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ABSTRACT: 

A convenient transition metal-free approach, based on nucleophilic substitution of hydrogen 

(SN
H), for consecutive regioselective C-H functionalization of 1,3,7-triazapyrene scaffolds with 

carboranyllithium and phenyllithium is reported. The theoretical calculations disclosed highlight key 

features in the regioselectivity and mechanism of the investigated SN
H transformations. The novel 

1,3,7-triazapyrene-based ortho-carboranes obtained have a large potential for the field of molecular 

electronics as organic luminophores, which are characterised by the aggregation-induced emission 

(AIE) and dual-emission effects. 

Key words: carboranes, triazapyrene, nucleophilic substitution of hydrogen, photoluminescent 

materials, aggregation induced emission 

 

INTRODUCTION 

Organic luminescent materials attract considerable interest due to their versatile opportunities 

for the design of optoelectronic devices, such as organic light-emitting diodes (OLEDs),1 organic 

field-effect transistors (OFETs),2 light-emitting electrochemical cells (LEC),3 solar cells,4 flat-panel 

displays,5 optical sensors,6 and also as fluorescent labels for living systems.7 One of the central 

obstacles, which hampers the wide utilization of these materials, is related to the decrease and/or 

quenching of the photoluminescence in concentrated solutions or in the solid state, also known as the 

Aggregation Caused Quenching (ACQ) effect.8 Interestingly, the Aggregation Induced Emission 

(AIE) phenomenon, first reported in 2001,9 is one of the possible solutions to overcome this ACQ 

problem. The AIE effect is based on the restriction of intramolecular movement (including rotation 

and vibration), thereby inhibiting non-radiative decays, resulting in a high fluorescence emission. 

Various types of AIE-active molecules have been reported, which includes functional derivatives of 

poly(hetero)cyclic compounds, polymers, and organometallic complexes.10 
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Recently, photoactive organoboron compounds, in particular functional derivatives of 

carboranes (e.g., C2B10H12), received renewed attention as organic fluorophores.11 Due to the excellent 

suppression of ACQ, the ortho-carborane moiety is an attractive entity to construct solid state 

luminescent materials with advanced photophysical characteristics.12 Moreover, one can find the 

diverse applications of carborane-based materials in catalysis,13 medicine,14 neutron detection and 

photovoltaics.15 The majority of these carborane-containing compounds are boron clusters attached to 

polycyclic aromatic hydrocarbons (PAHs), which are well-proven as advanced photoactive 

materials.12,16 At the same time, incorporation of heteroatoms containing a lone pair (e.g., nitrogen) 

in the structure of the arene-moiety turns out to have a beneficial influence on the overall 

photoluminescence properties of boron-enriched compounds. This characteristic could be attributed 

to the specific electronic and spatial effects that take place between the azaheteroarene and carborane 

moieties via intra- and intermolecular hydrogen bonds. In addition, the energy gap between the 

electronic states is diminished because of the higher electron density of heterocyclic carborane 

molecules.17 

Among the condensed polycyclic azaarenes, the molecular systems based on azapyrenes (Figure 

1) appear to be of particular interest since the inclusion of nitrogen atoms into the pyrene framework 

not only affects the electronic characteristics (affording organic semiconductors,18 redox-active 

molecules19 and key building blocks of molecular machines20), but also the biological properties 

providing opportunities to be used as DNA intercalators21 and as antitumor compounds.22 However, 

the state of the art is lacking a general approach to produce functionalized azapyrenes derivatives with 

various architectures, which limits widespread distribution of azapyrenes.18a,23 Notably, among the 

family of azapyrenes, 1,3,7-triazapyrenes and their functional derivatives are still particularly poorly 

studied. Unsubstituted and carbon-substituted 1,3,7-triazapyrenes (3) can be synthesized by heating 

pyrimidines with 1,3,5-triazines in polyphosphoric acid (PPA) (Scheme 1, Route A).24 However, 

though very useful to make 1,3,7-triazapyrene itself, the substituent type that can be introduced via 
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this method is rather limited. The reaction of 1,3,7-triazapyrene (3) with electron-rich arenes in 

concentrated hydrochloric acid yields a limited amount of 6-aryl-1,3,7-triazapyrenes (Scheme 1, 

Route B).25 Oxidative nucleophilic alkoxylation (Scheme 1, Route C)26 and (alkyl)amination (Scheme 

1, Routes D27 and E28) have also been examined to deliver C(6)-heterosubstituted 1,3,7-triazapyrenes. 

Interestingly, only the C(6)-regioisomer has been obtained for those examples. Other 

functionalizations of the 1,3,7-triazapyrene (3) scaffold have not been examined to the best of our 

knowledge and the introduction of aliphatic substituents has been limited to methyl. In this 

manuscript, a convenient synthetic approach towards bulky aliphatic carborane(1)-containing 

derivatives of 1,3,7-triazapyrenes (3) is reported, combining the electronic characteristics of 

carboranes and azapyrenes, as well as photophysical studies of these novel luminophores (Scheme 1, 

Route F). 

 

Figure 1. Examples of practically useful azapyrenes. 
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Scheme 1. State of the art (A-E) and envisioned C-H functionalization of 1,3,7-triazapyrene (3) with 

organolithiums (2). 

