which possess 

low work function. The anode is responsible for the injection of holes and is usually made of 

transparent indium tin oxide (ITO). The electrons and holes are transported through the lowest 

unoccupied molecular orbital (LUMO) of ETL and the highest occupied molecular orbital 
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(HOMO) of HTL, respectively. A small energy difference between the HOMO of HTL and LUMO 

of the ETL is preferred to achieve a good charge balance and a low driving voltage required for 

the transportation of the charge carriers to EML. The thickness of each organic layer is usually 10-

100 nm. When voltage is applied across the OLED, electrical current flows from the cathode to 

anode through organic layer. Electrons injected by the cathode transport through ETL, while holes 

injected by anode transport through the HTL towards the emissive layer and recombine to form 

singlet or triplet electro-hole pairs called excitons. The organic electroluminescent emitting 

molecules are excited by the excitons and luminescence is then produced when the excited emitters 

relax back to the ground state (Figure 1.3). In a multilayer OLED as demonstrated in Figure 1.2 

(b), an electron injection layer and a hole injection layer are inserted between the electrodes and 

the charge transport layers to facilitate charge carrier injection to the emissive layer. The electron 

blocking layer (EBL) between the HTL and the EML and the hole blocking layer (HBL) between 

the ETL and the EML are used to prevent charge or exciton leakage from the EML. EBL possesses 

significantly higher LUMO energy level than that of EML and HBL possesses considerably lower 

HOMO energy level than that of EML, which together facilitate to confine the excitons in EML.    

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Figure 1.2 Structure diagrams of (a) a three-layer OLED and (b) a multilayer OLED.  
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Figure 1.3 Working mechanism of a multilayer OLED. 

 

Statistically, there is a 25% probability of forming a singlet exciton and 75% probability of forming 

a triplet exciton during the recombination process. As illustrated in Figure 1.4, there are four 

possible spin states when one of the two paired electrons in the ground state is promoted to the 

excited state. In the singlet state, the two electrons remain opposite spins obeying the Pauli 

exclusion principle and are out-of-phase with zero resultant vector. The other three spin states are 

spin-forbidden triplet states which contain either parallel spins or in-phase opposite spins with 

non-zero resultant vector. OLEDs based on fluorescent emitters can only harvest singlet excitons 

which sets the theoretical limit of the internal quantum efficiency (IQE) to 25%. However, OLEDs 

based on phosphorescent emitters can harvest both singlet and triplet excitons through intersystem 

crossing, leading to the possibility to achieve theoretically 100% IQE. It is noteworthy that a fast 

radiative decay rate of the phosphorescent emitters is another key factor to achieve efficient 

phosphorescence against other nonradiative decay pathways.   
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Figure 1.4 Electron spin diagram showing singlet and triplet state. 

1.3 Phosphorescent Emitters for OLEDs 

The phosphorescent emitters based on cyclometalated transition-metal complexes have been 

extensively developed since the pioneering work of Baldo and co-workers in which the first 

efficient phosphorescent Ir(III) -based OLED was achieved.7-17 Ir(III) and Pt(II) compounds have 

attracted the most research interests and efforts,7-17 although there are examples of Ru(II)-based 

and Os(II)-based emitters.18-20 In addition to the strong spin-orbital coupling provided by the 

transition metals, the incorporation of aromatic cyclometalating ligands is the other key factor to 

achieve efficient phosphorescence. There are three main reasons: (a) Strong bonding interactions 

are formed between the aromatic cyclometalating ligands and transition metals (b) the strong 

ligand field of cyclometalating ligands can raise the metal d-d excited state which will suppress 

the population of the metal d-d state and the subsequent nonradiative quenching from it. (c) the 

emission wavelength can be easily tuned by introducing electron-donating and electron-

withdrawing substituents or expand ́ conjugated systems, owing to the close-lying ligand-

centered (LC) ́  to ˊ* transitions.17  
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1.3.1 Functionalization of Phosphorescent Emitters with Triarylboron 

Triarylboron compounds are widely used as the building blocks in optoelectronic materials such 

as OLED emitters. They are excellent electron acceptors and Lewis acids because of the inherent 

electron-deficient property arising from the empty Ṕ orbital on the boron center. They can also 

act as inductive ů donors, due to the electropositive nature of the boron atom. The steric hindrance 

generated by the bulky aryl groups such as mesityl group protects the boron center from 

nucleophilic attacks to provide the air stability. When combined with strong electron donors such 

as triarylamines (Figure 1.5), triarylboron compounds can promote strong donor-acceptor charge-

transfer (CT) transition, making them highly luminescent both in the solid state and in solution. 

The studies also reveal that the triarylboron groups can significantly enhance the metal-to-ligand-

charge transfer (MLCT) and in turn lead to stronger phosphorescence with greater MLCT 

character.21-23 The examples of designed triarylboron-containing phosphorescent Pt(II) complexes 

are shown in the following sections. 

 

Figure 1.5 Structural diagram of a donor-acceptor triarylboron compound. 

1.3.2 Representative Phosphorescent Iridium(III) Complexes for OLED  

Compound 1.1 (Figure 1.6) is the first Ir(III) phosphorescent emitter reported by Baldo and co-

workers in 1998 which produces green emission with a peak EQE of 8%.7 Based on 1.1, a large 

number of 2-phenylpyridine-type (PPy-type) Ir(III) emitters have been synthesized. TD-DFT 

calculations demonstrate that the HOMO is mainly located on the phenyl ring and the LUMO is 
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largely contributed by the pyridinyl group. Therefore, emission colour tuning can be readily 

accomplished by introducing different electron-donating and electron-withdrawing substituents to 

these two moieties. The replacement of one of the 2-phenylpyridine groups with a picolinate group 

and the introduction of two F units to each of the other two phenyl rings in 1.1 form 1.2 (Figure 1.6) 

which produces sky-blue emission with an optimal QY of 0.99 in 1.2 mol% doped mCP.24 The 

electron-withdrawing F units stabilize the HOMO level leading to blue-shifted emission 

wavelength. Deep blue emitter 1.3 (Figure 1.6) can be achieved by introducing an additional 

electron-withdrawing CN group in 1.2 and blue phosphorescent OLED using 1.3 as the dopant 

was fabricated with a high EQE of 25.0%.25  

 

Figure 1.6 Chemical structures of complexes 1.1, 1.2 and 1.3. 

The color tuning of 1.1 can also be attained by using electron-deficient difluoropyridine as the 

chelating ligand instead of difluorebenzene, leading to the formation of 1.4 as shown in 

Figure 1.7.26 Intense blue emission was observed for 1.4 with ɚmax at 438 nm and QY of 0.71 in 

CH2Cl2 which was found mainly to originate from ́ -ˊ* transitions with the MLCT character. In 

order to examine the influence of ancillary ligands on the phosphorescent emission, 1.5-1.7 were 

synthesized by our group (Figure 1.7).27 It was found that the ancillary ligands considerably 

destabilize both the HOMO and LUMO levels relative to 1.4, giving rise to insignificant change 

of the energy gap. Nonetheless, 1.5 bearing picolinate as the ancillary ligand was found to be the 

best blue emitter out of the three, owing to the highest emission energy (ɚmax= 445 nm in CH2Cl2) 
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and highest QY of 0.90/ 0.95 in CH2Cl2/ 10 wt% doped PMMA film. In comparison, ɚmax at 457 

and 458 nm with QY of 0.67/ 0.70 and 0.58/ 0.63 were observed for 1.6 and 1.7, respectively. 

 

 

Figure 1.7 Chemical structures of complexes 1.4-1.7. 

Even though employing F-substituted arylpyridine-type ligands has been proved to be an effective 

strategy to achieve Ir(III) blue emitters, they suffer from extensive structural decomposition during 

the operation of the OLEDs.28-30 Hence the development of F-free Ir(III) complexes is essential to 

increase the lifetime of phosphorescent OLEDs. 1.8 (Figure 1.8) is a representative imidazole-type 

Ir(III) emitter which produces sky-blue emission with of ɚmax at 475 nm and QY of 0.52 in 

acetonitrile.31 The two isopropyl groups are attached to the dibenzofuran group to exert distortions 

to the flat structure and reduce the intermolecular interactions. The phosphorescent OLED based 

on 1.8 displayed not only an excellent peak EQE of 23.1% but also a substantially increased 

lifetime (T50 of 5.8 h) compared to the OLED based on 1.2 (T50 of 0.1 h).    
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Figure 1.8 Chemical structures of complex 1.8. 

As an example of carbene-based Ir(III) triplet emitter indicated in Figure 1.9, 1.9 shows efficient 

blue emission with a ɚmax at 445 nm.32 Although a high QY of 0.70 in 10 wt% doped PO9 film 

was obtained, 1.9 exhibits a very long phosphorescent lifetime (Űp) of 19.6 ɛs at room temperature 

which was attributed to the strong MLCT character of the primary electronic transitions involving 

HOMO, HOMO-1 and HOMO-2. The EQE of deep-blue phosphorescent OLED using 1.9 as the 

dopant decreases dramatically with brightness (6.2 at 1000 cd/m2) despite a peak EQE of 18.6% 

was obtained. Improved OLED performance embedding 1.10 (Figure 1.9) was obtained.33 The 

OLED based on the facial isomer of 1.10 produced deep-blue emission with an EQE of 10.1% 

while the OLED based on the merdional isomer of 1.10 showed a higher EQE of 14.4% and high 

luminance of 22000 cd/m2.   

 

Figure 1.9 Chemical structures of complexes 1.9 and 1.10. 
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1.3.3 Recent Advances in Phosphorescent Platinum (II) Complexes for OLEDs 

Phosphorescent cyclometalated Pt(II) complexes have received increasing recognition and 

attracted enormous research efforts in the field of phosphorescent OLEDs. The presence of a 

platinum atom induces strong spin-orbital coupling, which turns the spin-forbidden intersystem 

crossing from the singlet excited state to the triplet excited to an allowed transition. As a result, 

the lifetime of the intersystem crossing is significantly decreased to the time scale of around10ï12 s 

which promotes efficient phosphorescence. Additionally, Pt(II) complexes can readily chelate 

bidentate, tridentate or tetradentate ligands due to their square planar geometry. The large ligand 

field splitting energy in square planar Pt(II) compounds also facilitates the access to efficient blue 

phosphorescence by suppressing the thermal quenching process from first the triplet excited state 

T1 to the metal d-d excited state that could happen if the energy difference between them is not 

sufficiently large.34  

1.3.3.1 Pt(II) Complexes Based on Bidentate Ligands 

The Chi et al. has conducted extensive work on Pt(II) complexes based on azolate-type of 

ligands.35-37 Compounds 1.11 and 1.12 (Figure 1.10) featuring dianionic bizolate and neutral 

pyridines show notable solid-state phosphorescent emission (PLQY of 0.52 and 0.83 for 1.11 and 

1.12, respectively), even though they are weakly emissive in solution. The efficient 

phosphorescence is attributed to not only the reduced geometry distortions conferred by the rigid 

bidentate ligand structures, but also to the interligand H-bonding interactions which enhance the 

ligand-metal bond and suppress nonradiative decay channels. The OLED based on 1.11 displays 

orange-red phosphorescence with an EQE of 19.0%, and the OLED based on 1.12 shows yellow 

phosphorescence with an EQE of 7.1%.35 The use of NHC carbene ligands has also been largely 

explored due to their strong ů-donor ability and the increased robustness of the structures upon 
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their incorporation. As shown in Figure 1.10, Chi et al. replaced one of the pyridine ligands of 1.11 

with a carbene-based chelate leading to compound 1.13 (Figure 1.10). Even though 1.13 remains 

non-emissive in solution, the solid-state OLED based on 1.13 produces a yellow emission with an 

EQE of 25.9%.36     

 

Figure 1.10 Chemical structures of complexes 1.11, 1.12 and 1.13. 

In 2017, Chi et al. reported a new class of phosphorescent Pt(II) emitters bearing fluorinated 2-

pyrazinylpyrazoles based on which highly efficient NIR OLEDs were obtained with excellent 

EQE, as shown in Figure 1.11.37 Compound 1.14 (Figure 1.11) shows efficient NIR emission with 

a PLQY of 0.81 and the OLED using 1.14 was obtained with an EQE of 24% which was one of 

the highest among all the NIR OLEDs so far. The photophysical study, angle-dependent 

luminescence and computational approach show that the ordered solid-state packing arrangement, 

and the edge-on molecular orientation in the vacuum -evaporated thin films are the key factors for 

the intense NIR emission and thin-film optoelectronic performance.   

 

Figure 1.11 Chemical structures of complexes 1.14 and 1.15.   
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Compounds 1.16-1.19 (Figure 1.12) are the four examples of BMes2-functionalized Pt(II) 

compounds synthesized in our group which reveal that triarylboron groups play a significant role 

in enhancing phosphorescence of Pt(II) complexes.38,39 All the four compounds show bright 

phosphorescence with PLQY of 0.77, 0.98, 0.56 and 0.46 in CH2Cl2 (1×10-5 M) for 1.16, 1.17, 

1.18 and 1.19, respectively. It was found that the phosphorescence enhancement is attributed to 

both the increased mixing of the LC and the MLCT state and the promoted donor-acceptor charge 

transfer (CT). Experimental and TD-DFT computational results also indicate that triarylboron 

significantly alters the LUMO level, but it exerts minimal influence on the HOMO level. The large 

difference in the QY of constitutional isomers 1.16 and 1.17 is likely due to the larger enhancement 

of the MLCT transition resulting from the synergistic coupling of the boron center with an 

electron-accepting pyridine in 1.17. The OLED device using 1.17 produced bright green emission 

with a high EQE of 20.9%.38 The effects of electron-donating and electron-withdrawing groups on 

emission color and QY of phosphorescence were examined by introducing fluorines and methoxy 

groups on the phenol ring of 1.17 in 1.18 and 1.19, respectively. The emission peak of 1.18 is red 

shifted by only 3 nm, but a clear 71 nm red shift was observed for 1.19 due to the destabilization 

of the HOMO level by electron-donating methoxy group. The QY of 1.18 (0.56) and 1.19 (0.46) 

is much lower than that of 1.17 but is greater than that of their non-boron-containing counterparts 

(0.36 and 0.30, respectively). Compound 1.20 (Figure 1.12) was synthesized to explore the effect 

of different positions of BMes2 on the phenyl ring on the emission color and quantum efficiency 

of phosphorescence compared to 1.16.39 The emission energy of 1.20 bearing BMes2 group at the 

5-position of the phenyl ring (481 nm) shows a blue shift of 49 nm relative to that of 1.16 bearing 

BMes2 group at the 4-position of the phenyl ring (538 nm). The QY of 1.20 is reduced substantially 
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to 0.42 compared to that of 1.16 (0.77), which is likely caused by the thermal quenching process 

through the non-emissive metal d-d state facilitated by the higher energy of the T1 in 1.20.   

 

 

Figure 1.12 Chemical structures of complexes 1.16-1.20.   

In order to achieve blue phosphorescence, our group replaced the pyridyl ring in Bppy-Pt(II) 

complexes with 4-phenyl-1,2,3-triazoles (phtrz) as the nitrogen rich triazolyl rings significantly 

destabilize the ligandsô LUMO levels leading to high T1 energies. Compound 1.21 (Figure 1.13) 

shows a blue shift of 38 nm relative to 1.16 and compound 1.22 (Figure 1.13) shows a blue shift 

of 28 nm relative to 1.20, which proves the effectiveness of phtrz ligands in tuning the emission 

color. The PLQY of 1.21 and 1.22 in 2-methyltetrahydrofuran are 0.17 and <0.001, respectively, 

which increases dramatically to 0.63 and 0.10, respectively, in 10 wt% doped PMMA films. 

Consistent with the observation in 1.16 and 1.20, BMes2 group at the 5-position of the phenyl ring 

gives rise to larger emission energy and lower QY compared to BMes2 group at the 4-position. 

The significant lower phosphorescent QY of 1.22 compared to that of 1.21 results from the 
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increasing thermal quenching process through the metal d-d states as the Bptrz ligand which 

contributes largely to the LUMO level increases T1 energy level and reduces the energy difference 

between T1 and metal d-d state to a large extent.40 

 

Figure 1.13 Chemical structures of complexes 1.21 and 1.22.   

To further increase the QY of the Bphtrz-Pt(II) complexes, acetylacetonate (acac) was replaced 

with 2-(1H-1,2,4-triazol-3-yl)pyridine (pytrz) and its derivatives (4-Mepy-trz-tbu and 4-Mepy-trz-

CF3) as the ancillary ligands as they possess strong ligand strength and high T1 energies.40 The 

peak emissions of compounds 1.23-1.25 (Figure 1.14) were observed at 464 nm, 474 nm, and 460 

nm, respectively. The PLQY of 1.23-1.25 is 0.82, 0.97, and 0.71, respectively, in 5 wt% doped 

PMMA films, which decreases to 0.59, 0.65 and 0.47, respectively in 10 wt% doped PMMA films. 