 

RESULTS AND DISCUSSION 

Coupling of 1,3,7-triazapyrene (3) with carboranyllithium (2) 

The direct C-H functionalization29 of 1,3,7-triazapyrene (3) with organolithiums via 

nucleophilic substitution of hydrogen (SN
H reaction)30 was studied as it neither requires preliminary 

installation of a leaving group, nor catalysis by transition metals. In particular, the reaction of 1,3,7-

triazapyrene (3) with carboranyllithium (2), generated in situ from n-BuLi and o-carborane (1),31 was 

investigated (Scheme 1 and Table 1). This C(sp2)-H functionalization proceeds in two stages. Initially, 

nucleophilic reactant 2 is added to the azomethine (–CH=N–) bond of 3 to form the anionic σH-adduct 

4. Subsequent rearomatization of intermediate 4, delivers stable SN
H product 5. The rearomatization 
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of the triazapyrene moiety requires an external oxidant for rearomatization and the reaction can 

therefore be classified as an oxidative SN
H.32 

A screening of the reaction conditions (reactants ratio, oxidizing agent, exposure time after the 

addition of the oxidant and temperature) to obtain 1-(1,3,7-triazapyrene-6-yl)-1,2-dicarba-closo-

dodecaborane (5) or its regioisomer 1-(1,3,7-triazapyrene-2-yl)-1,2-dicarba-closo-dodecaborane 5’ 

was carried out (Table 1). Air only gave traces of 5 (Table 1, Entries 1-3), while the yield was 

considerably improved with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ) as an oxidant (Table 

1, Entries 4-5). Reflux gave a better result than performing the reaction mixture at room temperature 

(Table 1, Entries 5 and 6). Alteration of the oxidant loading or the reaction time did not lead to a 

higher yield of 5 (Table 1, Entries 11). Finally, chloranils were not successful as oxidants for this 

transformation (Table 1, Entries 12-13). It should also be noted that there were no side products found, 

unreacted starting materials, namely, 40% of unreacted carborane 1 and 42% of the starting 

triazapyrene 3 being recovered.  

 

Table 1. Optimization of the reaction conditions for the coupling of 1,3,7-triazapyrene (3) with 

carboranyllithium (2). 
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Entry 3 (equiv) Oxidantb
 (equiv) 

Temperature 

(oC)c 

Time (h)d 

Yield 5 

(%)e 

Yield 5’ (%) 

1 1.1 O2 (air) RT 1 <5 0 

2 1.1 O2 (air) RT 2 <5 0 

3 1.1 O2 (air) RT 3 8 0 

4 1.1 DDQ (1.5) RT 2 17 0 

5 1.1 DDQ (1.5) RT 3 21 0 

6 1.1 DDQ (1.5) Reflux 3 35 0 

7 1.1 DDQ (1.2) Reflux 3 26 0 

8 1.1 DDQ (2.0) Reflux 3 35 0 

9 1.0 DDQ (1.5) Reflux 3 24 0 

10 1.2 DDQ (1.5) Reflux 3 35 0 

11 1.1 DDQ (1.5) Reflux 4 35 0 

12 1.1 o-chloranil (1.5) Reflux 3 <5 0 

13 1.1 p-chloranil (1.5) Reflux 3 <5 0 

a The reaction was carried out in dry THF (0.5 M) using carboranyllithium (2) prepared from o-

carborane (1.0 equiv) and n-BuLi (1.1 equiv) at −78 °C.  
b Oxidant was added to the reaction mixture at room temperature; DDQ = 2,3-dichloro-5,6-

dicyano-1,4-benzoquinone, o-choranil = 3,4,5,6-tetrachloro-1,2-benzoquinone, p-choranil = 

2,3,5,6-tetrachloro-1,4-benzoquinone.  
c The temperature at which the reaction mixture was stirred after addition of the oxidant. 
d Exposure time after addition of the oxidant.  
e Isolated yield.  

 

Despite the presence of two positions active for nucleophilic attack in 1,3,7-triazapyrene (С(2) 

and C(6)), interestingly only one single regioisomer (C(6)) has been isolated (Table 1). To investigate 

the regioselectivity of this reaction, first the Fukui function for nucleophilic attack (f+) on 3 was 

calculated using Density Functional Theory (DFT) (see Figure S27). This calculation showed that 

1,3,7-triazapyrene (3) is most susceptible for a nucleophilic attack at C(6) compared to C(2), which is 
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in accordance with the experimental results. Since the Fukui function is based on the molecular 

electron density and for example does not take steric effects in the transition states into account, the 

regioselectivity was further investigated by calculating the free energy profile of the reaction 

mechanism using DFT (Figure 2). The solid green line shows the reaction pathway when 

carboranyllithium (2) attacks 1,3,7-triazapyrene (3) at the C(6)-position. The first transition state (TS 

1) corresponds to the σH-adduct 4 (intermediate). This TS 1 for the addition at C(6) is Δ‡G° = 16.0 

kcal/mol, while this barrier at C(2) is Δ‡G° = 18.6 kcal/mol. Comparing this first barrier (TS 1) of the 

two pathways reveals that a nucleophilic attack at C(6) is therefore ΔΔ‡G° = 2.5 kcal/mol lower in 

energy than the attack at C(2). There is thus a kinetic preference for the attack at C(6), which explains 

why only regioisomer 5 is experimentally formed. It should also be noted that the intermediate formed 

after addition at C(6) is more stable than that at C(2). The intermediate σH-adduct 4, forms a pre-

complex with oxidant DDQ by a parallel π–π stacking interaction from which oxidation subsequently 

takes place (TS 2) leading to product 5. 