These compounds were found to be highly prone to excimer formation, which is responsible for 

the decrease of QY at higher doping concentrations. An excimer is an excited dimer formed by the 

strong intermolecular interaction between an excited monomeric molecule and a monomeric 

molecule in the ground state. The excimer emission peak can be observed at a longer wavelength 

than that of the excited monomer when they relax back to the ground state and immediately 

dissociate. According to TD-DFT calculations, the red shift of 1.24 relative to 1.23 can be 

explained by the destabilization of the HOMO resulting from the electron-donating t-butyl group 
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on the 1,2,4-triazole group which contributes largely to the HOMO. Similarly, the blue shift of 

1.25 relative to 1.23 is attributed to the stabilization of the LUMO by the electron-withdrawing 

CF3 group. The higher QY compared to that of 1.22 proves that pytrz is superior to acac as the 

ancillary ligand because the stronger ligand strength of pytrz substantially increases the energy 

level of metal d-d state and thus lowers the probability of non-emissive thermal decay through it. 

The intramolecular hydrogen bonding also contributes to the enhanced rigidity of the structure and 

the reduced structural distortions at the excited state. The OLED using 10 wt% 1.24 as the dopant 

produced bright white emission with an EQE of 15.6%, which is among the most efficient single-

dopant white OLEDs that have been reported.41  

 

Figure 1.14 Chemical structures of complexes 1.23-1.25.   

The promising phosphorescent QY and EL device performance of 1.23-1.25 demonstrates that the 

choice of phtrz and pytrz as chelating ligands is an effective strategy to achieve efficient blue 

phosphorescence. However, there are some severe problems related to borylated Pt(II) complexes. 

The borylated Pt(II) compounds usually exhibit low chemical and thermal stability which might 

decompose slowly under ambient conditions. Additionally, these compounds have a very strong 

tendency to form excimers through strong intermolecular interactions which causes reduced QY 

and poor color purity. In order to avoid these problems related to the triarylboron groups, a series 
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of non-borylated Pt(II) compounds based on the same backbone have been designed by our group. 

We found that the attachment of bulky substituents such as NPh2 and CPh3 at the 4-position of the 

phenyl ring is critical for minimizing excimer emission and enhancing the phosphorescent QY. On 

the other hand, this type of Pt(II) complexes without the bulky substituents still have a great 

tendency to form stacked dimers which results in excimer emission in spite of the absence of 

triarylboron groups. Bright green emissions were observed for compounds 1.26 (Figure 1.15) 

(ɚmax= 486 nm and 491 nm in 5 wt% and 10 wt% doped PMMA films, respectively) and compound 

1.27 (Figure 1.15) (ɚmax= 500 nm and 510 nm in 5 wt% and 10 wt% doped PMMA films, 

respectively), without the observation of any excimer emission peaks.42 Another bulky group, 

CPh3, was also introduced to the 4-position of the phenyl ring to form compound 1.28 and 1.29 

(Figure 1.15), which produce deep blue and greenish-blue emissions, respectively. Excellent QY 

of 1.00 and 0.89 in 5 wt% and 10 wt% doped PMMA films, respectively, for 1.28 and QY of   0.90 

and 0.95 in 5 wt% and 10 wt% doped PMMA films, respectively, for 1.29 were achieved. Excimer 

peak was not observed for 1.29 but was evident for 1.28 in CH2Cl2 at 77 K.42 Therefore, 1.30 

(Figure 1.15) was synthesized by replacing the benzyl group in 1.28 with benzhydryl group to 

increase the steric hindrance around Pt atom and decrease the intermolecular interactions. 1.30 

gives blue emission (ɚmax= 452 nm) without any observed excimer emission at 77 K, even though 

the QY is decreased to 0.68 in 5 wt% doped PMMA film and to 0.72 in 10 wt% doped PMMA 

films.42 The OLED using 10 wt% 1.29 as the dopant showed bright greenish-blue phosphorescence 

with a promising peak EQE of 16.7%. The thermogravimetric analysis shows that the synthesized 

non-borylated Pt(II) compounds are much are thermal stable than the borylated Pt(II) compounds. 

From the exploration done by our group, we conclude that the design of non-borylated Pt(II) 
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bearing a phtrz and pytrz chelating core with high phosphorescence efficiency and structural 

robustness is a more promising strategy compared to the borylated counterparts.  

 

Figure 1.15 Chemical structures of complexes 1.26-1.30.   

1.3.3.2 Pt(II) Complexes Based on Tridentate Ligands 

William and co-workers have reported a series of highly phosphorescent tridentate Pt(II) 

compounds incorporating the N^C^N ligands, 1,3-dipyridylbenzene (dpb) and its derivatives, 

which coordinate to the central Pt(II) atom through the nitrogen, carbon and nitrogen atoms. They 

found that substantially higher emission quantum efficiencies are produced by Pt(II) complexes 

bearing N^C^N ligands than those bearing the corresponding C^N^N ligands which coordinate to 

the central Pt(II) atom through the carbon, nitrogen, and nitrogen atoms . As three examples shown 

in Figure 1.16, compounds 1.31-1.33 are highly phosphorescent in CH2Cl2 with ɚmax of 480-580 

nm and QY of 0.60, 0.58 and 0.68, respectively, while the C^N^N-chelating Pt(II) compounds 

analogous to 1.31 only possesses QY of 0.025.43 TD-DFT computational data reveals that the 
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emission of N^C^N-chelating Pt(II) complexes originates from primary LC transitions (ˊŸ ˊ* of 

the backbone). The significant difference in QY can be interpreted by the stronger ligand field of 

the N^C^N-chelating compounds, leading to the destabilization of the metal d-d state and the 

reduced probability of the resulting nonradiative quenching. However, excimer formation is 

commonly observed and becomes a common issue for this class of tridentate Pt(II) compounds 

owing to their flat structures and extended ˊ conjugation.   

 

Figure 1.16 Chemical structures of complexes 1.31-1.33.   

Based on this backbone structure of 1.31, our group synthesized 1.34 (Figure 1.17) by introducing 

a BMes2 group to the 5-position of the central phenyl ring.39 The emission spectrum is slightly 

blue-shifted by 6 nm relative to 1.31 through the functionalization with the BMes2 group, leading 

to blue-green phosphorescence with an enhanced QY in both CH2Cl2 (0.70) and 10 wt% doped 

PMMA films (0.76). The OLED embedding 1.34 at 8 wt% doping level showed an EQE of 16.1%, 

which is much higher than those of previously reported OLEDs doped with 1.31 and its derivatives.        

 

Figure 1.17 Chemical structure of complex 1.34.   
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1.3.3.3 Pt(II) Complexes Based on Tetradentate Ligands 

Li and co-workers reported a series of blue tetradentate Pt(II) complexes with a narrow spectral 

bandwidth as demonstrated in Figure 1.18.44 Compound 1.35 (Figure 1.18) displays a broad 

emission spectrum with a full width at half maximum (FWHM) of 85 nm and a peak emission at 

478 nm. The broad emission peak is mostly likely attributed to the emission from both the phenyl 

pyrazole ligand and the carbazole pyridine ligand. The introduction of the electron-donating t-Bu 

group to the 4-position of the pyridyl ring leads to significant spectral narrowing for 1.36 (Figure 

1.18), and an emission peak of 444 nm and a FWHM of only 20 nm were achieved which is among 

the narrowest for any cyclometalated complex. The spectral narrowing is attributed to the blue-

shift of the emission band from the carbazole pyridine group and the resulting overlap with the 

emission band from the phenyl pyrazole ligand, which is caused by increased triplet energies of 

the MLCT and LC states of the carbazole pyridine group. In addition, both 1.35 and 1.36 show 

very high QY in doped PMMA films (0.85 and 0.88, respectively). Compound 1.37 and 1.38 

(Figure 1.18) also exhibit similar emission spectra as 1.36, producing deep blue emission at 448 

nm and 446 nm, respectively, with FWMH of 20 nm and 19 nm, respectively. The OLED 

employing 1.38 as dopant produced pure blue phosphorescence with an EQE of 17.2%.  

Compound 1.39 (Figure 1.19) was synthesized by Li and co-workers by incorporating 4-

phenylpyridylcarbazole bonded to 4-tert-butylpyridyl-carbazole as the tetradentate ligand. It 

produced an orange-red peak emission at 602 nm with a PLQY of 0.34 and the OLED doped with 

it possessed an excellent operational lifetime LT97 of 638 h, indicating that pyridyl-carbazole can 

be a stable group for OLED design. Upon replacing the 4-phenylpyridine group with pyrazole, the 

energy level of the LUMO is increased and the emission energy is blue-shifted for 
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1.40 (Figure 1.19). The OLED using 1.40 as dopant achieved an operational lifetime LT70 of 1436 

h with a peak EQE of 14.3%. The structure of 1.40 was then modified by breaking the conjugation  

 

Figure 1.18 Chemical structures and PL spectra of complexes 1.35-1.38.   

of the carbazole ring to form the blue emitter 1.41 (Figure 1.19). The introduction of 9,10-dihydro-

9,9-dimethylacridine moiety is crucial to improve the rigidity of the molecular structure by the two 

phenyl groups and reinforce the device operational stability as the two methyl groups can prevent 

the oxidation of the benzyl carbon. Efficient sky-blue emission was achieved in 10 wt% 1.41 doped 

OLED with a peak EQE of 17.8%.45   

 

Figure 1.19 Chemical structures of complexes 1.39-1.41.   
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A series of novel classes of deep blue phosphorescent Pt(II) emitters employing tetradentate 

bis(1,2,3-triazolylphenyl) ligands 1.42-1.44 have been synthesized by our group as displayed in 

Figure 1.20.46 These compounds were designed to reduce excited state distortions by the flat 

geometry and increase the solubility in organic solvent by the attachment of alkyl chains to expand 

their application in solution-processed OLEDs. 1.42 and 1.43 (Figure 1.20) produce blue emission 

at 450 nm and 445 nm, respectively, in CH2Cl2 and QY of 0.97 and 0.38, respectively, are obtained 

in 5 wt% doped PMMA films. The blue shift of the emission peak of 1.43 relative to that of 1.42 

is due to less ˊ conjugation between the two phenyl rings linked by the CH2 group in 1.43. The 

puckering of the CH2 linker indicated by the crystal structure also weakens the rigidity of the 

structure which explains the substantially lower QY (0.38) of 1.43. 1.44 (Figure 1.20) was 

synthesized to explore the effect of carbonyl linker on the photophysical properties. The emission 

 

Figure 1.20 Chemical structures of complexes 1.42-1.45.   

peak of 1.44 is red-shifted by about 20-30 nm compared to that of 1.42 and 1.43, which may be 

attributed to decrease of the LUMO energy level caused by the electron-withdrawing carbonyl 
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group. 1.44 also shows a low QY of 0.5 in 5 wt% doped PMMA films, may be caused by the low 

radiative decay rate due to the low MLCT contributions in the excited state. In order to further 

increase the rigidity and stability of the complex, the two alkyl chains in 1.42 were linked together 

to form a macrocyclic Pt(II) compound 1.45 (Figure 1.20). The QY of 1.45 is greatly increased to 

0.58 in CH2Cl2 and to 0.83 and 0.96 in 5 wt% and 10 wt% doped PMMA films, respectively, 

owing to the greater structural rigidity. In addition to the excellent phosphorescent QY, further 

study was performed to demonstrate that greater UV stability and thermal stability are achieved 

by employing macrocyclic ligands. Efficient OLED performance was also obtained with a peak 

EQE of 15.4%, making this class of Pt(II) compounds promising candidates as deep blue emitting 

phosphorescent OLEDs.    

1.4 1,3-Dipolar Cycloaddition 

1,3-dipolar cycloaddition is one of the most important and common methods for the construction 

of five-membered heterocycles in synthetic chemistry. It is the concerted pericyclic cycloaddition 

between a dipole and a dipolarophile which was first established by Rolf Huisgen in the 1960s.47 

Since then extensive research efforts have been devoted to 1,3-dipolar cycloaddition and it has 

been widely utilized in many other areas of chemistry to prepare biologically active compounds, 

pharmaceutical compounds, natural products and optoelectronic materials etc.48-51 Additionally, 

the production of regioselective and stereoselective isomers by asymmetric 1,3-dipolar 

cycloaddition has attracted a lot of research interest and extra attention and efforts have been 

devoted to the control the regioselectivity and stereoselectivity by proper selection of chiral 1,3-

dipoles and dipolarophiles, organocatalysis, and transition metal catalysis etc.  
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1.4.1 Mechanism, Reactivity and Regioselectivity 

The 1,3-dipole is a three-atom conjugated system. with four ˊ electrons delocalized over the three 

atoms. It can be represented by two octet-structures in which eight ́  electrons are delocalized over 

the three atoms, and two sextet structures wherein six  ́electrons are involved in the electron 

delocalization and the other two ˊ electrons are localized at the central atom (Scheme 1.1). 

 

Scheme 1.1 A Diagram showing electron delocalization of 1,3-dipoles.  

There are two types of 1,3-dipoles: allyl type and propargyl-allenyl type, as indicated in 

Scheme 1.2. The allyl type is bent and the propargyl-allenyl type is linear in geometry. The center 

atom of the 1,3-dipole can be nitrogen or oxygen for allyl type, but only nitrogen for propargyl-

allenyl type. 1,3-dipoles containing higher-row elements such as sulfur or phosphorus are also 

known but less common. The common 1,3-dipoles are shown in Figure 1.21.  

 

Scheme 1.2 General strcutures of allyl type and propargyl-allenyl type of 1,3-dipoles.  

https://en.wikipedia.org/wiki/Sulfur
https://en.wikipedia.org/wiki/Phosphorus
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Figure 1.21 Structural diagram of common 1,3-dipole molecules.  
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The generally accepted mechanism of 1,3-dipolar cycloaddition is an asynchonous pericyclic 

concerted [4+2] cycloaddition first proposed by Rolf Huisgen which goes through a six-electron 

Huckel aromatic transition state formed by the interaction between the four ˊ electrons of the 

dipole and the two ́ electrons of the dipolarophile.47  

 

Scheme 1.2 A diagram showing general mechanism of 1,3-dipolar cycloaddition between a 1,3-

dipole and a dipolarophile. 

 

The reactivity and regioselectivity of the 1,3-dipolar cycloaddition can be explained and 

determined by the interaction between the HOMO and LUMO of a 1,3 dipole/dipolarophile pair 

following frontier molecular orbital theory, which is classified into three types as demonstrated in 

Figure 1.22. The dominant pathway is the one with the smallest HOMO-LUMO energy gap, which 

is largely affected by the nature of substituents on the dipoles and the dipolarophiles. The energy 

levels of the HOMO of both the dipole and dipolaophiles are raised by substituted electron-

donating groups (EDG), while the energy levels of both LUMOs are lowered by substituted 

electron-withdrawing groups (EWG). Type I is common for electron-deficient dipolarophiles, in 

which the high-lying HOMO of the dipole interacts with the LUMO of the dipolarophile. Type II 

is common for electron-rich dipolarophiles, in which the low-lying LUMO of the dipole interacts 

with the HOMO of the dipolarophile. In type III, the energy gap of either interaction is similar, so 

a combination of both can happen. Any substituent on the dipolarophile would accelerate the 

reaction by lowering the energy gap between the two interacting orbitals. After the dominant type 
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of molecular orbital interaction has been identified, the major regioisomer is predicted to be formed 

by the interaction of the two terminal atoms with the largest orbital coefficients. The other major 

factor that affects the regioselectivity is the steric effect which favors the isomer with less steric 

hindrance caused by the bulky groups.  

 

Figure 1.22 MO diagrams of three types of 1,3-dipolar cycloaddition.  

1.4.2 Azomethine Ylide 

Among all the 1,3-dipoles, azomethine ylides attract much attention due to their capability to form 

pyrroles, pyrrolines, and indolizines etc. which are commonly used as building blocks of many 

natural compounds, pharmaceutical compounds and luminescent materials.52-54 Azomethine ylides 

contain four ́ -electrons distributed along the three-atom CïNïC chain, as represented by the four 
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resonance structures in Scheme 1.3. The relative contributions of the different resonance structures 

depend on the substituents on each atom of the 1,3-dipole. The carbon containing electron-

withdrawing substituents will have a more partial negative charge, since the electron-withdrawing 

substituents facilitate the stabilization of the negative charge. According to the frontier molecular 

orbital theory, the reaction of azomethine ylides with electron-deficient dipolarophiles is more 

favorable owing to the stronger interaction between the HOMO of azomethine ylides and the 

LUMO of the dipolarophiles.   

 

 

Scheme 1.3 Diagram showing electron delocalization of azomethine ylides. 