The Li+ cation present in the reaction mixture, can interact with the solvent as well as with the 

different nitrogen atoms of substrate 3, or with the oxygen or nitrogen atoms in DDQ. For example, 

for TS 2, there are different coordination spheres of Li+ possible (SI, Cartesian coordinates of all 

optimized structures), yet they are lower in energy than TS 1. Therefore, to verify our conclusion, also 

the free energy profiles of the reaction without the Li+ counterion were computed as shown in Figure 

2 (dotted lines). These calculations confirm that nucleophilic addition of 2 still exclusively occurs at 

the C(6)-position with TS 1 being 2.5 kcal/mol lower than the addition at C(2), once more in 

accordance with the regioselectivity of our reaction. 
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Figure 2. Free energy reaction profile for the reaction of carboranyllithium (2) with 1,3,7-

triazapyrene (3) using DDQ as oxidant calculated at the IEFPCM/ωB97XD/6-311+G(2d) level of 

theory. The solid lines indicate that the Li+ counterion was included in the calculations. The dotted 

lines correspond to the same respective free energy profiles, calculated without the Li+ as 

counterion. The green lines indicate the attack of 2 on the C(6) of 3; the red lines correspond to the 

attack of 2 at C(2).  

 

Functionalization of 1,3,5-triazapyrene (3) via oxidative SN
H 

The obtained triazapyrenylcarborane 5 is a C(6) mono-substituted derivative still containing two 

azomethine moieties at C(2) and C(8) of the triazapyrene moiety that are theoretically accessible for 

the further oxidative SN
H. Substituted triazapyrenylcarborane isomeric molecules are expected to 

possess different photophysical properties due to the variabilities in both electronic and spatial 

interactions between the triazapyrene core and the incorporated substituent. Functionalization of 

alicyclic pyrene at the C(1), C(3), C(6), and C(8) position was previously shown to result in significant 

red-shifts in the emission spectra of the obtained products, while substitution at the C(2) and C(7) 
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position had only a limited effect on the emission maximum.33 It was also reported that the 

introduction of carborane in different positions of the pyrene affected the possibility of the free 

rotation of carborane, thereby changing the ratio of non-radiative decay and ICT-based radiation.34 In 

addition, incorporation of aromatic fragments expanding the π-conjugated system of the molecule was 

demonstrated to improve the photophysical characteristics,12,16a,35 providing the further fine tuning of 

the luminescent properties. Based on this, a further modification of 5 via SN
H with phenyllithium as 

the coupling partner has been carried out (Scheme 2). While carboranyllithium 2 reacted selectively 

at C(6) of 1,3,7-triazapyrene (3), the coupling of 5 with PhLi occurs both on C(2) and C(8). 

Consequently, two regioisomers: 2-phenyl-1,3,7-triazapyrenyl-carborane (8) and 8-phenyl-1,3,7-

triazapyrenyl-carborane 9 are isolated in 41% and 17% yield, respectively. Besides, up to 20% of 

starting triazapyrenylcarborane 5 can also be recovered to prepare the target bifunctionalized 

triazapyrenes. 

 

Scheme 2. Synthesis of regioisomers 1-(2-phenyl-1,3,7-triazapyrene-6-yl)-1,2-dicarba-closo-

dodecaborane (8) and 1-(8-phenyl-1,3,7-triazapyrene-6-yl)-1,2-dicarba-closo-dodecaborane (9) from 

1-(1,3,7-triazapyrene-6-yl)-1,2-dicarba-closo-dodecaborane (5). 
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To explain a mixture of regioisomers was obtained in this case, first the Fukui function for 

nucleophilic attack (f+) was calculated with DFT (Figure S28). In this case, however, f+ indicates a 

preference for a nucleophilic attack at C(8) compared to C(2). This is not in accordance with the 

experimental observation that both products 8 and 9 are formed. This could indicate that here steric 

interactions influence the transition states for the formation of the σH-adducts (TS 1). Therefore, the 

transition states for a nucleophilic attack on the two positions C(2) and C(8) of 5 were subsequently 

calculated with DFT (Figure 3). The barrier for the nucleophilic attack at C(2) is Δ‡G° = 15.4 kcal/mol 

and Δ‡G° = 15.8 kcal/mol for the attack at C(8). Both barriers are lower than the TS 1 of the coupling 

of 2 and 3 (Figure 2). Furthermore, the relative difference of ΔΔ‡G° = 0.4 kcal/mol is not a significant 

kinetic difference between the nucleophilic addition on carbon C(2) versus C(8) in the reaction of 5 

with PhLi. As a result, both intermediates 6 and 7 are formed. This explains why both product 8 and 

9 are obtained upon oxidation with DDQ. Since the energetic difference of 0.43 kcal/mol is within the 

error of the computational methodology, a more detailed interpretation of the results cannot be 

performed, e.g., on the relative ratio of the products. Such an in-depth computational study would 

require, among other things, to include solvent molecules explicitly in the DFT calculations, which 

extends beyond the scope of this study. The Li+ counterion affects the energy profiles here (compare 

the solid lines and the dotted lines in Figure 3). While the attack on C(8) is indicated by the Fukui 

function to be more susceptible to a nucleophilic attack, the coordination of the Li+ ion by the N(7) in 

that transition state (TS 1), is sterically hindered by the carboranyl group. As a result, both C(8) and 