 

Azomethine ylides are usually generated in situ and are immediately reacted with the 

dipolarophiles.55 The examples of synthesis of azomethine ylides followed by the 1,3-dipolar 

cycloaddition of them are presented in Scheme 1.4-1.6. Pyrido[2,1-a]isoindole (1.46) has been 

used by Sato et. al. and by our group to synthesize a series of highly fluorescent compounds 1.47-

1.52 by 1,3-dipolar cycloaddition with different selected alkynes as indicated in Scheme 1.5.56-58 

It should be noted that dihydropyrrole products such as 1.48 are directly formed by the 

cycloaddition of 1.46 with alkynes and thus an extra oxidative dehydrogenation step is required to 

achieve the desired pyrrole products 1.49-1.52. It was done by reacting with two different reagents: 

sulfur and DDQ for 1.49 and 1.50-1.52, respectively. As shown in Scheme 1.4, one of the synthetic 

pathways of 1.46 developed by Kanemasa et. al. starts from the reduction of ethyl 2-(2-pyridyl) 

https://en.wikipedia.org/wiki/Polar_effect
https://en.wikipedia.org/wiki/Polar_effect
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benzoate by LiAlH4 to form 2-(2-pyridyl)benzyl alcohol.59 It was then cyclized by reacting with 

HBr, followed by dehydrobromination with Na2CO3 to form 1.46.  

 

 Scheme 1.4 Synthetic pathway of compound 1.46. 

Scheme 1.5 Synthesis of compounds 1.47-1.52 from 1,3-dipolar cycloaddition of 1.46 with 

selected alkynes.   
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Scheme 1.6 illustrates the two methods to synthesize the azomethine ylide 1.54 developed by 

Müllen  et. al. and Nozaki et. al., respectively, starting from a palladium-catalyzed Suzuki coupling 

reaction of 2,6-dibromo-4-(tert-butyl)aniline and 1-hydroxy-3H-2,1-benzoxaborole to form the 

2,6-diarylaniline product.60,61 Then as indicated in route a and b, the precursor of 1.54, 1.53 was 

obtained by two different paths: microwave reaction and photoreaction, respectively. The 

deprotonation of the precursor 1.53 by NEt3 generated 1.54, which was followed by the 1,3-dipolar 

reaction with 1,2-diphenylethyne to form 1.55. 

 

Scheme 1.6 Synthetic pathway of compounds 1.54 and 1.55. 

1.5 Scope of the Thesis 

This thesis describes the development of two distinct types of luminescent materials and the 

exploration of their photophysical properties. 

Chapter 2 shows that in order to increase the solubility of two reported deep-blue phosphorescent 

Pt(II) compounds bearing tetradentate and macrocyclic chelate ligands, respectively, n-butyl 

groups, n-hexyl groups and n-octyl groups were introduced into the structure to achieve four new 

Pt(II) compounds. They are found to exhibit improved solubilities in toluene that meet the eligible 
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standard for solution-processed OLED. The photophysical properties were studied and efficient 

deep blue OLEDs based on one of the macrocyclic Pt(II) compounds were successfully fabricated.  

Chapter 3 describes a series of fluorescent indolizino[6,5,4,3-def]phenanthridine derivatives 

synthesized by 1,3-dipolar cycloaddition reactions between a new azomethine ylide and eight 

selected alkynes and their photophysical properties. The discussions are mainly focused on three 

pairs of BPhMes2-functionalized charge-transfer (CT) regioisomers which show distinct electronic 

properties, photophysical properties, and temperature dependence of fluorescence including a rare 

ñturn onò emission for one of the pairs of isomers.  
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Chapter 2                                                                                                       

Enhancing Solubility of Efficient Deep-Blue Phosphorescent Pt(II) Emitters 

by Introducing Alkyl Chains 

2.1 Introduction  

The design of efficient and long-life blue emitters is critical and indispensable for the development 

of new-generation OLEDs and their applications in full-colour flat-panel displays and energy-

saving lighting sources.1 Driven by the possibility to achieve 100% internal QE by harvesting both 

singlet and triplet excitons, the development of blue phosphorescent emitters has attracted 

enormous research efforts. However, there are still crucial issues and challenges associated with 

the development of efficient and stable deep-blue phosphorescent emitters. Deep-blue emitters 

generally suffer from a poor stability because they must possess a sufficiently wide energy gap 

(Eg) to achieve deep-blue emission. The excited emitters with very high energy levels are 

susceptible to structural decomposition. This becomes a serious problem for Ir(III)-based emitters 

which usually contain fluoride, cyanide and N-heterocyclic carbenes (NHC) etc. because C-F 

bonds and Ir(III)-N bonds tend to break during the operation of OLEDs.2 Additionally, the low-

lying HOMO and high-lying LUMO levels of the emitters (to ensure the wide Eg) are unfavorable 

for charge-carrier injection and transportation.3 The poor colour purity of blue phosphorescent 

emitters is another major problem to solve.4 As indicated in the CIE diagram (Figure 2.1), a CIE 

coordinate, CIE (x, y) below (0.15, 0.15) can be regarded as a pure deep blue emission. It is also 

not an easy task to accomplish high EL efficiencies because the nonradiative thermal quenching 

via the destabilized metal d-d excited states can readily occur. In addition to the extensively 

explored blue phosphorescent Ir(III) compounds, phosphorescent Pt(II) compounds have started 

to become increasingly promising alternative triplet blue emitters. Pt(II) compounds take 
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advantage of the large ligand field splitting energy in the square planar geometry to reduce the 

probability of thermal quenching by nonradiative metal d-d transitions. The emission colour can 

be readily tuned by functionalizing the cyclometalating ligands as well.5 Nonetheless, several 

notable deficiencies of Pt(II)-based emitters largely limit their applications in OLEDs. Pt(II)-based 

emitters are susceptible to excimer formation, intermolecular quenching and distortion in the 

excited state due to the strong intermolecular interactions that are induced by the flat square-planar 

geometry. As a result, decrease of emission efficiency, red-shift of the emission colour, emission 

spectral broadening, and significantly reduced stability of the emitters are caused.6   

 

Figure 2.1 A CIE diagram showing the coordinate of deep blue emission colour. 

 

Inspired by the prior work which reported several efficient Pt(II) emitters employing tetradentate 

chelate ligands for OLEDs,7 our group designed and reported a new class of tetradentate and 

macrocyclic deep blue phosphorescent Pt(II) emitters employing phenyl-1,2,3-triazolyl units as 

shown in Figure 2.2.8 These new Pt(II)-based emitters produce bright deep blue emission with a 
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maximum quantum efficiency of 95% in 10 wt% doped PMMA films without observation of any 

excimer emission peaks. They show greater stability towards UV irradiation and structural 

distortion in the excited state than the corresponding bidentate Pt(II) emitters. Efficient OLED 

performance using the macrocyclic Pt(II) compound Pt2.2 (Figure 2.2) was also achieved with a 

peak EQE of 15.4%.8 However, the poor solubility of these compounds in organic solvents (e.g. 

toluene) limits their use as deep blue emitters in solution-processed OLEDs. Therefore, following 

this work, the objective of this research project is to modify the structures of the selected 

tetradentate and macrocyclic Pt(II) compounds to  improve their solubility to the eligible standard 

(> 0.6% in toluene). Four new Pt(II) compounds were synthesized by introducing alkyl groups (i.e. 

butyl, hexyl and octyl chains) to the two 1,2,3-triazole rings of the parent compounds, using an 

improved synthetic procedure. The examination of the photophysical properties was performed on 

these new deep-blue phosphorescent Pt(II) compounds, based on which deep blue EL devices have 

also been fabricated for electrophosphorescence evaluation. The details are presented herein.  

 

Figure 2.2 Molecular Structures of original Pt(II) compounds Pt2.1 and Pt2.2. 

2.2 Results and Discussions 

2.2.1 Syntheses and Strctures 

The new N^C^C^N ligands L2.1, L2.2, L2.3, and L2.4 were synthesized by introducing two n-

butyl groups, n-hexyl groups and n-octyl groups to the 5-position of  both 1,2,3-triazole units of 
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the corresponding original ligands, respectively. Scheme 2.1 illustrates the synthesis of L2.1 and 

L2.1 following the original synthetic pathway,8 which starts from the Cu(I)-catalyzed coupling 

reaction of 3-bromoaniline and 3-aminophenol to form the intermediate compound 3,3ô-

oxydianiline (ITM2.1 ). ITM 2.2 which was generated by the diazotizationïiodination of ITM2.1  

under acidic condition, underwent a Sonogashira coupling reaction with trimethylsilylacetylene, 

closely followed by the desilylation under basic condition to afford ITM2. 3. Then 1,2,3-triazolyl 

rings were introduced into ITM2. 3 through the Cu(I)-catalyzed azide-alkyne cycloadditon to 

produce ITM2. 4. Eventually, the introduction of alkyl chains into the 1,2,3-triazole units was 

achieved by the lithiation of ITM2. 4 and the subsequent exchange reaction with two equivalent 

butyl iodide and hexyl iodide to afford L2.1 in 68% yield and L2.2 in 23% yield, respectively. The 

notable lower yield of L2.2 relative to L2.1 was unexpected which is mostly likely attributed to 

the poor extraction and purification performed on L2.1 leading to the loss of product and might be 

avoided when the reaction is reproduced. Compared to L2.1 and L2.2, the two 1,2,3-triazolyl rings 

in L2.3 and L2.4 are connected by a dodecamethylene chain and the synthesis of them are shown 

in Scheme 2.2. ITM2.9  was first produced using the same synthetic pathway as that of ITM2. 4 

(Route 1), where the Cu(I)-catalyzed coupling reaction of ITM2. 3 and 1,12-diazidododecane can 

occur at either side of the terminal alkynes and the terminal azides. As a result, there is a 

competition between the polymer formation and the ring closing reaction, leading to a slow rate of 

reaction, a complicated and tedious work-up to remove the undesired products and a low reaction 

yield (24%). Therefore, we designed a new synthetic route (Route 2) through which a significantly 

shorter reaction time, cleaner chemical reactions and an overall higher yield was achieved. Instead 

of linking the two end chains of ITM2. 3 simultaneously in a single step, this method firstly 

involved the Cu(I)-catalyzed azide-alkyne cycloaddition at one side of the dodecamethylene chain 
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to afford ITM2. 6. It was followed by a repeated cycloaddition at the other side of the 

dodecamethylene chain to afford ITM2. 8. Subsequently, ITM2.9  was formed by a Cu(I)-catalyzed 

intramolecular cyclization of ITM2. 8, followed by lithiation/alkylation with two equivalent hexyl 

iodide and octyl iodide led to L2.3 in 58% yield and L2.4 in 37% yield, respectively. Insertion of 

Pt(II) into the four tetradentate chelates L2.1-L2.4 was performed using the procedure shown in 

Scheme 2.3. The mixture of tetradentate ligand, the phase transfer reagent NBu4Br and K2PtCl4 

was stirred and heated at 140 oC for 2 days. After purification, the Pt(II) compounds 2.1-2.4 

(scheme 2.3) were obtained in 28% to 58% yield.   

Crystal structures of 2.1 and 2.3 are shown in Figure 2.3 and important bond lengths and angles 

are summarized in Table 2-1. Like Pt2.1 and Pt2.2, 2.1 and 2.3 do not display ideal square 

geometry due to the significant bond length difference between the Pt-N bonds (2.076-2.112 Å) 

and Pt-C bonds (1.959-1.983 Å). The slight deviation from the ideal square geometry might lower 

the rigidity of the structure and affect the colour purity. The introduced alkyl chains on the 1,2,3-

triazole units in 2.1 and 2.3 are considerably puckered and out of the flat plane of the central core 

 

Scheme 2.1 Synthetic procedures for ligands L2.1 and L2.2.   
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Route 1 

 

 
 

Route 2 

 

Scheme 2.2 Synthetic procedures for ligands L2.3 and L2.4.   

 

containing O1 and Pt1 atoms, which makes larger contribution to reduce the intermolecular 

interactions. The bond lengths of Pt-C and Pt-N bonds of 2.1 are slightly longer than those of 2.3, 

which indicates weaker bond strength.      
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Scheme 2.3 Synthetic procedure and structures of Pt(II) compounds 2.1-2.4.               

 

Figure 2.3 Top view and side view of the crystal structures of compounds 2.1 and 2.3. 

Table 2-1 Important bond lengths (Å) and angles (̄) for 2.1 and 2.3 

Compd O-CPh Pt1-C1/C7 Pt1-N1/N4 
N(1)-Pt(1)-C(7)/ 

N(4)-Pt(1)-C(1) 

N(1)-Pt(1)-

N(4) 

2.1 
1.382(5)/ 

1.382(7) 

1.980(4)/ 

1.983(6) 

2.100(3)/ 

2.112(4) 

172.1(2)/ 

171.9(2) 
107.5(2) 

2.3 
1.382(9)/ 

1.400(9) 

1.968(8)/ 

1.959(8) 

2.078(6)/ 

2.076(6) 

172.2(3)/ 

172.1(3) 
107.2(2) 
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2.2.2 Photophysical Properties and Electroluminescence 

The solubilities of all the four modified Pt(II) compounds are successfully improved to 2.3 wt% 

in toluene which meets the minimal eligible requirement (0.6 wt%) for solution-processed OLED 

fabrication. All the four compounds 2.1-2.4 display highly similar absorption and emission spectra 

which resemble closely those of their corresponding original Pt(II) compounds Pt2.1 and Pt2.2 as 

shown in Figure 2.4. The photophysical properties of 2.1-2.4 are summarized in Table 2-2. 

According to the TD-DFT calculations, the strong absorption band at 344 nm can be assigned to ˊ 

to ˊ* transitions because of the large energy gap between them, and the weaker absorption at 

386/387 nm and 406 nm maybe attributed to metal-to-ligand charge transfer (MLCT) transitions. 

Deep-blue phosphorescence emission in CH2Cl2 at ambient temperature was observed by all the 

four compounds with a same ɚmax at 448 nm and improved quantum yield (QY) of 0.68-0.82. The 

impressive improvement in QY relative to that of the original compounds (0.57 and 0.58) is likely 

attributed to the reduced intermolecular interaction imposed by the puckered alkyl chains on the 

1,2,3-triazyl rings leading to suppressed nonradiative quenching. Following the same trend in 

original compounds, QY of 2.3 and 2.4 that employ macrocyclic ligands are higher than that of 

non-macrocyclic 2.1 and 2.2 owing to greater structural rigidity exerted by the macrocyclic 

ligands. The minor differences between the absorption and emission spectra of 2.1-2.4 (Figure 2.4) 

and those of Pt2.1 and Pt2.2 indicates that the introduction of alkyl chains on the 1,2,3-triazole 

units does not alter the original photophysical properties 



44 

 

 

Figure 2.4 Absorption spectra and emission spectra of 2.1-2.4 in CH2Cl2 (2 x 10ï5 M) at ambient 

temperature.  

Table 2-2 Absorption and emission spectral data of 2.1-2.4  

Compd 
Absorption[a]  lmax [nm]

 

Ů [104cm -1M-1] 

Emission, ɚmax [nm], 298 K 

lmax [nm] ūPL
[b] 

CH2Cl2 CH2Cl2
 

2.1 330 (2.06), 344 (3.59), 387 (0.41), 406 (0.36) 448 0.71 

2.2 330 (1.52), 344 (2.66), 387 (0.31), 406 (0.26) 448 0.68 

2.3 330 (1.41), 344 (2.47), 386 (0.28), 406 (0.24) 448 0.89 

2.4 330 (1.41), 344 (2.47), 386 (0.28), 406 (0.24) 448 0.82 

a Measured in CH2Cl2 at 2 x 10ï5 M . b The absolute solution quantum efficiency was determined in CH2Cl2 

using integration sphere. All quantum yields have an estimated error of ~5%.  

 

TD-DFT computational data shown in Table 2-3 reveal that all the four Pt(II) compounds exhibit 

very similar electronic properties. The low energy absorption bands in the UV-vis spectra are 

believed to originate from the S0 to S1 transition, which primarily involve a HOMO to LUMO 

transition (95%). Figure 2.5 illustrates that the HOMO of all the four compounds is mainly  
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Table 2-3 TD-DFT data for compounds 2.1-2.4 

Compd 
HOMO 

(eV) 

LUMO 

(eV) 

H ï L gap 

(eV) 
Eg (S1)

a Eg (T1)
b 

% H ­ L 

(S0­S1) 

f  (S0 ­ 

S1) 

2.1 -4.52 -0.64 3.88 3.13 2.84 95 0.0284 

2.2 -4.52 -0.63 3.89 3.13 2.84 95 0.0279 

2.3 
-4.51 -0.64 3.87 3.12 2.84 95 0.0303 

2.4 
-4.52 -0.64 3.88 3.12 2.84 95 0.0301 

a S0ŸS1 vertical excitation energy calculated using the optimized structure at the S0 state; b T1ŸS0 emission 

energy calculated using the optimized structure at the T1 state. 

 

localized on the phenyl rings with a large contribution from the bridging oxygen atom and the 

Pt(II) atom, while the LUMO is delocalized over the central core of the ligand including both the 

phenyl rings and the 1,2,3-triazole groups. The fact that no contributions were made to the HOMO 

or the LUMO by the linker chain and the substituted side alkyl chains explains the high similarity 

among the absorption and emission spectra of 2.1-2.4 (Figure 2.4), which only differ by the length 

of alkyl chains/linkers. Both the HOMO and LUMO energy levels were raised by 0.12-0.15 eV 

giving rise to a nearly unchanged HOMO-LUMO energy gap, which supports the high similarity 

between the absorption and emission spectra of the modified compounds and those of the original 

spectra. 

Compound 2.3 and its corresponding original Pt(II) compound Pt2.2 were selected for 

electrophosphorescence evaluation. Three EL devices were fabricated using 10 wt% doped Pt2.2 

(device A) and 10 wt% doped 2.3 (device B and C). The device structures as shown in Scheme 2.4 

are A: ITO/ MoO3 (1 nm)/ mCP (50 nm)/ BCPO: 10 wt% Pt2.2 (20 nm)/ DPEPO (10nm)/ 

3TYPMB (40 nm)/ LiF (1 nm)/ Al (100 nm); B: ITO/ MoO3 (1 nm)/ mCP (50 nm)/ BCPO: 10 wt%  
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Figure 2.5 MO diagrams involved in the S0ŸS1 and S0ŸT1 transitions obtained from DFT data 

(B3LYP-6-31G(d)). 

 

2.3 (20 nm)/ DPEPO (10nm)/ 3TYPMB (40 nm)/ LiF (1 nm)/ Al (100 nm); C: ITO/ MoO3 (1nm)/ 

TAPC (40 nm)/ mCP (10 nm)/ BCPO: 10 wt% 2.3 (20 nm)/ TSPO1 (10nm)/ 3TYPMB (40 nm)/ 

LiF (1 nm)/ Al (100 nm). BCPO, mCP, DPEPO/TSPO1, TAPC and 3TPYMB are used as host, 

hole transport/exciton blocking material, electron transport/exciton blocking material, hole 

transport layer, and electron transport layer, respectively. The EL spectra at 12V, luminance-

current density-voltage (L-J-V), external quantum efficiency (EQE)ïL, current efficiency (CE)-L, 



47 

 

and power efficiency (PE)-L diagrams are shown in Figure 2.6-2.10. The EL device data 

are summarized in Table 2-4. The EL devices B and C using 2.3 as the phosphorescent emitter  

 

 

Scheme 2.4 The structures and energy diagram of the EL device and the host and charge transport  

materials used in the devices. 

 

show overall better performance than device A using Pt2.2 as the emitter. The best performance 

was achieved for device C with maximum EQE, maximum brightness, CE and PE of 15.3% (at 

804 cd/m2), 6319 cd/m2, 15.4 cd/A and 16.1 lm/W, respectively. Device B displayed higher EQE 
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than device A over the entire examined range of brightness up to 4500 cd/m2, while the best EQE 

was achieved in device C above 210 cd/m2 (Figure 2.8). The CE-L diagram (Figure 2.9) and PE-

L diagram (Figure 2.10) indicate that device B and C are more energy-efficient than device A with 

less current consumption and power consumption given the same brightness. By comparing the 

device performance of B and C, we infer that DPEPO and TSPO1 have similar performance as the 

exciton blocking layer, and TAPC is better than mCP as hole transporting layer due to its higher 

HOMO energy level and better hole transport rate. The satisfactory OLED performance further 

proves the superiority of this class of Pt(II) compounds as deep blue phosphorescent emitters for 

OLEDs.    

 

 

 

  

Figure 2.6 EL spectra at 12 V of the EL devices. 
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Figure 2.7 Luminanceïcurrent densityïvoltage (LïJïV) diagram of the EL devices.  

 

 

 

 

Figure 2.8 External quantum efficiency (EQE)ïL diagram of the EL devices. 
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Figure 2.9 Current efficiency (CE)-L diagram of the EL devices. 

 

 

 

Figure 2.10 Power efficiency (PE)-L diagram of the EL devices. 
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Table 2-4 EL device data 

Device 

EL 

lmax 

(nm)a 

Von 

(V)b 

Max. L 

(cd/m2)/V 

EQE (%) 
ɖc 

(cd/A)c 

ɖp 

(lm/W)c 
Max. 

EQE/L 

100 

cd/m2 

1000 

cd/m2 

A 452 3.6 
4652 / 

11.4 
10.9/375 10.5 10.2 15.2 14.1 

B 453 3.6 
4972 / 

11.0 
15.4/10.3 13.0 12.6 15.1 13.2 

C 453 3.2 
6391 / 

12.0    
15.3/804 9.6 15.0 15.4 16.1 

a Value taken at V = 12 V. b The applied voltage (Von) is defined as brightness of 1 cd/m2. c Current efficiency 

(ɖc ) and power efficiency (ɖp) are the maximum values.  

 

2.3 Experimental Section 

2.3.1 General Procedures 

All reactions were carried out under an inert atmosphere of dry nitrogen while employing standard 

Schlenk techniques. Starting materials were purchased from chemical suppliers and used without 

further purification. Solvents were dried over either sodium metal or high vacuum dried molecular 

sieves, and degassed prior to use. 1H NMR spectra were recorded on a Bruker Avance 300 or 400 

MHz spectrometers. High resolution mass spectra (HRMS) were obtained using a Micromass GCT 

TOF-EI Mass spectrometer. Fluorescence spectra were recorded using a Photon Technologies 

International QuantaMaster Model 2 spectrometer. UV-Visible spectra were recorded on a Varian 

Cary 50 spectrometer. Fluorescent quantum yields were measured using a Hamamatsu QY 

spectrometer (C11347-11). Crystals of 2.1 and 2.3 were grown by the slow evaporation of a 

mixture solution of hexane and CH2Cl2 or THF. Single crystals were mounted on a glass fiber and 
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diffraction data were collected on a Bruker D8-Venture diffractometer with Mo-target (ɚ = 0.71073 

Å) at 180 K operating at 50 kV and 30 mA. Data were processed using the Bruker SHELXTL 

software package (version 6.10)9 and corrected for absorption effects. All non-hydrogen atoms 

were refined anisotropically.  

2.3.2 Synthetic Procedures 

2.3.2.1 Synthesis of Chelate Ligands 

The intermediate compounds ITM2.4  and ITM2.9 were prepared according to literature 

procedures.8  

General procedure for the synthesis of chelate ligands L2.1-L2.4: To a 50 ml Schlenk flask was 

added ITM2.4  (for L2.1 and L2.2)/ ITM2.9  (for L2.3 and L2.4) (1.00 mmol) and distilled THF 

(20 ml) and was cooled to ï78 oC in an acetone/dry ice bath. n-BuLi (1.6 ml, 2.5 M in hexane, 

4.00 mmol) was added dropwise to the reaction mixture at ï78 oC. After stirring for 20 min, 1-

iodobutane (1.84 g, 10.00 mmol) for L2.1/ 1-iodohexane (2.12 g, 10.00 mmol) for L2.2 and L2.3/ 

1-iodooctane (2.40 g, 10.00 mmol) for L2.4 was added dropwise at ï78 oC. After stirring for 1 h, 

the mixture was warmed to 0 oC in an ice bath and was allowed to react for 4 h. The solvent was 

then removed in vacuo and the product was isolated by column chromatography on silica gel using 

hexane/ethyl acetate (3:1) as an eluent. Yield: 68% for L2.1; 23% for L2.2; 58% for L2.3; 37% 

for L2.4. 

2.3.2.2 Synthesis of Pt(II) Compounds 

The Pt(II) compounds 2.1-2.4 were synthesized according to literature procedures.8  

2.1. Yield: 58%. 1H NMR (300 MHz, CD2Cl2): ŭ 7.27 (d, J = 7.0 Hz, 4H), 7.21 ï 7.01 (m, 2H), 

4.39 (t, J = 7.7 Hz, 4H), 3.06 (t, J = 7.8 Hz, 4H), 2.05 (p, J = 7.6 Hz, 4H), 1.76 (p, J = 7.6 Hz, 4H), 
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1.63 ï 1.33 (m, 16H), 1.04 (t, J = 7.3 Hz, 6H), 0.96 (t, J = 6.8 Hz, 6H). HR-ESIMS (m/z): [M+H]+ 

calcd. for C36H50ON6Pt: 777.3688; found: 777.3674.      

2.2. Yield: 37%. 1H NMR (700 MHz, CD2Cl2): ŭ 7.30 ï 7.24 (m, 4H), 7.13 (dd, J = 7.5, 1.5 Hz, 

2H), 4.40 (t, J = 7.8 Hz, 4H), 3.06 (t, J = 8.1 Hz, 4H), 2.05 (p, J = 7.7 Hz, 4H), 1.78 (p, J = 7.9 Hz, 

4H), 1.55 ï 1.48 (m, 8H), 1.47 ï 1.35 (m, 16H), 0.99 ï 0.90 (m, 12H). HR-ESIMS (m/z): [M+H]+ 

calcd. for C40H59ON6Pt: 834.4398; found: 834.4374.      

2.3. Yield: 28%. 1H NMR (400 MHz, CD2Cl2): ŭ 7.31 ï 7.22 (m, 4H), 7.13 (dd, J = 6.8, 2.3 Hz, 

2H), 4.40 (t, J = 7.7 Hz, 4H), 3.05 (t, J = 8.0 Hz, 4H), 2.05 (p, J = 7.6 Hz, 4H), 1.78 (p, J = 7.8 Hz, 

4H), 1.56 ï 1.32 (m, 22H), 1.01 ï 0.86 (m, 12H). HR-ESIMS (m/z): [M+H]+ calcd. for 

C40H57ON6Pt: 832.4236; found: 832.4211.      

2.4. Yield: 33%. 1H NMR (300 MHz, CD2Cl2): ŭ 7.26 (d, J = 6.9 Hz, 4H), 7.12 (dd, J = 6.8, 2.3 

Hz, 2H), 4.36 (t, J = 7.1 Hz, 4H), 3.05 (t, J = 7.9 Hz, 4H), 2.13 (p, J = 7.0 Hz, 4H), 1.76 (p, J = 

7.9 Hz, 4H), 1.63 ï 1.18 (m, 36H), 0.99 ï 0.83 (m, 6H). HR-ESIMS (m/z): [M+H]+ calcd. for 

C44H65ON6Pt: 888.4862; found: 888.4823.      

2.3.3 DFT/TD-DFT Calculations 

TD-DFT calculations were performed using the Gaussian 09 suite of programs10 at the Center for 

Advanced Computing at Queenôs University. Geometry optimizations and vertical excitations of 

all compounds were obtained at the B3LYP11 level of theory using LANL2DZ as the basis set for 

Pt and 6-31G(d)12 for all other atoms. The Gibbs free energies were obtained by performing 

frequency analysis, which also confirmed all optimized structures were stationary points. 
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2.4 Supporting Information  

2.4.1 NMR Spectra 

 

Figure 2.11 1H NMR spectrum of 2.1. 

 

Figure 2.12 1H NMR spectrum of 2.2. 
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Figure 2.13 1H NMR spectrum of 2.3. 

 

 

 

Figure 2.14 1H NMR spectrum of 2.4. 
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2.5 Conclusions 

The introduction of alkyl chains into two reported deep-blue phosphorescent Pt(II) 

tetradentate/macrocyclic complexes has been proven to be an effective way to sufficiently increase 

their solubility in organic solvents. It was found that the introduced alkyl chains do not affect the 

original photophysical and electronic properties. The electroluminescence evaluation of the 

fabricated OLEDs reveals that the employment of the modified macrocyclic Pt(II) emitter leads to 

overall higher brightness, EQE, CE and PE, compared to those of the corresponding original Pt(II) 

emitter. As a conclusion, this class of Pt(II) compounds remain as very promising deep-blue 

phosphorescent emitters and their application can be expanded to solution-processed OLEDs. 
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Chapter 3  

The Synthesis and Photophysical Studies of Fluorescent Indolizino[6,5,4,3-

def]phenanthridine Derivatives with an Emphasis on Push-Pull BPhMes2-

Functionalized Isomers 

3.1 Introduction  

The asymmetric 1,3-dipolar cycloaddition by alkynes provides a common and powerful method to 

expand ́  conjugated systems of 1,3-dipolar compounds through the regioselective synthesis of 

five-membered heterocycles.1 Among all the 1,3-dipolar systems, azomethine ylides attract our 

attention owing to their capability to form pyrroles, pyrrolines, and indolizines etc. which are 

commonly used as building blocks of many natural compounds, pharmaceutical compounds and 

luminescent materials.2 Triarylboron moieties are commonly used as functional groups to enhance 

the properties and performance of ˊ-conjugated compounds.3-5 A triaryl boron unit such as 

BPhMes2 has a positive inductive effect (I+) owing to the electropositive nature of boron, relative 

to carbon, but a negative mesomeric effect (Mï) owing to the vacant ṕ orbital on the boron center, 

providing the boron an electron-accepting ability/ Lewis acidity, which is well known to play an 

important role in promoting donor-acceptor charge-transfer (CT) transitions in the ṕ-ˊ conjugated 

systems, which is very useful in a variety of applications.3-7 In contrast, a pyridyl group has both 

Iï and Mï effects when attached to a carbon based conjugated unit, but in the meantime, it can 

also act as a Lewis base via the lone pair electrons on nitrogen. We refer to substituents that possess 

seemingly dual and opposing electronic properties as dichotomic substituents, including Lewis 

acidic triarylboron and Lewis basic pyridine, which have opposing inductive effects.8 Previously 

we demonstrated that the boron functionality along with the pyridine functionality can be readily 
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introduced to the N-heterocyclic ˊ-conjugated system indolizino[3,4,5-ab]isoindole (IDI) by the 

1,3-dipolar reaction of pyrido[2,1-a]isoindole with terminal and internal alkynes functionalized by 

a BMes2Ph group.8,9 One surprising discovery we made was the isolation of two distinct push-pull 

regioisomers from the 1,3-dipolar cycloaddition reactions of pyrido[2,1-a]isoindole with internal 

alkynes, caused by the two different substituents R1 and R2 on either the C1 and the C2 position, 

or the C2 and C1 position, as shown in Figure 3.1(a). Significantly, we observed that these push-

pull isomers have distinctively different absorption and fluorescence spectra/colours, which was 

attributed to the unsymmetrical distribution of the electron density on the -́conjugated IDI 

backbone.8 Furthermore, we found that the photophysical properties of the two regioisomers can 

be greatly influenced by the formation of an intramolecular BŶN bond,8 that further amplifies the 

difference in photophysical properties displayed by the push-pull isomers, as illustrated in Figure 

3.1(b).  

 

 

Figure 3.1 (a) The structures of the previously push-pull isomeric system based on the IDI 

backbone and the system based on the IDP backbone presented in this work. (b) A scheme 

illustrating the dichotomic nature of a triarylboron unit and a py unit. 
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To further examine the scope of such rare regioisomerism and the possible influence of the internal 

BŶN bond, we designed and synthesized a new azomethine ylide compound AY1 shown in 

Scheme 3.1, which would allow us to access new push-pull isomers based on an indolizino[6,5,4,3-

def]phenanthridine backbone (IDP) shown in Figure 3.1(a) via 1,3-dipolar cycloaddition of AY1 

with appropriate internal alkynes. DFT computational studies revealed that unlike IDI, whose 

HOMO has a large contribution from the C1 atom but little contribution from the C2 atom, the C1 

and C2 atoms in IDP, contribute nearly equally to the HOMO, as shown in Figure 3.1(a). At the 

LUMO, however, unlike IDI where both the C1 and C2 atoms contribute, in IDP, only the C1 atom 

contributes. Furthermore, unlike IDI where the C1 atom has a much higher electron density than 

C2 (electron static potential charge = ï0.421 for C1 and ï0.110 for C2), the C1 and C2 atoms in 

IDP have a similar charge (ï0.243 for C1 and ï0.222 for C2). Therefore, dichotomic substituents 

are expected to influence the properties of the push-pull isomers based on IDP differently than 

those based on IDI. We are particularly interested in the potential formation of the internal BŶN 

bond and its impact on the optoelectronic properties of this new ˊ conjugated system. Based on 

these considerations, 3 pairs of push-pull isomers based on the IDP backbone have been prepared. 