C(2) are almost equally susceptible for a nucleophilic attack by PhLi. The subsequent oxidation by 

DDQ occurs almost barrierless (TS 2). 
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Figure 3. Free energy reaction profile of the reaction of phenyllithium with 1-(1,3,7-triazapyrene-6-

yl)-1,2-dicarba-closo-dodecaborane (5) and DDQ as oxidant calculated at the IEFPCM/ωB97XD/6-

311+G(2d) level of theory. The solid lines indicate that the Li+ counterion was included in the 

calculations. The dotted lines correspond to the same respective free energy profiles, calculated 

without the Li+ as counterion. The green lines indicate the attack of phenyllithium on the C(8) of 5; 

the red lines correspond to the attack on C(2) of 5. 

 

Characterization of heterocyclic carboranes 5, 8, and 9 

The synthesized triazapyrenylcarborane 5 and the phenyl-modified derivatives 8 and 9 were 

fully characterized via elemental analysis, IR, NMR spectroscopy (1H, 13C{1H} (APT), 11B, 1H-13C 

HSQC, 1H-13C HMBC experiments), and mass spectrometry. The absorption bands corresponding to 

the stretching vibrations of carborane B–B atoms (ν = 721 - 735 cm-1), B–H (ν = 2573 - 2587 cm-1) 

and C–H (ν = 3051 - 3072 cm-1) are observed in the IR spectra. In the 1H NMR spectra of 

azaheterocyclic carboranes 5, 8, and 9, the expected resonance signals of both carborane and 

heteroarene fragments are also observed. Particularly, the characteristic signals of substituted 

carborane are registered as two sets, namely 1H singlet of CCarb–H at δ 5.97 - 6.02 ppm and 10H 

broadened multiplets of B–H protons at δ 3.64 - 1.72 ppm. The resonance signals of triazapyrenyl and 
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phenyl moieties are presented as a set of singlets, doublets and multiplets at δ 9.96 - 7.59 ppm. In the 

1H NMR spectra of triazapyrenylcarborane 5 and phenyl-substituted derivatives 8 and 9, one can 

observe two characteristic singlets of protons at the C(2) and C(8) positions of the triazapyrene moiety 

presented in the spectrum of 5 (Figure 4a), meanwhile solitary singlets at δ 9.36 ppm and δ 9.92 are 

presented in the spectra of 8 (Figure 4b) and 9 (Figure 4c) correspondingly. Notably, protons of phenyl 

fragment are found to resonate at δ 8.85 - 8.83 ppm (2H) and at δ 7.61 - 7.59 ppm (3H) in case of 8 

(Figure 4b) and at δ 7.80 - 7.78 ppm (2H) and at δ 7.69 - 7.67 ppm (3H) in the spectrum of 9 (Figure 

4c). The chemical shifts of protons attached to the unsubstituted carborane carbon Ccarb–H are located 

in the field at δ 5.97 - 6.02 ppm, an insignificant shift to the stronger field is observed in case of 

compound 9. In the 13C NMR spectra of azinylcarboranes 5, 8 and 9, the resonance signals of the 

carbon nuclei attributed to the Ccarb–H are presented at δ 61.5 - 61.5 ppm and the ones associated 

with the triazapyrenyl moiety are located at δ 76.2 - 76.1 ppm. In the mass spectra for all 

carboranyltriazapyrenes, the corresponding molecular ion peaks [M]+ are registered as well. 
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Figure 4. Comparative 1H NMR (400 MHz) spectra of triazapyrenyl carboranes 5 (a), 8 (b), and 9 

(c) in CDCl3 at 295 K. 

 

UV/Vis absorption spectroscopy of heterocyclic carboranes 5, 8, and 9 

In order to evaluate the application potential of the carborane-modified 1,3,7-triazapyrenes as 

useful functional elements in the design of advanced optical materials, the photophysical properties 

have been studied. In particular, a preliminary assessment of photophysical characteristics was 

performed via UV-Vis absorption spectroscopy. Although unfunctionalized ortho-carborane is known 

to show extremely low absorbance,17b one can find interesting features in the absorption spectra of the 

synthesized heterocyclic carboranes 5, 8 and 9 in the region of 250 - 400 nm (Figure 5). Additional 

studies of solvent effects on the UV-Vis absorption spectra for carboranes 5, 8 and 9 have 

demonstrated no meaningfull “structure – properties” correlations (Figure S22), indicating that the 

ground state is not affected by the solvent polarity. The most distinct spectral differences comparing 

the spectra of the three compounds are the red-shift of the band at 356 nm in case of 9 compared with 

5 and 8, and the dominant band at 292 nm in the spectrum of 8. To assign the main absorption bands 

of 5, 8 and 9 and analyse the involved electronic transitions, TD-DFT calculations have been 

performed (see SI for details). The simulated spectra reproduce the experimental spectra very well 

(Figure 5B). It is worth noting that there is an expected arbitrary overestimation of the transition 

energies calculated with DFT, which should be taken into account when comparing with experiment.36 

Nonetheless, the relative spectral differences of 5, 8 and 9 are reproduced in the simulated spectra. 

For example, the band at 356 nm in the experimental spectrum of 9 is at longer wavelengths compared 

to the same spectral regions in 5 and 8, which is captured in the simulated spectra. Also, in the region 

200 - 325 nm, the relative differences in the experimental spectra of the three compounds and the 

dominant band in the spectrum of 8, are reproduced in the simulated spectra.  
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Figure 5. A. UV/Vis absorption spectra for heterocyclic carboranes 5, 8 and 9 at a concentration of 

1.0· 10-5 mol·L-1 in THF. The spectra were recorded at room temperature. B. TD-DFT computed 

absorption spectra (THF) of 5, 8 and 9 (see more detail in the SI). C. Representations of the 

molecular orbitals involved in the dominant band of 8 and the low energy band of 9. 

 

The compositions of the electronic transitions involved in specific absorbance bands are listed 

in Table 2. The low energy bands in the spectra arise from transitions 5A, 8A and 9A, which are 

mostly composed of HOMO → LUMO. As shown in figure 5C and figure S28, these molecular 

orbitals (MOs) are delocalised on the 1,3,7-triazapyrene moiety. While the phenyl group of 8 is only 

limited involved in these MOs, the HOMO of 9 is delocalized on both the triazapyrene and the phenyl 

group. This difference of the frontier orbitals of 9 with those of 5 and 8 explains the lowest energy 

band in the spectrum of 9 to be at a lower energy relative to the bands of 5 and 8. 
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The different position of the phenyl group in 8 and 9 affects the MOs as well as the orientation 

of this substituent. In 8 the phenyl group is in the same plane as the triazapyrene group, while the 

phenyl group of 9 is at an angle of 51° with the triazapyrene plane. The H-1 and L+1 of 8 are 

delocalized across this entire planar part of the molecule (Figure 5 C). The calculations show that the 

dominant band at 292 nm in the experimental spectrum of 8 arises from H-1 → L+1 (Table 2, entry 

8B), and therefore differs from the MO transitions involved in the same spectral region of 5 and 9, 

which have important contributions from other MOs as well (Table 2, entry 5B and 9B). 

The higher energy UV bands (see, e.g., C-D) arise from multiple more complex transitions. 

Overall, the spectral similarities and differences of 5, 8 and 9 depend on the electronic structure of the 

triazapyrene group and how it is affected by the position of the phenyl substituent in 8 and 9. Namely, 

the underlying nature and energy of the electronic transitions is different for each of the three isomers. 

 

Table 2. Experimental and theoretical absorption maxima of 5, 8 and 9, main computed transitions 

and oscillator strengths, and the compositions in terms of molecular orbitals (HOMO (H) and LUMO 

(L)).37 See more details and representations of the molecular orbitals in SI. 

Entry Experimental 

max 

Theoretical 

max 

Theoretical 

transition 

Oscillator 

strength 

Major 

contributions 

(nm) (nm) (nm) 
  

5A 330 309 309 0.6272 HOMO→LUMO 

(92%) 

5B 276 244 244 0.5479 H-1→LUMO (45%), 

HOMO→L+1 (47%) 

5C 237 219 221 0.4446 H-3→L+1 (44%), 

H-1→L+1 (35%) 

5D 237 219 217 0.5928 H-3→L+1 (27%), 

H-1→L+1 (49%)       

8A 341 309 308 0.6092 HOMO→LUMO 

(90%) 

8B 292 266 266 1.7260 H-1→L+1 (81%) 

8C - 219 218 0.2854 H-5→LUMO (59%), 

HOMO→L+2 (10%)       
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9A 355 326 326 0.7351 HOMO→LUMO 

(94%) 

9B 284 254 254 0.7262 H-4→LUMO (14%), 

H-2→LUMO (35%),  

HOMO→L+1 (32%) 

9C 240 218 218 0.3328 H-4→L+1 (18%), 

H-2→L+1 (15%), 

H-1→LUMO (15%) 

 

Fluorescence spectroscopy of heterocyclic carboranes 5, 8 and 9 

The fluorescence emission spectra for the obtained compounds have also been studied. As 

shown in Figure 6, structures of the emission spectra for compounds 5, 8 and 9 are similar and 

demonstrate several emission bands with different intensities at 365 nm and in the range from 450 to 

550 nm, probably related to local excitation (LE) states and intramolecular charge transfer (ICT) 

states, respectively. It is worth noting that the emission caused by the ICT state is significantly higher 

for phenyl-substituted derivative 9 and mono-substituted triazapyrene 5 in comparison with 

compound 8, in which the contributions of LE and ICT emissions appear to be practically equal. At 

the same time, there is a blue-shift of the ICT-emission band compared with that for 5 and 9 to 70 nm 

in the emission spectrum of 2-phenyl-1,3,7-triazapyrenyl-carborane (8). 