In addition, 5 other IDP derivatives were synthesized by 1,3-dipolar cycloaddition of AY1 with 

symmetrical internal alkynes and terminal alkynes containing BMes2Ph group, phenyl group, or 

pyridyl group, some of which can potentially be used as precursors of fluorescent nitrogen-

containing polycyclic aromatic hydrocarbons (PAHs). The detailed examination and comparison 

of the trend of photophysical properties of the IDP system with those of IDI system are presented 

herein with emphasis on the 3 pairs of regioisomers. 
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3.2 Results and Discussions 

3.2.1 Syntheses and Structures 

The new azomethine ylide compound AY1 was synthesized according to the procedure shown in 

Scheme 3.1 (see section 3.3 for details). The starting material 8-iodoquinoline was first converted 

to (2-(quinolin-8-yl)phenyl)methanol via a Suzuki coupling reaction in 70% yield. The subsequent 

ring closure reaction via an intramolecular nucleophilic attack of the pyridyl nitrogen atom to the 

methoxy carbon in the presence of 1.2 eq. HBr produced the bromide salt, 8H-pyrido[3,2,1-

de]phenanthridin-7-ium bromide in 84% yield. The reaction of the bromide salt with one 

equivalent of diisopropylethylamine (DIPEA) presumably produced AY1 quantitatively, which 

was not isolated owing to its poor stability and reacted directly with the appropriate internal alkyne 

in a ñone-potò manner in toluene at 110 oC for 3 days, producing regioisomers 3.1a/3.1b-3.3a/3.3b 

(scheme 3.1) and single products 3.4-3.8 (scheme 3.1) in moderate isolated yields. According to 

the 1,3-cycloaddition reaction mechanism,8,9 the dihydro-products form first, which, presumably 

under the high temperature reaction conditions employed, undergo dehydrogenation, forming the 

fully conjugated final products 3.1a/3.1b-3.8. The three asymmetrical internal alkynes selected are 

p-(BMes2)-PhCCC6F5, o-(BMes2)-PhCC-2-(5-CF3-py) and o-(BMes2)-PhCC-2-(5-CH3-py), 

respectively, for the purpose of examining inductive and internal BŶN coordination effects on the 

push-pull isomers. In order to separate each pair of isomers, it is necessary to run column 

chromatography multiple times, which greatly reduces the overall isolated yields. The yield of the 

a isomer in which the BPhMes2 unit occupies the C1 atom is consistently higher than that of the b 

isomer (2 ï 4 times higher, as shown in Scheme 3.1), a trend similar to that observed for the push-

pull isomers based on the IDI backbone, although in the IDI system, the ratios of the a versus the 

b isomers are much greater8 than those observed for the IDP system. In principle, the relative 
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distribution of the 1,3-cycloaddition products could be influenced by the distribution of the HOMO 

of the 1,3-dipole unit, the distribution of the LUMO of the dipolarophile (the alkyne), and the steric 

interactions between the 1,3-dipolar unit and the alkyne unit.2,10 We believe that the higher yield 

of the a isomer in the IDI and the IDP system is mainly caused by the greater steric hindrance of 

the bulky BPhMes2 group, rendering its preferential occupation on the less congested C1 site. The 

reactions with the selected terminal alkynes 2-py-CCH and p-(BMes2)-PhCCH led to the exclusive 

formation of 3.4 and 3.5 (scheme 3.1), respectively, which is expected and consistent with the 

observation in IDI system.9 Like the IDI system, the observed regioselectivity is the result of the 

combination of the two atoms that possess the largest contribution to the HOMO of AY1 and the 

LUMO of the terminal alkynes, respectively, as suggested by the frontier molecular orbital theory. 

All compounds were fully characterized by 1H and 13C NMR spectroscopic data along with HRMS 

data. For all the BPhMes2-functionalized compounds, no 11B NMR signal was observed at ambient 

temperature, an indication that they all likely contain a three-coordinate boron center. Raising the 

temperature to about 90 oC, a typical three-coordinate boron signal was observed for 3.2b (74 ppm, 

in toluene). 

The crystal structures of 3.1b and 3.2a were established by single crystal X-ray diffraction analyses 

and are shown in Figure 3.2. Unlike the IDI analogue, which forms an internal BŶN bond between 

the boron atom and the pyridyl unit, the B1 and N2 separation distance in 3.2a is very long 

(4.59(1) Å), precluding any donor-acceptor bonding interactions, which agrees with the NMR 

data. In 3.1b, the dihedral angle between the IDP ring and the perfluorophenyl ring (j1= 62.7o) is 

similar to that between the IDP ring and the phenyl ring of the BPhMes2 unit (j2=56.8o). In 

contrast, for 3.2a, the dihedral angles between the IDP ring and the 2-py ring (46.2o), and the 

phenyl ring (78.5o) differ greatly, owing to the greater steric hindrance imposed by the o-BMes2   
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Scheme 3.1 Synthetic procedures and the structures of compounds investigated in this work. 
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group. Compound 3.1b forms ˊ-stacked extended 1D structures via the neighbouring IDP rings in 

the crystal lattice (Figure 3.18). The bulky o-BMes2 group in 3.2a prohibits the formation of the 

intermolecular ˊ-stacking interactions. Nonetheless, 3.2a displays intramolecular ˊ-stacking 

interactions between the IDP unit and one of the mesityl rings (the C40 ring). 

 

Figure 3.2 Crystal structures of 3.1b and 3.2a. 

To determine the difference of steric interactions of the IDI based system with the IDP based 

system, the j1 and j2 dihedral angles for DFT optimized structures (B3LYP-6-31G(d)) of 

3.1a/3.1b and their IDI analogues (IDI-3.1a /IDI-3.1b) were examined. The j1 angle is 87.9o and 

52.7o, for the optimized 3.1a and 3.1b structure, respectively, much greater than that for IDI-

3.1a/IDI-3.1b (83.3o/47.3o). Similarly, the j2 angle (49.9o and 59.5o) of the optimized 3.1a and 

3.1b structures is also much greater than that of IDI-3.1a and IDI-3.1b (44.6 o /43.4 o). These data 

indicate that the steric interactions between the substituents on the C1/C2 atoms with the backbone 

in IDP are greater than those in IDI, which are also evident by the superimposed 

optimized structures of 3.1a /IDI-3.1a and 3.1b /IDI-3.1b shown in Figure 3.3. The lack of a BŶN 
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bond for 3.2a/3.2b and 3.3a/3.3b is likely caused by the greater steric interactions in the IDP 

system. 

 

 

Figure 3.3 Superimposed DFT optimized structures of 3.1a/IDI-3.1a and 3.1b/IDI-3.1b showing 

the greater steric interactions between the substituents and the IDP backbone in 3.1a and 3.1b 

(green structures). 

The Gibbs free energy difference between the open structure (without a BŶN bond) and the closed 

structure (with a BŶN bond) were determined by DFT computational analysis (B3LYP/6-31G(d)) 

to be more than 10 kcal molï1 and greatly favours the open form, as shown in Table 3-1. This is in 

contrast to the IDI system where the closed structures are either very similar in energy to the open 

ones or slightly favoured by ~0.5 to 3 kcal molï1.5 Perhaps, because of the relatively low 

thermodynamic stability of the closed structure in the IDP system, no BŶN bond coordination 

was observed for 3.2a/3.2b and 3.3a/3.3b (Table 3-1). DFT computational analysis also shows 

that between the isomers a and b of the IDP system, the open structure of the a isomer is more 

stable than the corresponding b isomer by about 2-5 kcal molï1, for 3.1a/3.1b, 3.2a/3.2b and 

3.1a/IDI-3.1a 3.1b/IDI-3.1b 
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3.3a/3.3b, respectively. For the hypothetical closed structures of 3.2a/3.2b and 3.3a/3.3b, the a 

isomer is about 15-16 kcal molï1 more stable than the b isomer (Table 3-1). This is again in sharp 

contrast to the IDI system where the a isomer is either similar in energy to the b isomer or less 

stable than the b isomer. The greater steric interactions between the BMes2 unit and the outer 

benzene ring of the backbone in the b isomer of the IDP system (Figure 3.3), compared to that in 

the a isomer likely is the key contributor to the lower stability of the b isomer. 

Table 3-1 DFT Calculated Gibbs free energy (B3LYP/6-31G(d)) 

Compd Gibbs free 

energy 

(Kcal/mol) 

Compd Gibbs free 

energy 

(Kcal/mol) 

æG (aŸb) 

(Kcal/mol) 

3.1a ï1523862.5 3.1b ï1523860.0 2.5 

3.2a-open ï1434059.9 3.2b-open ï1434055.8 4.1 

3.2a-closed ï1434046.6 3.2b-closed ï1434030.5 16.1 

3.3a-open ï1247222.6 3.3b-open ï1247218.1 4.5 

3.3a-closed ï1247210.7 3.3b-closed ï1247195.6 15.1 

 

3.2.2 Photophysical Properties 

All the 3 pairs of regioisomers exhibit strong and broad absorptions between 350 and 500 nm as 

shown in Figure 3.4 and Table 3-2. The absorption bands of 3.2a/3.2b and 3.3a/3.3b are red-

shifted by about 20 nm, compared to those of 3.1a/3.1b, which are mostly likely caused by the 

different position of the BMes2 group on the phenyl ring (ortho in 3.2a/3.2b, 3.3a/3.3b, and para 

in 3.1a/3.1b). According to the results of TD-DFT data (Figure 3.6 and Table 3-3), the main 

absorption band in the low energy region for 3.1a and 3.1b is from the S0 to S1 electronic transition, 



68 

 

which primarily involves the HOMO (́-IDP) to LUMO (́ * -BMes) transition with a high oscillator 

strength. The ɚmax of 3.1a and 3.1b differs by a few nm, following the same trend predicted by 

TD-DFT with the energy of 3.1b being slightly lower. For 3.2a and 3.2b, the first absorption band 

likely is dominated by the S0 to S2 transition involving the HOMO (́ -IDP) to LUMO + 1 (́ * -py) 

for 3.2a (95%), and the HOMO(́-IDP) to LUMO ( *́ of the entire molecule) (53%) / HOMO to 

LUMO+1 ( *́ of the entire molecule) (42%) transitions for 3.2b because of the very weak oscillator 

strength of the S0 to S1 transition. Similarly, for 3.3a and 3.3b, the first absorption band is also 

likely dominated by the S0 to S2 transition involving the HOMO (́-IDP) to LUMO + 1 (́ * of IDP-

py) for 3.3a (82%), and the HOMO (́-IDP-py) to LUMO+1 (́ * of IDP and py) (93%) for 3.3b 

with the ɚmax of 3.3b being longer than that of 3.3a, in agreement with the TD-DFT data. In general, 

between the a and b isomers, the three pairs of regioisomers follow the same trend: the minor 

isomers b have a slightly longer ɚabs than those of the major isomers a. The influence of the 

substituents on the different isomers of the IDP system is most likely significant on the LUMO 

because of the unsymmetrical atomic orbital contributions of the C1 and C2 atoms in the LUMO 

and the symmetrical distributions on the C1 and C2 atoms in the HOMO. In the b isomer, the 

electron-withdrawing C6F5 or py ring at the C1 position likely stabilizes both HOMO and LUMO, 

leading to a slightly narrowing of the bandgap, while in the a isomer, the negative mesomeric 

effect of BPhMes2 on C1 is likely offset partially by its positive inductive effect at both the HOMO 

and the LUMO. Nonetheless, as shown by the DFT calculated HOMO/LUMO energies in 

Figure 3.7, the LUMO of IDP is significantly stabilized by the substituents, compared to the 

HOMO, resulting in an overall decrease of the HOMO-LUMO gap. The absorption spectral trend 

of the IDP isomers is opposite that observed for the IDI isomers where the a isomer consistently 

has a lower absorption energy than the b isomer, which is ascribed to the unsymmetrical electron 
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density distribution of the C1 and C2 atoms and the greater impact of substituents on the HOMO 

in the IDI system. 

 

Figure 3.4 Absorption spectra of 3.1a/3.1b-3.3a/3.3b in CH2Cl2 (2 × 10ï5 M). 

 

Figure 3.5 Absorption spectra of 3.4-3.8 in CH2Cl2 (2 × 10ï5 M). 
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Table 3-2 Absorption and fluorescence spectral data of 3.1a/3.1b-3.3a/3.3b 

Compd Solvent ɚabs (nm)(a) Ů (104 cmï1 Mï1) ɚem (nm)(a) ʌ(b) 

3.1a 
CH2Cl2 391 1.78 498 0.37 

Toluene 393 1.58 453 0.68 

3.1b 
CH2Cl2 394 2.62 488 0.62 

toluene 396 2.60 446 0.76 

3.2a 
CH2Cl2 400 1.47 539 0.09 

toluene 403 1.31 508 0.18 

3.2b 
CH2Cl2 434 1.85 537 0.04 

toluene 436 1.79 480 0.08 

3.3a 
CH2Cl2 430 1.38 522 0.06 

toluene 432 1.33 503 0.10 

3.3b 
CH2Cl2 434 1.37 513 0.07 

toluene 434 1.14 490 0.07 

a Measured at 2×10ï5 M, 298 K under N2. b Determined using an integration sphere under N2. 

 

 

Stronger and Broader absorption spectra were observed for BPhMes2-functionalized compounds 

3.5 and 3.8, compared to those of 3.4, 3.6 and 3.7 as shown in Figure 3.5 and Table 3-3. The results 

of TD-DFT data (Figure 3.6 and Table 3-4) reveal that the main absorption band in the low energy 

region for all the five compounds is from S0 to S1 electronic transition supported by the strong 

oscillator strength. The S0 to S1 electronic transition involves HOMO (́ -IDP) to LUMO (́ * -

BMes) transition for 3.5 and 3.8, which is different from HOMO (́ -IDP) to LUMO (́ * -IDP) 

transition for 3.4, 3.6 and 3.7. The ɚmax of 3.5 is longer than that of 3.8, which is consistent with 

the slightly lower calculated energy of 3.5. The absorption spectra of 3.5 and 3.8 are red shifted 

by 10-20 nm, compared to those of 3.4, 3.6 and 3.7, which are predicted to be mainly attributed to 

the lower LUMO energy stabilized by the BPhMes2 unit.  
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Table 3-3 Absorption and fluorescence spectral data of 3.4-3.8 in CH2Cl2 

Compd ɚabs (nm)(a) Ů (104 cmï1 Mï1) ɚem (nm)(a) ʌ(b) 

3.4 426 1.65 434 0.52 

3.5 416 2.76 504 0.81 

3.6 400 1.25 432 0.43 

3.7 395 0.95 426 0.14 

3.8 408 2.66 505 0.48 

a Measured at 2×10ï5 M, 298 K under N2. b Determined using an integration sphere under N2. 

 

Table 3-4 TD-DFT calculated vertical excitation data to the S1 and S2 states 

 Transition Configuration Energy (nm, eV) f 

3.1a 
S0ŸS1 H Ÿ L (98%) 419 (2.96) 0.3002 

S0ŸS2 H Ÿ L+1 (71%) 377 (3.29) 0.0816 

3.1b 
S0ŸS1 H Ÿ L (98%) 423 (2.93) 0.0935 

S0ŸS2 H Ÿ L+1 (89%) 382 (3.25) 0.1827 

3.2a 
S0ŸS1 H Ÿ L (98%) 454 (2.73) 0.0050 

S0ŸS2 H Ÿ L+1 (95%) 421(2.95) 0.0985 

3.2b 

S0ŸS1 
H Ÿ L (43%) 

H Ÿ L+1 (55%) 
438 (2.83) 0.0079 

S0ŸS2 
H Ÿ L (53%) 

H Ÿ L+1 (42%) 
410 (3.03)  0.2106 

3.3a 
S0ŸS1 H Ÿ L (98%) 465 (2.67) 0.0070 

S0ŸS2 H Ÿ L+1 (82%) 385 (3.23) 0.1676 

3.3b 
S0ŸS1 H Ÿ L (98%) 452 (2.74) 0.0056 

S0ŸS2 H Ÿ L+1 (93%) 401 (3.09) 0.1877 

3.4 S0ŸS1 H Ÿ L (94%) 398 (3.12) 0.2661 

3.5 S0ŸS1 H Ÿ L (98%) 435(2.85) 0.4466 

3.6 S0ŸS1 H Ÿ L (88%) 387 (3.21) 0.1647 

3.7 S0ŸS1 H Ÿ L (89%) 382 (3.24) 0.1721 

3.8 S0ŸS1 H Ÿ L (98%) 443 (2.80) 0.1452 
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Figure 3.6 MO diagrams involved in the S0ŸS1/S2 transitions obtained from DFT data (B3LYP-

6-31G(d)). 
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Figure 3.7 DFT calculated HOMO and LUMO energies of IDP and 3.1a/3.1b-3.3a/3.3b. 

 

In contrast to absorption spectra, the fluorescence spectra of the 3 pairs of regioisomers follow the 

opposite trend: the major isomers a have a slightly longer ɚem than that of the minor isomers b, as 

shown in Figure 3.8 and Table 3-2. Visually, the most significant emission colour difference in 

CH2Cl2 was observed for the 3.1a (green-blue) and 3.1b (sky blue) pair. The stoke shift of all 

isomers a is larger than that of the b isomer. The absorption spectra obtained in CH2Cl2 and toluene 

do not show significant difference as expected. Nevertheless, the fluorescence spectra obtained in 

CH2Cl2 are red-shifted by about 20-40 nm, compared to those obtained in toluene, which supports 

the CT characters of the fluorescence for all 6 compounds (Table 3-2 and Figure 3.36-3.41). In 

addition, the fluorescence spectra of 3.2b were also recorded in hexane, THF and acetone, as 

shown in Figure 3.9, which further support the CT nature of these types of compounds. 

Interestingly, 3.2b shows well-resolved emission bands in hexane which is consistent with the TD-

DFT calculation data (Figure 3.9), supporting that the fluorescence of 3.2b involves the ́ ḯ*  

transition of the IDP backbone. With increasing solvent polarity, a featureless CT emission band  
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Figure 3.8 Fluorescence spectra of 3.1a/3.1b-3.3a/3.3b and photographs showing their emission 

colours (CH2Cl2, 2 × 10ï5 M, ɚex = ɚabs in Table 3-2). 