 

Figure 6. Normalized emission spectra for heterocyclic carboranes 5, 8, and 9. Sample preparation: 

1.0· 10-5 mol·L-1 in THF at room temperature; the excitation wavelength is 330 nm. 
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To gain insight in the emission mechanism that takes place in the triazapyrenyl-derived 

carboranes, the fluorescence spectra were recorded in four different solvents (THF, DCM, MeCN, and 

MeOH) (Figure 7). We report here that carboranyltryazapyrene 5 exhibits multiple emission 

behaviour in all solvents. Contribution to the LE state emission is higher in MeCN, while one can see 

the most intensive peaks corresponding to the ICT state in other solvents. It is noteworthy that maxima 

of ICT-related peaks can be registered from 458 to 528 nm depending on the solvent used. On the 

other hand, 8-phenyl-1,3,7-triazapyrenyl-carborane 8 demonstrates dual-emission behaviour with LE 

peaks at 380 nm in all solvents and structured ICT-peaks in THF and DCM, as well as a broadened 

emission band in MeCN and MeOH. At the same time, emission of 2-phenyl-1,3,7-triazapyrenyl-

carborane 9 in THF is characterised with a strong broadened red-shifted band at 530 nm and very 

weak peak at 390 nm related to LE state. In addition also single broadened bands with maxima at 436 

nm in DCM and MeOH can be observed, along with a dual-emissive behaviour in MeCN with 

structured LE-peak at 391 nm and broadened ICT-peak at 465 nm. One can conclude that 

incorporation of a phenyl substituent at the different positions of carboranyltriazapyrene 5 has a strong 

influence on its emission spectra, enabling one to tune the properties by activating emissions caused 

either by LE or ICT transitions.  
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Figure 7. Normalized emission spectra for carborane-enriched derivatives 5 (a), 8 (b), and 9 (c). 

Sample preparation: 1.0 ·10-5 mol·L-1 in different solvents at room temperature; the excitation 

wavelength is 330, 341 and 350 nm respectively. 

 

In addition, to evaluate the ICT character of emission the low temperature emission spectra for 

obtained structures were examined at 77 K in 2-MeTHF (Figure S25). At room temperature all 

compounds demonstrate only the LE state emission in 2-MeTHF solution, however at 77 K one can 

see ICT-based emission in the region of 550 nm to 630 nm. These results support that the growth of 

molecular rigidity, and suppressing molecular motions of carborane-containing molecules, leads to an 

increase in ICT-caused emission. 

Subsequently, the aggregation emission properties for the synthesized azaheterocyclic 

carboranes were investigated. Changes in the fluorescence emission intensity were monitored by 

varying the water content in the THF solution (Figure 8). Augmentation of the water ratio results in 

an enhancement of the fluorescence intensity with a maximum at 50%, 99% and 70% of water content 

for compounds 5, 8, and 9, respectively. Increasing the water content above 99%, led to a decrease of 

emission intensity for derivatives 5 and 9. Notably, the similar up-down phenomenon had previously 

been reported in case of some fluorophore compounds possessing the AIE properties.38  
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Figure 8. Fluorescence spectra of 5, λex = 330 nm (a), 8, λex = 341 nm (b), 9, λex = 350 nm (c) in 

THF/water mixtures with different water volume fractions, c = 1.0 × 10−5 mol·L-1 

 

Interestingly, in the fluorescence emission spectra of 9 a new emission band around 430 nm 

appears for suspensions containing 20% till 70% of water content in THF. This emission band 

demonstrates a red-shift when the water content in THF is further increased till 99%. A novel emission 

band around 450 nm is also observed in the emission spectra of 5 with water fractions beginning from 

80%. The appearance of new emission bands seems to be attributed to the triazapyrenyl moieties 

leading to the excimer formation, because the quenching of ICT emission is observed with the 
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enhancement of this novel emission.39 As far as the AIE properties of derivative 8 are concerned, one 

can see a decrease in emission intensity in case of samples with a water content from 10% to 70%. 

Beginning from the 80% of water fraction, the appearance of slightly structured broadened emission 

band from 450 to 600 nm is observed. 

 

Cyclic voltammetry of heterocyclic carboranes 5, 8 and 9 

Electrochemical properties of synthesized triazapyrenylcarboranes 5, 8 and 9 were investigated 

by cyclic voltammetry (CV) under N2 atmosphere using 5mM solution of analyzed compounds in 

anhydrous acetonitrile with 0.1 M Bu4NPF6 as the supporting electrolyte at a scan rate 100 mV/s. All 

measurements were performed using the standard three electrode cell: glassy carbon working 

electrode, Ag/AgNO3 reference electrode and a carbon rod counter electrode. HOMO and LUMO 

energies were determined by cyclic voltammetry from the onset of oxidation and reduction peaks 

relative to ferrocene/ferricinium (Fc/Fc+) with a known HOMO energy level of 4.8 eV35a: 

EHOMO (eV) = – [Eox onset – E1/2(Fc/Fc+) + 4.8] 

ELUMO (eV) = – [Ered onset – E1/2(Fc/Fc+) + 4.8] 

The recorded voltammograms show a pronounced irreversible anodic peak at 1.4 V – 1.5 V and one 

or two slight cathodic peaks between -0.5 V and -0.7 V (Figure 9). Based on these CVs, the HOMO 

and LUMO energy values were estimated (Table 3). HOMO energies of all three compounds 5, 8, 9 

are close to -6 eV and LUMO energies of -4 eV were obtained. The calculation of the HOMO, LUMO 

and gap (Eg) with DFT strongly depends on the density functional that is used and the percentage of 