 

 

Figure 3.9 Fluorescence spectra of compound 3.2b in hexane, toluene, THF, CH2Cl2 and acetone 

(c= 2×10ī5 M, lex= 390 nm was used for the emission spectra in hexane, THF and acetone) 

I (
 n

o
rm

a
liz

e
d

)

(˂nm)



76 

 

 

Figure 3.10 Fluorescence spectra of 3.4-3.8 and photographs showing their emission 

colours (CH2Cl2, 2 × 10ï5 M, ɚex = ɚabs in Table 3-3). 

 

Figure 3.11 Diagrams illustrating the electronic transitions from S0ŸS1 for 3.1a to 3.3b. 
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appears in the spectrum of 3.2b and increases in intensity, while the ́ḯ* emission band decreases. 

This can be rationalized by the fact that 3.2b has two energetically close-lying emission states (́ï

*́ and CT). As the solvent polarity increases, the CT state is stabilized and becomes the main 

emission pathway. 

The fluorescence energies of all 6 compounds are not affected by concentration change as 

evidenced by fluorescence spectra recorded at 1 × 10ī4 M, 2 × 10ī5 M, and 1 × 10ī5 M that do not 

change significantly (Figure 3.42-3.44). The fluorescent quantum yields of 3.1a and 3.1b are 

substantially higher than those of 3.2a/3.2b and 3.3a/3.3b as shown in Table 3-2. The CT character 

and the quantum yield variation trend indicate that the fluorescence of all 6 molecules is likely 

originated from the S0ŸS1 transition as illustrated in Figure 3.11, because the vertical excitation 

to S1 state is a CT transition involving predominately HOMO and LUMO located on the different 

parts of the molecules with high oscillator strengths for 3.1a/3.1b, and very low oscillator strengths 

for 3.2a/3.2b and 3.3a/3.3b (Table 3-4, Figure 3.6), although the observed emission trend of 

3.1a/3.1b does not match that calculated by DFT. The intramolecular mesityl-IDP  ́interactions 

similar to that observed in the structure of 3.2a may be responsible for the low quantum yields of 

3.2a/3.2b and 3.3a/3.3b.  

The fluorescence spectra of all 6 isomers 3.1a/3.1b-3.3a/3.3b exhibit distinct dependence on 

temperature. For 3.1a and 3.1b, their emission spectra display a typical blue shift with increasing 

temperature (Figure 3.12) without a significant loss of emission intensity commonly observed for 

linearly conjugated D- -́A systems involving a triarylboron (e.g. p-NMe2-C6H4-BMes2
11), owing 

to the twist angle change between the donor and the acceptor units with T. For 3.3a and 3.3b, their 

emission energy does not change significantly with increasing T, although a considerable decrease 

of emission intensity was observed for 3.3b (Figure 3.13). The most interesting T-dependent  
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Figure 3.12 Diagrams showing the fluorescence spectral change of 3.1a and 3.1b with temperature 

in toluene ɚex = ɚabs in Table 3-3). 

 

Figure 3.13 Diagrams showing the fluorescence spectral change of 3.3a and 3.3b with temperature 

in toluene ɚex = ɚabs in Table 3-3). 

 

emission was observed for the 3.2a and 3.2b pair, as shown in Figure 3.14, which show a rare 

temperature ñturn-onò emission,7,11 with the emission spectra undergoing a blue shift and 

becoming much more intense with increasing T. As a consequence, both compounds change 

emission colours from yellow or yellow-green at low T (233 K to 263 K) to green-blue or sky-

blue at high T (373 K) in toluene. Because there is no experimental evidence for internal BŶN 

bond formation at high T or low T, the most likely explanation for this unusual T-dependent  
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Figure 3.14 Diagrams showing the fluorescence spectral change of 3.2a (top) and 3.2b (bottom) 

with temperature in toluene ɚex = ɚabs in Table 3-3). Inset: photographs showing the emission 

colours of these two compounds at three representative temperature in toluene. 

 

phenomenon is that molecules 3.2a and 3.2b have two emission pathways: a CT emission at low 

T involving the boron unit and the IDP backbone and a locally excited state emission of the IDP 

backbone at high T, resembling that observed by Yang and coworkers in the pyrene functionalized 

borane systems.7b The two emission pathways are likely much closer in energy for the 3.2a and 

Ҧ̄ ϝ̄ 

/¢ 
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3.2b pair, compared to other pairs, consistent with the TD-DFT data in Table 3-4. The fluorescence 

intensity gain at high T can be attributed to the much higher oscillator strength of the locally 

excited ́Ÿ *́ transition in this pair, compared to the CT transition. 

To verify this, the temperature-dependent emissions of 3.2b in hexane and THF were measured 

and the results are depicted in Figure 3.15. The emission spectrum of 3.2b in THF shows a similar 

temperature turn-on fluorescence as in toluene, while the emission of 3.2b in hexane displays a 

much smaller intensity change with no colour change, supporting that switching from the CT 

emission to the ́ḯ*  emission is the main cause of this temperature turn-on fluorescence. 

 

Figure 3.15 Diagrams showing the fluorescence spectral change of 3.2b with temperature in 

hexane and THF (c= 2×10ī5 M, lex= 390 nm). 

 

Bright fluorescence was observed for all the compounds 3.4-3.8 with decent to good quantum yield 

except for 3.7, with green emission for 3.5 and 3.8, and blue emission for 3.4, 3.6 and 3.7 

(Figure 3.10 and Table 3-3). There is a clear distinction between the observed fluorescence spectra 

of the BPhMes2-containing compounds (3.1a/3.1b-3.3a/3.3b, 3.5 and 3.8) and those of compounds 

without BPhMes2 moiety (3.4, 3.6 and 3.7), in terms of emission energy and shape of the spectra. 
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The substantially larger stoke shift in 3.1a/3.1b-3.3a/3.3b, 3.5 and 3.8 compared to 3.4, 3.6 and 

3.7 is induced by the intramolecular CT transition from IDP to BMes2 unit.12 It is worth mentioning 

that the primary electronic transition responsible for the fluorescence in 3.5 and 3.8 (CT transition) 

is different from the singly BMes2-substituted IDI system which exhibits intense ́ Ÿ *́ transition.9 

The spectra of 3.4, 3.6 and 3.7 display two primary bands, which is mostly likely owing to the 

HOMO to LUMO transition and HOMO to LUMO+1 transition, respectively, both exhibiting 

Ÿ́ *́ transition.  

3.3 Experimental Section 

3.3.1 General Procedures 

All r eactions were carried out under an inert atmosphere of dry nitrogen while employing standard 

Schlenk techniques. Starting materials were purchased from chemical suppliers and used without 

further purification. Synthetic procedures for 8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide 

and all internal alkynes used in this work are provided in the supporting information. Solvents 

were dried over either sodium metal or high vacuum dried molecular sieves, and degassed prior to 

use. 1H, 13C, and 11B NMR spectra were recorded on a Bruker Avance 400 or 700 MHz 

spectrometers. High resolution mass spectra (HRMS) were obtained using a Micromass GCT 

TOF-EI Mass spectrometer. Fluorescence spectra were recorded using a Photon Technologies 

International QuantaMaster Model 2 spectrometer. UV-Visible spectra were recorded on a Varian 

Cary 50 spectrometer. Fluorescent quantum yields were measured using a Hamamatsu QY 

spectrometer (C11347-11).  
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3.3.2 Synthetic Procedures 

3.3.2.1 Synthesis of Azomethine Ylide 

 

 

Synthesis of 8-iodoquinoline: Quinolin-8-amine (3.34 g, 23 mmol) was added to a mixture of 

HCl/H2O (15:15 ml) and was cooled to 5 oC in an ice bath. NaNO2 (1.74 g, 25 mmol) was then 

added dropwise, followed by the addition of KI (1.74 g, 25 mmol) in 15 ml H2O. After stirring 

overnight, the mixture was neutralized with NaOH and the solvent was removed in vacuo and the 

product was isolated by column chromatography on silica gel using hexane/ethyl acetate (5:1) as 

an eluent. 8-iodoquinoline was isolated as a yellow product (2.90 g, 49% yield).  

Synthesis of (2-(quinolin -8-yl)phenyl)methanol: 8-iodoquinoline (1.70 g, 6.6 mmol), (2-

(hydroxymethyl)phenyl)boronic acid (1.32 g, 8.7 mmol), Pd(PPh3)4 (0.418 g, 0.36 mmol), and 

K2CO3 (13.8 g, 100 mmol) were reacted in a mixture of THF/H2O (60:20 ml) for 24 h at 85 oC. 

After the mixture was cooled to room temperature, the solvent was removed in vacuo and the 

product was isolated by column chromatography on silica gel using hexane/ethyl acetate (2:1 Ÿ 

1:1) as an eluent. (2-(quinolin-8-yl)phenyl)methanol was isolated as a yellow product (1.181 g, 

70% yield).  

Synthesis of 8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide: (2-(quinolin-8-

yl)phenyl)methanol (943 mg, 4 mmol) and hydrobromic acid (0.544 mL, 4.8 mmol) were reacted 
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for 4 h at 90 oC. After cooling to room temperature, ether (3x30 ml) and dichloromethane (10 ml) 

were added to remove the supernatant. The mixture was then air-dried overnight and the remaining 

solvent was removed in vacuo to yield a yellow solid (2.036 g, 84% yield). 

8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide. 1H NMR (700 MHz, DMSO-d6): ŭ 9.49 (d, 

J = 7.3 Hz, 1H), 9.28 (d, J = 8.2 Hz, 1H), 8.85 (d, J = 7.4 Hz, 1H), 8.38 (d, J = 8.1 Hz, 1H), 8.31 

(d, J = 8.3 Hz, 1H), 8.26 (t, J = 7.6 Hz, 1H), 8.07 (t, J = 7.8 Hz, 1H), 7.60 ï 7.51 (m, 3H), 6.31 (s, 

2H). 13C NMR (176 MHz, DMSO): ŭ 149.01, 147.14, 135.12, 130.70, 130.60, 130.37, 129.78, 

129.62, 128.89, 128.28, 126.89, 126.67, 125.82, 124.14, 123.17, 56.97. HR-ESIMS (m/z): [M + 

H]+ calcd. for C16H12N: 218.0964; found: 218.0970.  

3.3.2.2 Synthesis of Asymmetrical Internal Alkynes 

 
Synthesis of A1: (4-ethynylphenyl)dimesitylborane (485 mg, 1.38 mmol), 1,2,3,4,5-pentafluoro-

6-iodobenzene (490 mg, 1.67 mmol), Pd(PPh3)4 (80 mg, 0.07 mmol), CuI (26 mg, 0.14 mmol) and 

Et3N (3 ml) were reacted in THF (25 ml) overnight at 90 oC. After the mixture was cooled to room 

temperature, the solvent was removed in vacuo and the product was isolated by column 

chromatography on silica gel using hexane/ethyl acetate (50:1) as an eluent. The product A1 was 

isolated as a white solid (500 mg, 70% yield).  

A1. 1H NMR (700 MHz, CD2Cl2): ŭ 7.60 (d, J = 8.1 Hz, 2H), 7.54 (d, J = 6.7 Hz, 2H), 6.88 (s, 

4H), 2.34 (s, 6H), 2.03 (s, 12H). 13C NMR (176 MHz, CD2Cl2): ŭ 141.34, 140.76, 140.67, 139.14, 

136.18, 135.90, 131.89, 131.23, 128.22, 128.08, 127.94, 124.35, 101.53, 74.46, 23.13, 20.92. HR-

EIMS (m/z): [M] + calcd. for C32H26BF5: 516.2048; found: 516.2039.   
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Synthesis of A2: (2-ethynylphenyl)dimesitylborane (700 mg, 2 mmol), 2-bromo-

5(trifluoromethyl)pyridine (565 mg, 2.5 mmol), Pd(PPh3)4 (115 mg, 0.10 mmol), CuI (57 mg, 0.30 

mmol) and Et3N (3 ml) were reacted in THF (25 ml) overnight at 90 oC. After the mixture was 

cooled to room temperature, the solvent was removed in vacuo and the product was isolated by 

column chromatography on silica gel using hexane/ethyl acetate (30:1) as an eluent. The product 

A2 was isolated as a yellow solid (900 mg, 91% yield). 

A2. 1H NMR (700 MHz, CD2Cl2): ŭ 8.78 (s, 1H), 7.78 (d, J = 8.3, 1H), 7.68 (d, J = 7.7 Hz, 1H), 

7.50 (t, 7.5 Hz, 1H), 7.42 (t, J = 7.5 Hz, 1H), 7.35 (d, J = 7.5 Hz, 1H), 6.85 (d, J = 8.3 Hz, 1H), 

6.80 (s, 4H), 2.27 (s, 6H), 2.04 (s, 12H). 13C NMR (176 MHz, CD2Cl2): ŭ 150.67, 146.87, 146.38, 

140.83, 139.29, 134.61, 133.34, 132.50, 130.48, 129.07, 128.29, 126.74, 125.35, 124.50, 124.31, 

122.79, 92.16, 90.43, 22.89, 20.88. HR-EIMS (m/z): [M] + calcd. for C32H29BNF3: 495.2345; found: 

495.2340.   

 

Synthesis of A3: (2-ethynylphenyl)dimesitylborane (350 mg, 1 mmol), 2-bromo-5-methylpyridine 

(260 mg, 1.5 mmol), Pd(PPh3)4 (60 mg, 0.05 mmol), CuI (28 mg, 0.15 mmol) and Et3N (3 ml) 

were reacted in THF (25 ml) overnight at 90 oC. After the mixture was cooled to room temperature, 

the solvent was removed in vacuo and the product was isolated by column chromatography on 
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silica gel using hexane/ethyl acetate (30:1) as an eluent. The product A3 was isolated as an orange 

solid (300 mg, 68% yield). 

A3. 1H NMR (700 MHz, CD2Cl2): ŭ 8.35 (d, J = 5.1 Hz, 1H), 7.65 (d, J = 7.7 Hz, 1H), 7.47 (t, J = 

7.6, 1H), 7.37 (t, J = 7.5, 1H), 7.30 (d, J = 7.6 Hz, 1H), 7.00 (d, J = 5.1 Hz, 1H), 6.82 (s, 4H), 6.53 

(s, 1H), 2.31 (s, 3H), 2.29 (s, 6H), 2.04 (s, 12H). 13C NMR (176 MHz, CD2Cl2): ŭ 149.30, 146.72, 

143.06, 140.82, 139.11, 134.31, 133.11, 131.93, 131.88, 131.82, 130.33, 128.43, 128.28, 128.05, 

126.07, 123.41, 104.21, 91.67, 22.88, 20.95, 20.44. HR-ESIMS (m/z): [M+H] + calcd. for 

C32H33BN: 442.2701; found: 442.2711.   

3.3.2.3 Synthesis of Indolizino[6,5,4,3-def]phenanthridine Derivatives 

Synthesis of 3.1a/3.1b: 8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide (300 mg, 1.01 mmol), 

DIPEA (131 mg, 1.01 mmol) and A1 (434 mg, 0.84 mmol) were reacted in toluene (15 ml) at  

110 oC in a 50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the 

solvent was removed in vacuo and the product was isolated by column chromatography on silica 

gel using hexane/dichloromethane (10:1) as an eluent. The product 3.1a was isolated as a yellow 

solid (154 mg ,25% yield) and the product 3.1b was isolated as a yellow solid (74 mg, 12% yield).     

3.1a. 1H NMR (700 MHz, CD2Cl2): ŭ 8.36 (d, J = 8.1 Hz, 1H), 8.29 (d, J = 7.9 Hz, 1H), 7.88 (d, J 

= 8.2 Hz, 1H), 7.73 (d, J = 7.7 Hz, 1H), 7.63 (t, J = 7.8 Hz, 1H), 7.56 ï 7.52 (m, 2H), 7.48 (t, J = 

7.4, 1H), 7.45 ï 7.41 (m, 2H), 7.40 (d, J = 9.4 Hz, 1H), 7.29 ï 7.24 (m, 2H), 6.89 (s, 4H), 2.35 (s, 

6H), 2.08 (s, 12H). 13C NMR (176 MHz, CD2Cl2): ŭ 141.74, 140.80, 139.13, 138.85, 136.07, 

131.00, 130.23, 128.20, 128.14, 126.75, 126.42, 126.36, 125.64, 125.12, 124.17, 123.66, 123.63, 

123.26, 123.15, 122.86, 121.60, 120.87, 118.76, 116.79, 103.30, 23.03, 20.92. HR-EIMS (m/z): 

[M] + calcd. for C48H35BNF5: 731.2783; found: 731.2781.   
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3.1b. 1H NMR (700 MHz, CD2Cl2): ŭ 8.42 (d, J = 8.1 Hz, 1H), 8.30 (d, J = 7.9 Hz, 1H), 7.71 (d, 

J = 7.8 Hz, 1H), 7.71 (d, J = 7.8 Hz, 1H), 7.66 ï 7.61 (m, 2H), 7.58 (d, J = 8.1 Hz, 1H), 7.54 (t, J 

= 7.7 Hz, 1H), 7.52 ï 7.47 (m, 2H), 7.43 (d, J = 7.6 Hz, 1H), 7.36 (d, J = 9.5 Hz, 1H), 7.32 ï 7.27 

(m, 2H), 6.88 (s, 4H), 2.35 (s, 6H), 2.05 (s, 12H). 13C NMR (176 MHz, CD2Cl2): ŭ 144.33, 141.68, 

140.76, 138.72, 137.35, 136.58, 131.06, 128.77, 128.75, 128.14, 127.10, 126.72, 125.76, 125.50, 

125.37, 124.29, 123.53, 123.39, 122.65, 122.44, 121.88, 121.38, 120.65, 118.76, 117.74, 111.49, 

111.37, 103.25, 23.05, 20.91. HR-EIMS (m/z): [M] + calcd. for C48H35NBF5: 731.2783; found: 

731.2779.  