Hartree-Fock exchange included in it.40 The functional ωB97XD that was used for the determination 

of the reaction mechanism has a relatively large percentage of Hartree-Fock exchange and is therefore 

not recommended for the calculation of the gap (Eg,calc).
40a The Eg,calc calculated for 5, 8 and 9 with 

ωB97XD is above 7 eV (see table S4). Functionals with a lower percentage of Hartree-Fock exchange 

such as B3LYP or a pure functional without Hartree-Fock exchange BLYP result in much lower Eg 
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values, that are closer to experiment and are therefore more commonly used.16a,35d,40,41 The often used 

B3LYP functional gives Eg,calc values of 4.22 eV for 5 and 8 and 3.93 eV for 9 (see table S4). While 

B3LYP in other studies resulted in good agreement between experiment and theory,16a,35d,40,41 in this 

case, BLYP gives Eg,calc closest to the experiment with 2.60 eV, 2.58 eV and 2.36 eV for 5, 8 and 8, 

respectively (see table 3 and table S4). 

 

Table 3. Estimated HOMO-LUMO energies for the compounds 5, 8, 9a. The values in round brackets 

are calculated using BLYP/6-311+G(2d) with IEFPCM for acetonitrile. Results from other DFT levels 

are given in Table S5. 

Compound EOx onset ERed onset EHOMO ELUMO Eg 

 V V eV eV eV 

5 1.40 -0.57 -5.98 (-6.05) -4.01 (-3.45) 1.97 (2.60) 

8 1.55 -0.55 -6.13 (-5.96) -4.03 (-3.39) 2.10 (2.58) 

9 1.50 -0.55 -6.08 (-5.79) -4.03 (-3.43) 2.05 (2.36) 

a Recorded with 0.1 M Bu4NPF6 as electrolyte in acetonitrile (5 mM) at room temperature with scan 

rate: 100 mV/s. Potentials are expressed as the half-wave potentials (E1/2) in V vs Ag/AgNO3. For all 

compounds using ferrocene as an internal reference 

 

 

 

 

 

 

 

(a) (b) 
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Figure 9. Cyclic voltammograms of 5 (a), 8 (b), 9 (c). Sample preparation: 5.0 ·10-3 mol·L-1 in N2 

saturated anhydrous acetonitrile with Bu4NPF6 (0.1 mol·L-1) as supporting electrolyte. A glassy 

carbon electrode and carbon rod served as the working and counter electrode, respectively. 

Ag/AgNO3 was employed as reference electrode. Scan rate: 100 mV/s. 

 

CONCLUSIONS 

In summary, an oxidative SN
H methodology has been developed providing an effective tool to 

functionalize 1,3,7-triazapyrene with carboranyl and phenyl moieties. DFT calculations enabled one 

to gain insight in the mechanism and regioselectivity of this oxidative SN
H transformation, which have 

poorly been studied before. Mono and double C-H functionalization of the 1,3,7-triazapyrene 
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scaffolds afforded unknown boron-enriched polyazaheterocyclic hydrocarbons with the dual-emissive 

behaviour and AIE-properties. The revealed fluorescent characteristics allow the obtained 

azinylcarboranes to be considered as prospective functional elements in the design of advanced 

organic luminescence materials. 

 

EXPERIMENTAL SECTION 

General experimental methods 

The 1H NMR (400 MHz), 13C NMR (100 MHz), 11B (128 MHz) spectra were recorded using 

TMS as the internal standard and CDCl3 as a deuterated solvent. The mass spectra were recorded on 

a mass spectrometer with sample ionization by electron impact (EI). The IR spectra were recorded 

using a Fourier-transforminfrared spectrometer equipped with a diffuse reflection attachment. The 

elemental analysis was carried out on a CHNS/O analyzer. The reactions were monitored by analytical 

TLC on Sorbfil UV-254 aluminum foil plates with 0.2 mm silica gel with a fluorescent indicator 

visualized under UV light. Column chromatography was performed on silica gel (60, 0.040-0.063 mm 

(230-400 mesh)).  

The UV–Vis and fluorescence spectra were recorded at 25 °C using a Shimadzu UV-1800 

spectrophotometer and HoribaFluoromax-4 Spectrofluorometer. The reactions were monitored by 

analytical TLC on Sorbfil UV-254 aluminum foil plates with 0.2 mm silica gel with a fluorescent 

indicator visualized under UV light. Melting points were determined on Stuart SMP10 melting point 

apparatus and are uncorrected. 

Solvents for optical studies: dichloromethane (DCM), acetonitrile (MeCN), tetrahydrofuran 

(THF), methanol (MeOH) were purchased at pure or extra pure quality and used without additional 

purification. n-BuLi (1.6 M solution in hexane), 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ), 

phenyl lithium were purchased from Sigma-Aldrich. 1,3,7-triazapyrene24a was prepared according to 

the published procedures. 
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General method for the synthesis of C-modified carborane 5 

A flame-dried Schlenk flask equipped with a stirr barr, was cooled to room temperature under 

argon. Subsequently it was charged with 1,2-closo-carborane 1 (1.39 mmol, 200 mg, 1.0 equiv) in 

THF (3.0 mL, dry) at -78 °C. To this vigoriously stirred solution, n-BuLi (1.6 M in hexane, 1.53 mmol, 