Synthesis of  3.2a/3.2b: 8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide (280 mg, 0.93 mmol), 

DIPEA (120 mg, 0.93 mmol) and A2 (385 mg, 0.78 mmol) were reacted in toluene (15 ml) at 

110 
o
C in a 50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the 

solvent was removed in vacuo and the product was isolated by column chromatography on silica 

gel using hexane/dichloromethane (10:1 to 4:1) as an eluent. The product 3.2a was isolated as a 

yellow solid (150 mg, 27% yield) and the product 3.2b was isolated as a yellow solid (39 mg, 7% 

yield).     

3.2a. 1H NMR (700 MHz, CD2Cl2): ŭ 9.13 (s, 1H), 8.42 (d, J = 8.2 Hz, 1H), 8.38 (d, J = 8.1 Hz, 

1H), 8.25 (d, J = 7.9 Hz, 1H), 7.78 (d, J = 8.3 Hz, 1H), 7.72 (d, J = 7.5 Hz, 1H), 7.64 (d, J = 7.6 

Hz, 1H), 7.61 ï 7.56 (m, 2H), 7.55 ï 7.49 (m, 2H), 7.42 ï 7.37 (m, 2H), 7.36 (t, J = 7.5 Hz, 1H), 

7.19 ï 7.12 (m, 2H), 6.72 (s, 2H), 5.90 (s, 2H), 2.25 (s, 3H), 1.72 (s, 12H), 1.22 (s, 3H). 13C NMR 

(176 MHz, CD2Cl2): ŭ 159.43, 151.28, 145.94, 145.91, 139.12, 136.51, 132.82, 132.79, 132.56, 

130.47, 129.40, 128.68, 127.59, 126.93, 126.67, 126.58, 126.15, 125.85, 124.63, 123.85, 123.66, 

123.48, 123.08, 122.96, 122.87, 122.44, 121.04, 120.47, 119.72, 118.73, 117.85, 23.37. HR-

ESIMS (m/z): [M + H]+ calcd. for C48H39N2BF3: 711.3153; found: 711.3146.  



87 

 

3.2b. 1H NMR (700 MHz, CD2Cl2): ŭ 8.93 (s, 1H), 8.37 (d, J = 9.5 Hz, 1H), 8.32 (d, J = 8.1 Hz, 

1H), 8.23 (d, J = 7.8 Hz, 1H), 8.08 (d, J = 7.5 Hz, 1H), 7.82 (d, J = 8.1 Hz, 1H), 7.79 ï 7.72 (m, 

1H), 7.70 (d, J = 7.6 Hz, 1H), 7.63 ï 7.56 (m, 2H), 7.56 ï 7.49 (m, 2H), 7.46 (t, J = 7.4 Hz, 1H), 

7.41 (d, J = 9.5 Hz, 1H), 7.33 (d, J = 8.4 Hz, 1H), 7.24 (t, J = 7.6 Hz, 1H), 6.64 (s, 2H), 5.68 (s, 

2H), 2.20 (s, 3H), 1.80 (s, 3H), 1.60 (s, 3H), 1.46 (s, 3H), 1.18 (s, 6H). 13C NMR (176 MHz, 

CD2Cl2): ŭ 159.13, 149.99, 145.76, 141.55, 136.84, 133.96, 132.37, 130.35, 130.08, 127.61, 

127.31, 126.76, 126.32, 126.19, 125.74, 125.27, 124.12, 123.78, 123.22, 122.96, 122.35, 122.21, 

121.90, 121.68, 119.23, 118.15, 117.95, 22.33. HR-ESIMS (m/z): [M + H]+ calcd. for 

C48H39N2BF3: 711.3153; found: 711.3184.  

Synthesis of  3.3a/3.3b: 8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide (49 mg, 0.16 mmol), 

DIPEA (21 mg, 0.16 mmol) and A3 (60 mg, 0.14 mmol) were reacted in toluene (15 ml) at 110 
o
C 

in a 50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the solvent 

was removed in vacuo and the product was isolated by column chromatography on silica gel using 

hexane/dichloromethane (1:1) as an eluent. The product 3.3a was isolated as a yellow solid (17 mg, 

19% yield) and the product 3.3b was isolated as a yellow solid (7 mg, 8% yield).     

3.3a. 1H NMR (700 MHz, CD2Cl2): ŭ 9.08 (d, J = 6.5 Hz, 1H), 8.35 (d, J = 8.1 Hz, 1H), 8.20 (d, J 

= 7.9 Hz, 1H), 7.74 (s, 1H), 7.67 ï 7.62 (m, 2H), 7.61 (d, J = 7.5 Hz, 1H), 7.59 ï 7.55 (m, 2H), 

7.48 (t, J = 7.6 Hz, 1H), 7.40 (d, J = 7.8 Hz, 1H), 7.36 ï 7.30 (m, 2H), 7.27 (d, J = 9.4 Hz, 1H), 

7.22 (d, J = 5.8 Hz, 1H), 7.13 (t, J = 7.6 Hz, 1H), 7.09 (s, 1H), 6.87 (s, 1H), 5.65 (s, 1H), 5.42 (s, 

1H), 2.43 (s, 3H), 2.39 (s, 3H), 1.91 (s, 3H), 1.84 (s, 3H), 1.61 (s, 3H), 1.27 (s, 3H), 0.95 (s, 3H). 

13C NMR (176 MHz, CD2Cl2): ŭ 153.30, 150.56, 149.34, 138.05, 135.92, 135.09, 131.71, 131.34, 

131.09, 127.61, 127.00, 126.48, 126.33, 126.27, 125.94, 125.71, 125.42, 125.26, 123.89, 123.85, 
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123.80, 123.78, 122.94, 122.84, 122.74, 121.69, 120.38, 120.19, 118.67, 117.67, 117.17, 24.74, 

20.52, 18.97. HR-ESIMS (m/z): [M + H]+ calcd. for C48H42N2B: 657.3436; found: 657.3441.  

3.3b. 1H NMR (700 MHz, CD2Cl2): ŭ 8.72 (d, J = 5.6 Hz, 1H), 8.31 (d, J = 8.1 Hz, 1H), 8.20 (d, 

J = 7.9 Hz, 1H), 7.96 (d, J = 8.2 Hz, 1H), 7.92 (d, J = 9.4 Hz, 1H), 7.85 (d, J = 7.5 Hz, 1H), 7.66 

(d, J = 7.7 Hz, 1H), 7.61 ï 7.54 (m, 2H), 7.49 (t, J = 7.6 Hz, 1H), 7.44 (t, J = 7.6 Hz, 1H), 7.39 (s, 

1H), 7.38 ï 7.32 (m, 2H) 7.27 (t, J = 7.6 Hz, 1H), 7.02 (d, J = 5.5 Hz, 1H), 6.87 (s, 1H), 6.76 (s, 

1H), 5.56 (s, 1H), 5.48 (s, 1H), 2.34 (s, 3H), 2.29 (s, 3H), 1.87 (s, 3H), 1.47 (s, 9H), 1.08 (s, 3H). 

13C NMR (176 MHz, CD2Cl2): ŭ 153.59, 149.39, 148.83, 139.64, 137.37, 132.27, 130.81, 128.70, 

127.34, 127.24, 127.18, 126.09, 126.07, 125.97, 125.89, 125.60, 124.80, 124.11, 123.58, 123.30, 

122.67, 122.37, 121.36, 120.94, 120.69, 117.95, 117.86, 117.40, 20.66. HR-ESIMS (m/z): [M + 

H]+ calcd. for C48H42N2B: 657.3436; found: 657.3449.  

 

Figure 3.16 Molecular Structures of A4-A8. 

 

Synthesis of 3.4: 8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide (300 mg, 1.01 mmol), DIPEA 

(131 mg, 1.01 mmol) and A4 (268 mg, 0.84 mmol) were reacted in toluene (15 ml) at 110 
o
C in a 

50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the solvent was 

removed in vacuo and the product was isolated by column chromatography on silica gel using 

dichloromethane as an eluent. The product 3.4 was isolated as a yellow solid (94 mg, 35% yield). 
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3.4. 1H NMR (700 MHz, CD2Cl2): ŭ 8.72 (d, J = 4.8 Hz, 1H), 8.57 (d, J = 9.4 Hz, 1H), 8.33 (d, J 

= 8.1 Hz, 1H), 8.23 (d, J = 7.8 Hz, 1H), 8.18 (d, J = 8.0 Hz, 1H), 7.86 (d, J = 8.0 Hz, 1H), 7.82 ï 

7.77 (m, 2H), 7.68 (d, J = 8.1 Hz, 1H), 7.63 ï 7.56 (m, 2H), 7.53 (t, J = 5.7 Hz, 1H)  7.38 (d, J = 

9.5 Hz, 1H), 7.18 (d, J = 3.5 Hz, 1H). 13C NMR (176 MHz, CD2Cl2): ŭ 155.36, 149.45, 136.30, 

131.26, 128.66, 126.70, 126.22, 126.07, 125.88, 125.56, 124.55, 123.86, 123.11, 123.02, 122.89, 

120.95, 120.62, 120.56, 120.22, 118.31, 118.10, 102.92, 53.83, 53.74, 53.58, 53.43, 53.28, 53.12. 

HR-EIMS (m/z): [M] + calcd. for C23H14N2: 318.1157; found: 318.1146. 

Synthesis of 3.5: 8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide (300 mg, 1.01 mmol), DIPEA 

(131 mg, 1.01 mmol) and A5 (475 mg, 0.84 mmol) were reacted in toluene (15 ml) at 110 
o
C in a 

50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the solvent was 

removed in vacuo and the product was isolated by column chromatography on silica gel using 

hexane/dichloromethane (10:1) as an eluent. The product 3.5 was isolated as a yellow solid 

(152 mg, 32% yield).  

3.5. 1H NMR (700 MHz, CD2Cl2): ŭ 8.35 (d, J = 8.1 Hz, 1H), 8.24 (d, J = 7.9 Hz, 1H), 8.19 (d, J 

= 7.7 Hz, 1H), 7.86 (d, J = 9.5 Hz, 1H), 7.81 (d, J = 7.7 Hz, 2H), 7.67 (t, J = 7.6 Hz, 1H), 7.65 (d, 

J = 7.7 Hz, 2H), 7.64 (s, 1H), 7.62 (t, J = 8.0 Hz, 1H), 7.58 (t, J = 7.7 Hz, 1H), 7.54 (t, J = 8.0 Hz, 

1H), 7.33 (d, J = 9.5 Hz, 1H), 6.91 (s, 4H), 2.36 (s, 6H), 2.12 (s, 12H). 13C NMR (176 MHz, 

CD2Cl2): ŭ 141.80, 140.75, 139.73, 138.55, 137.38, 131.53, 128.71, 128.17, 128.11, 127.15, 

126.76, 125.98, 125.84, 125.42, 124.85, 124.77, 123.84, 123.20, 123.12, 122.93, 120.60, 119.50, 

118.42, 118.35, 103.83, 23.23, 20.92. HR-EIMS (m/z): [M] + calcd. for C42H36NB: 565.2914; found: 

565.2955. 

Synthesis of 3.6 :8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide (300 mg, 1.01 mmol), DIPEA 

(131 mg, 1.01 mmol) and A6 (330 mg, 0.84 mmol) were reacted in toluene (15 ml) at 110 
o
C in a 
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50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the solvent was 

removed in vacuo and the product was isolated by column chromatography on silica gel using 

hexane/dichloromethane (20:1 to 10:1) as an eluent. The product 3.6 was isolated as a yellow solid 

(69 mg, 21% yield). 

3.6. 1H NMR (700 MHz, CD2Cl2): ŭ 8.35 (d, J = 8.0 Hz, 1H), 8.25 (d, J = 7.9 Hz, 1H), 7.68 (d, J 

= 7.8 Hz, 1H), 7.63 (d, J = 8.2 Hz, 1H), 7.61 ï 7.56 (m, 2H), 7.51 ï 7.45 (m, 5H), 7.44 (t, J = 8.2 

Hz, 1H), 7.37 ï 7.30 (m, 4H), 7.30 (d, J = 9.4 Hz, 1H), 7.28 ï 7.22 (m, 2H). 13C NMR (176 MHz, 

CD2Cl2): ŭ 136.51, 134.50, 131.43, 130.33, 128.49, 128.05, 127.95, 127.21, 126.83, 126.30, 

126.07, 126.02, 125.63, 124.63, 123.59, 122.99, 122.86, 122.80, 121.85, 120.34, 120.12, 120.06, 

118.00, 117.89. HR-EIMS (m/z): [M] + calcd. for C30H19N: 393.1517; found: 393.1511. 

Synthesis of 3.7: 8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide (300 mg, 1.01 mmol), DIPEA 

(131 mg, 1.01 mmol) and A7 (750 mg, 0.84 mmol) were reacted in toluene (15 ml) at 110 
o
C in a 

50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the solvent was 

removed in vacuo and the product was isolated by column chromatography on silica gel using 

hexane/dichloromethane (15:1) as an eluent. The product 3.7 was isolated as a yellow solid 

(130 mg, 28% yield). 

3.7. 1H NMR (700 MHz, CD2Cl2): ŭ 8.36 (d, J = 8.1 Hz, 1H), 8.25 (d, J = 7.9 Hz, 1H), 7.77 (d, J 

= 8.1 Hz, 1H), 7.72 ï 7.67 (m, 2H), 7.58 (t, J = 7.8 Hz, 1H), 7.48 ï 7.42 (m, 2H), 7.41 ï 7.37 (m, 

2H), 7.35 (t, J = 7.5 Hz, 1H), 7.32 ï 7.27 (m, 3H), 7.26 (t, J = 7.4 Hz, 1H), 7.24 ï 7.18 (m, 2H). 

13C NMR (176 MHz, CD2Cl2): ŭ 137.25, 135.27, 133.34, 132.86, 132.51, 132.35, 131.24, 129.29, 

128.87, 128.43, 127.53, 126.87, 126.71, 126.67, 126.31, 126.21, 125.59, 125.43, 124.48, 123.82, 

123.21, 123.17, 123.13, 123.01, 122.86, 120.77, 120.12, 120.02, 119.16, 118.65, 118.36, 118.23. 

HR-EIMS (m/z): [M] + calcd. for C30H17NBr2: 548.9728; found: 548.9726. 
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Synthesis of 3.8: 8H-pyrido[3,2,1-de]phenanthridin-7-ium bromide (300 mg, 1.01 mmol), DIPEA 

(131 mg, 1.01 mmol) and A8 (460 mg, 0.84 mmol) were reacted in toluene (15 ml) at 110 
o
C in a 

50 ml sealed tub for 3 days. After the mixture was cooled to room temperature, the solvent was 

removed in vacuo and the product was isolated by column chromatography on silica gel using 

hexane/dichloromethane (10:1) as an eluent. The product 3.8 was isolated as a yellow solid 

(434 mg, 28% yield). 

3.8. 1H NMR (700 MHz, CD2Cl2): ŭ 8.34 (d, J = 8.1 Hz, 1H), 8.24 (d, J = 7.9 Hz, 1H), 7.76 (d, J 

= 8.8 Hz, 1H), 7.69 ï 7.65 (m, 2H), 7.58 (t, J = 7.8 Hz, 1H), 7.54 (d, J = 7.9 Hz, 2H), 7.46 ï 7.42 

(m, 3H), 7.38 (d, J = 7.9 Hz, 2H), 7.32 (d, J = 9.4 Hz, 1H), 7. 29 (d, J = 7.9 Hz, 2H), 7.22 (t, J = 

7.2 Hz, 1H), 6.90 (s, 1H), 6.88 (s, 1H), 2.36 (s, 12H), 2.09 (s, 12H), 2.05 (s, 12H). 13C NMR (176 

MHz, CD2Cl2): ŭ 145.25, 143.30, 141.83, 140.82, 140.69, 140.38, 138.77, 138.51, 138.30, 136.14, 

136.12, 131.30, 131.20, 129.70, 128.19, 128.12, 127.80, 126.61, 126.33, 126.21, 125.55, 124.76, 

123.70, 122.99, 122.78, 121.90, 120.61, 120.44, 119.63, 118.18, 117.81, 23.21, 20.98, 20.96. HR-

EIMS (m/z): [M] + calcd. for C66H61NB2: 889.4990; found: 889.5028.  

3.3.3 X-ray Crystallography 

Crystals of 3.1b, 3.2a and 3.7 were grown by the slow evaporation of a concentrated hexanes: 

ethyl acetate (4:1) solution. Single crystals were mounted on a glass fiber and diffraction data were 

collected on a Bruker D8-Venture diffractometer with Mo-target (ɚ = 0.71073 ¡) at 180 K 

operating at 50 kV and 30 mA. Data were processed using the Bruker SHELXTL software package 

(version 6.10)13 and corrected for absorption effects. All non-hydrogen atoms were refined 

anisotropically. The crystal data have been deposited at the Cambridge Crystallographic Data 

Centre (CCDC No. 1911230 for 3.1b, 1911231 for 3.2a). 
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Table 3-5 Crystal data and structure refinement for 3.1b, 3.2a, and 3.7 

 3.1b 3.2a 3.7 

Empirical formula C49H36BCl3F5N C49H39BCl3F3N2 C60H34Br4N2 

Formula weight 850.95 829.98 1102.53 

Crystal system Monoclinic Triclinic Monoclinic 

Space group P21/c P-1 P21/n 

a/ Å 8.2594(11) 8.5885(6) 7.8544(16) 

b/ Å 24.311(2) 14.6907(12) 30.668(5) 

c/ Å 20.696(2) 16.3399(13) 18.675(3) 

a/ ° 90 93.829(3) 90 

b/ ° 97.933(5) 94.403(3) 92.054 

g/ ° 90 98.387 90 

V/ Å
3
 4115.9(8) 2027.2(3) 4495.5(14) 

Z 4 2 4 

Density (calculated)  1.373 Mg/m
3
 1.360 Mg/m

3
 1.629 Mg/m

3
 

Absorption 

coefficient  
0.282 mmï1 0.278 mmï1 3.626 mmï1 

Index ranges 

ï10<=h<=10,  

ï31<=k<=31,  

ï26<=l<=26 

ï11<=h<=11,  

ï19<=k<=19,  

ï21<=l<=21 

ï10<=h<=10, 

ï39<=k<=39, 

ï23<=l<=23 

Reflections collected 64838 67617 71264 

Completeness to 

theta 
99.9 % (25.242°) 99.9 % (25.242°) 99.9 % (25.242°) 

Goodness-of-fi t on 

F2 
1.023 1.051 1.079 

Final R indices 

[I>2sigma(I)] 

R1 = 0.0675,  

wR2 = 0.1587 

R1 = 0.0806,  

wR2 = 0.1959 

R1 = 0.0723, 

wR2 = 0.1851 

R indices (all data) 
R1 = 0.1391, 

wR2 = 0.2030 

R1 = 0.2054,  

wR2 = 0.2983 

R1 = 0.0997, 

wR2 = 0.2019 
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Table 3-6 Selected bond lengths [Å] and angles [°] for 3.1b 

N(1)-C(18) 1.382(4) C(22)-B(1)-C(25) 118.4(3) 

N(1)-C(3) 1.388(4) C(22)-B(1)-C(34) 115.5(3) 

N(1)-C(4) 1.389(4) C(25)-B(1)-C(34) 126.1(3) 

B(1)-C(22) 1.570(5) C(18)-N(1)-C(3) 125.2(2) 

B(1)-C(25) 1.570(5) C(18)-N(1)-C(4) 124.0(2) 

B(1)-C(34) 1.577(5) C(3)-N(1)-C(4) 110.9(2) 

C(1)-C(4) 1.385(4) C(4)-C(1)-C(2) 108.7(3) 

C(1)-C(2) 1.418(4) C(4)-C(1)-C(43) 127.1(3) 

C(1)-C(43) 1.481(4) C(2)-C(1)-C(43) 124.1(3) 

C(2)-C(3) 1.390(4) C(3)-C(2)-C(1) 107.8(3) 

C(2)-C(19) 1.485(4) C(3)-C(2)-C(19) 127.5(3) 

  C(1)-C(2)-C(19) 124.7(3) 

 

 

 

Figure 3.17 A diagram showing the structure of 3.1b with labeling schemes. 
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Figure 3.18 A diagram showing the intermolecular stacking of the IDP core of 3.1b. 

 

Table 3-7 Selected bond lengths [Å] and angles [°] for 3.2a 

N(1)-C(18) 1.382(5) C(31)-B(1)-C(40) 123.5(3) 

N(1)-C(3) 1.395(5) C(31)-B(1)-C(24) 117.6(4) 

N(1)-C(4) 1.383(5) C(40)-B(1)-C(24) 118.7(3) 

B(1)-C(31) 1.577(6)    C(4)-N(1)-C(18) 123.4(3) 

B(1)-C(40) 1.580(6) C(4)-N(1)-C(3) 110.7(3) 

B(1)-C(24) 1.581(6) C(18)-N(1)-C(3) 125.9(3) 

N(2)-C(29) 1.336(5) C(29)-N(2)-C(35) 117.4(3) 

N(2)-C(25) 1.351(5) C(4)-C(1)-C(2) 107.5(3) 

C(1)-C(4) 1.386(5) C(4)-C(1)-C(19) 121.7(3) 

C(1)-C(2) 1.422(5) C(2)-C(1)-C(19) 130.7(4) 

C(1)-C(19) 1.492(5) C(3)-C(2)-C(1) 108.7(3) 

C(2)-C(3) 1.395(5) C(3)-C(2)-C(25) 127.5(3) 

C(2)-C(25) 1.485(5) C(1)-C(2)-C(25) 123.8(3) 
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Figure 3.19 A diagram showing the structure of 3.2a with labeling schemes. 

 

Table 3-8 Selected bond lengths [Å] and angles [°] for 3.7. 

N(1)-C(2) 1.378(7) C(2)-N(1)-C(17) 111.3(4) 

N(1)-C(17) 1.388(7) C(2)-N(1)-C(14) 125.6(5) 

N(1)-C(14) 1.392(7) C(17)-N(1)-C(14) 123.0(4) 

Br(1)-C(24) 1.902(7) C(17)-C(18)-C(1) 108.4(5) 

Br(2)-C(26) 1.889(6) C(17)-C(18)-C(25) 125.4(5) 

C(1)-C(2) 1.413(7)   C(1)-C(18)-C(25) 125.6(5) 

C(1)-C(18) 1.421(8) C(18)-C(1)-C(19) 122.2(5) 

C(1)-C(19) 1.482(7) C(2)-C(1)-C(18) 107.4(5) 

C(17)-C(18) 1.397(8) C(2)-C(1)-C(19) 129.9(5) 

C(18)-C(25) 1.490(8)   
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Figure 3.20 A diagram showing the structure of 3.7 with labeling schemes. 

 

3.3.4 DFT-TD-DFT Calculations 

All calculations were performed using the Gaussian 09 suite of programs14 at the Center for 

Advanced Computing at Queenôs University. Geometry optimizations and vertical excitations of 

all compounds were obtained at the B3LYP15/ 6-31g(d)16 level of theory. The Gibbs free energies 

were obtained by performing frequency analysis, which also confirmed all optimized structures 

were stationary points. 

 

3.4 Conclusions 

In conclusion, a series of fluorescent indolizino[6,5,4,3-def]phenanthridine (IDP) derivatives were 

synthesized by 1,3-dipolar cycloaddition of a new azomethine ylide with selected asymmetric 

internal, symmetric internal and terminal alkynes. The discussions were focused on the three pairs 

of push-pull regioisomers that contain a triarylboron unit along with a C6F5, or a CF3-py/CH3-py 
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substituent and the comparison with the previously established indolizino[3,4,5-ab]isoindole (IDI) 

system. Each pair of the regioisomers displays distinct photophysical properties and temperature-

dependent fluorescence. Noteworthy, interesting and rare temperature turn-on fluorescence was 

observed for one pair of the regioisomers, which provides a new opportunity for the exploration 

of organoboron-based molecular thermometer systems. 
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3.5 Supporting Information  

3.5.1 NMR Spectra 

 

 

Figure 3.21 1H NMR spectrum and 13C NMR spectrum of 8H-pyrido[3,2,1-de]phenanthridin-7-

ium bromide in DMSO-d6. 
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Figure 3.22 1H NMR spectrum and 13C NMR spectrum of compound A1 in CD2Cl2. 
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Figure 3.23 1H NMR spectrum and 13C NMR spectrum of compound A2 in CD2Cl2. 
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Figure 3.24 1H NMR spectrum and 13C NMR spectrum of compound 3.1a in CD2Cl2. 
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Figure 3.25 1H NMR spectrum and 13C NMR spectrum of compound 3.1b in CD2Cl2. 
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Figure 3.26 1H NMR spectrum and 13C NMR spectrum of compound 3.2a in CD2Cl2. 



104 

 

 

 

 

 

Figure 3.27 1H NMR spectrum and 13C NMR spectrum of compound 3.2b in CD2Cl2. 
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Figure 3.28 11B NMR spectrum of compound 3.2b in toluene-d 
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Figure 3.29 1H NMR spectrum and 13C NMR spectrum of compound 3.3a in CD2Cl2. 
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Figure 3.30 1H NMR spectrum and 13C NMR spectrum of compound 3.3b in CD2Cl2. 
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Figure 3.31 1H NMR spectrum and 13C NMR spectrum of compound 3.4 in CD2Cl2. 
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Figure 3.32 1H NMR spectrum and 13C NMR spectrum of compound 3.5 in CD2Cl2. 
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Figure 3.33 1H NMR spectrum and 13C NMR spectrum of compound 3.6 in CD2Cl2. 
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Figure 3.34 1H NMR spectrum and 13C NMR spectrum of compound 3.7 in CD2Cl2. 
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Figure 3.35 1H NMR spectrum and 13C NMR spectrum of compound 3.8 in CD2Cl2 
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3.5.2 UV-vis and Fluorescent Spectra 

 

Figure 3.36 UV-vis spectra of compounds 3.1a and 3.1b in CH2Cl2 and toluene (c=2×10ī5M). 

 

 

Figure 3.37 UV-vis spectra of compounds 3.2a and 3.2b in CH2Cl2 and toluene (c=2×10ī5M). 

 

 

Figure 3.38 UV-vis spectra of compounds 3.3a and 3.3b in CH2Cl2 and toluene (c=2×10ī5M). 
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Figure 3.39 Fluorescence spectra of compounds 3.1a and 3.1b in CH2Cl2 and toluene (c= 2×10ī5 

M).  

 

Figure 3.40 Fluorescence spectra of compounds 3.2a and 3.2b in CH2Cl2 and toluene (c= 2×10ī5 

M).  

 

Figure 3.41 Fluorescence spectra of compounds 3.3a and 3.3b in CH2Cl2 and toluene (c=2×10ī5 

M). 
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Figure 3.42 Fluorescence spectra of compounds 3.1a and 3.1b at different concentrations of 

CH2Cl2 solution. 

 

Figure 3.43 Fluorescence spectra of compounds 3.2a and 3.2b at different concentrations of 

CH2Cl2 solution. 

 

Figure 3.44 Fluorescence spectra of compounds 3.3a and 3.3b at different concentrations of 

CH2Cl2 solution. 
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3.5.3 TD-DFT Computational Calculation Data 

 

 

Figure 3.45 HOMO of 8H-pyrido[3,2,1-de]phenanthridine-7-ium-8-ide (top left) and LUMO of 

the internal alkynes used for the synthesis of 3.1a/3.1b (top right), 3.2a/3.2b (bottom left) and 

3.3a/3.3b (bottom right). 
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Table 3-9 TD-DFT calculated electronic transition configurations for 3.1a along with their 

corresponding excitation energies and oscillator strengths  

Spin State Transition Configuration 

Excitation Energy      

(nm, eV) 

Oscillator Strength 

S1 HOMO Ÿ LUMO (98%) 419.41 (2.9561) 0.3002 

S2 

HOMO Ÿ LUMO+1 (71%) 

376.80 (3.2904) 0.0816 

HOMO Ÿ LUMO+2 (21%) 

S3 

HOMO Ÿ LUMO+1 (22%) 

366.16 (3.3860) 0.0367 

HOMO Ÿ LUMO+2 (63%) 

S4 HOMOï2 Ÿ LUMO (87%) 350.62 (3.5361) 0.0749 

S5 

HOMOï3 Ÿ LUMO (35%) 

340.40 (3.6423) 0.1465 

HOMOï1 Ÿ LUMO (48%) 

S6 

HOMOï3 Ÿ LUMO (18%) 

335.92 (3.6909) 0.0153 HOMO Ÿ LUMO+3 (53%) 

HOMO Ÿ LUMO+4 (10%) 
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Table 3-10 Primary orbitals which contribute to the calculated transitions of 3.1a (iso = 0.03) 
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Table 3-11 TD-DFT calculated electronic transition configurations for 3.1b along with their 

corresponding excitation energies and oscillator strengths  

Spin State Transition Configuration 

Excitation Energy        

(nm, eV) 

Oscillator Strength 

S1 HOMO Ÿ LUMO (98%) 422.64 (2.9335) 0.0935 

S2 HOMO Ÿ LUMO+1 (89%) 381.87 (3.2468) 0.1827 

S3 HOMO Ÿ LUMO+2 (82%) 365.52 (3.3920) 0.0342 

S4 HOMOï2 Ÿ LUMO (94%) 355.66 (3.4860) 0.0798 

S5 

HOMOï3 Ÿ LUMO (42%) 

342.89 (3.6158) 0.2322 

HOMOï1 Ÿ LUMO (50%) 

S6 

HOMOï4 Ÿ LUMO (37%) 

334.65 (3.7049) 0.0438 HOMOï3 Ÿ LUMO (34%) 

HOMOï1 Ÿ LUMO (12%) 
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Table 3-12 Primary orbitals which contribute to the calculated transitions of 3.1b (iso = 0.03) 
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Table 3-13 TD-DFT calculated electronic transition configurations for 3.2a along with their 

corresponding excitation energies and oscillator strengths  

Spin State Transition Configuration 

Excitation Energy      

(nm, eV) 

Oscillator Strength 

S1 HOMO Ÿ LUMO (98%) 454.40 (2.7285) 0.0050 

S2 HOMO Ÿ LUMO+1 (95%) 420.64 (2.9475) 0.0985 

S3 

HOMO Ÿ LUMO+2 (40%) 

379.56 (3.2665) 0.0763 

HOMO Ÿ LUMO+4 (10%) 

S4 

HOMO Ÿ LUMO+3 (10%) 

368.08 (3.3684) 0.0346 

HOMO Ÿ LUMO+4 (73%) 

S5 HOMOï1 Ÿ LUMO (83%) 365.90 (3.3884) 0.0175 

S6 

HOMO Ÿ LUMO+3 (85%) 

359.42 (3.4495) 0.0049 

HOMO Ÿ LUMO+4 (11%) 
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Table 3-14 Primary orbitals which contribute to the calculated transitions of 3.2a (iso = 0.03) 
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Table 3-15 TD-DFT calculated electronic transition configurations for 3.2b along with their 

corresponding excitation energies and oscillator strengths 

 

Spin State Transition Configuration 

Excitation Energy            

(nm, eV) 

Oscillator 

Strength 

S1 

HOMO Ÿ LUMO (43%) 

438.10 (2.8301) 0.0079   

HOMO Ÿ LUMO+1 (55%) 

S2 

HOMO Ÿ LUMO (53%) 

409.62 (3.0268) 0.2106   

HOMO Ÿ LUMO+1 (42%) 

S3 

HOMO Ÿ LUMO+2 (50%) 

375.03 (3.3060) 0.0243   

HOMO Ÿ LUMO+3 (37%) 

S4 

HOMOï1 Ÿ LUMO (37%) 

367.50 (3.3737) 0.0309   

HOMOï1 Ÿ LUMO+1 (54%) 

S5 

HOMO Ÿ LUMO+2 (40%) 

355.17 (3.4909) 0.0151   

HOMO Ÿ LUMO+3 (50%) 

S6 

HOMOï1 Ÿ LUMO (45%) 

350.66 (3.5358) 0.1166   

HOMOï1 Ÿ LUMO+1 (28%) 
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Table 3-16 Primary orbitals which contribute to the calculated transitions of 3.2b (iso = 0.03) 
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Table 3-17 TD-DFT calculated electronic transition configurations for 3.3a along with their 

corresponding excitation energies and oscillator strengths 

 

Spin State Transition Configuration 

Excitation Energy          

(nm, eV) 

Oscillator Strength 

S1 HOMO Ÿ LUMO (98%) 464.68 (2.6682) 0.0070 

S2 HOMO Ÿ LUMO+1 (82%) 384.60 (3.2237) 0.1676 

S3 HOMO Ÿ LUMO+2 (85%) 378.79 (3.2732) 0.0422 

S4 HOMO Ÿ LUMO+3 (79%) 370.39 (3.3474) 0.0150 

S5 HOMOï1 Ÿ LUMO (84%) 369.02 (3.3598) 0.0142 

S6 

HOMOï3 Ÿ LUMO (27%) 

344.02 (3.6040) 0.0032 

HOMOï2 Ÿ LUMO (71%) 
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Table 3-18 Primary orbitals which contribute to the calculated transitions of 3.3a (iso = 0.03) 

 

 

 

 

 

 

 

 

 


