0.955 mL, 1.1 equiv) was added. The mixture was stirred at -78 °C for 30 min, then was warmed up 

to 0 °C and stirred for additional 1 h. The mixture was cooled to –78 °C and a solution of 1,3,7-

triazapyrene (3, 1.53 mmol, 313 mg, 1.1 equiv) in THF (20 mL, dry) was added. The resulting solution 

was allowed to warm up to ambient temperature and was stirred for 15 min. Then a solution of DDQ 

(2.08 mmol, 473 mg, 1.5 equiv) in THF (5.0 mL, dry) was added and the resulted mixture was refluxed 

for 3 h under argon. The reaction mixture was subjected to neutral aluminia column chromatography 

with the chloroform as an eluent, the resulting eluate was concentrated to dryness in vacuo and the 

residue was subjected to silica gel column chromatography with the chloroform – hexane mixture as 

an eluent, the resulting eluate was concentrated to dryness under reduced pressure. 

1-(1,3,7-Triazapyrene-6-yl)-1,2-dicarba-closo-dodecaborane (5) 

Yield 168 mg (35 %), mp >240 °C, Rf 0.4 (hexane/EtOAc, 8:2).1H NMR (400 MHz, CDCl3, ): 

9.96 (s, 1H), 9.50 (d, J = 9.88 Hz, 1H), 9.45 (s, 1H), 8.62 (d, J = 9.20 Hz, 1H ), 8.45-8.30 (m, 2H), 

6.02 (s, 1H, C(B)-H), 3.28-1.89 (m, 10H, B-H). 13C NMR (100 MHz, CDCl3, ): 158.66 (CH), 155.09 

(C), 154.05 (C), 145.88 (CH), 133.86 (CH), 133.14 (CH), 130.28 (CH), 129.80 (CH), 127.81 (C), 

124.80 (C), 121.46 (C), 115.43 (C), 76.10 (C(B)), 61.50 (C(B)-H). 11B NMR (128 MHz, CDCl3, ): -

1.75 (d, J = 130.08 Hz, 1B), -3.39 (br s, 1B), -7.65 (d, J = 155.77 Hz, 2B), -9.06-(-12.06) (m, 4B), -

13.37 (d, J = 172.49 Hz, 2B). IR (DRA, v): 3052, 2573, 1681, 1624, 1585, 1553, 1500, 1381, 1265, 

1202, 1141, 1014, 914, 853, 798, 744, 721, 643 cm-1. MS (EI) m/z: [M]+ Calcd for C15H17N3B10: 347; 

Found: 347. Anal. Calcd for C15H17N3B10: C, 51.86; H, 4.93; B, 31.11; N, 12.10. Found: C, 51.82; H, 

4.87; B, 31.03; N, 12.28.  
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General method for the synthesis of C-modified carboranes 8 and 9 

A flame-dried Schlenk flask equipped with a stirr barr, was cooled to room temperature under 

Argon. Subsequently it was charged with 1-(1,3,7-triazapyrene-6-yl)-1,2-dicarba-closo-dodecaborane 

5 (0.29 mmol, 100 mg, 1.0 equiv) in THF (7 mL, dry) at -78 °C. To this vigoriously stirred solution, 

PhLi (1.8 M in dibutyl ether, 0.87 mmol, 0.48 mL, 3.0 equiv) was added. The mixture was stirred at 

-78 °C for 30 min, then was warmed up to 0 °C and was stirred for additional 1 h. The mixture was 

cooled to –78 °C and a solution of DDQ (0.57 mmol, 130 mg, 2.0 equiv) in THF (2 mL, dry) was 

added and the resulted mixture was refluxed for 1 h under argon. The reaction mixture was subjected 

to neutral aluminia column chromatography with the chloroform as an eluent, the resulting eluate was 

concentrated to dryness in vacuo and the residue was subjected to silica gel column chromatography 

with the chloroform–hexane mixture as an eluent, the resulting eluate was concentrated to dryness 

under reduced pressure. 

1-(2-Phenyl-1,3,7-triazapyrene-6-yl)-1,2-dicarba-closo-dodecaborane (8) 

Yield 50 mg (41 %), mp >240 °C, Rf 0.5 (hexane/EtOAc, 8:2).1H NMR (400 MHz, CDCl3, ): 

9.43 (d, J = 9.80 Hz, 1H), 9.36 (s, 1H), 8.90-8.77 (m, 2H, Ph), 8.54 (d, J = 9.16 Hz, 1H), 8.44-8.33 

(m, 2H), 7.67-7.52 (m, 3H, Ph), 6.02 (s, 1H, C(B)-H), 3.54-1.72 (m, 10H, B-H). 13C NMR (100 MHz, 

CDCl3, ): 164.66 (C), 155.74 (C), 154.67 (C), 145.65 (CH), 145.52 (C), 138.32 (C), 133.58 (CH), 

132.81 (CH), 131.47 (CH), 130.64 (CH), 130.18 (CH), 129.39 (CH), 128.99 (CH), 128.08 (C), 124.72 

(C), 121.33 (C), 113.91 (C), 76.24 (C(B)), 61.48 (C(B)-H). 11B NMR (128 MHz, CDCl3, ): 0.13-(-

4.60) (m, 2B), -7.74 (d, J = 157.27 Hz, 2B), -8.93-(-12.21) (m, 4B), -13.33 (d, J = 154.66 Hz, 2B). IR 

(DRA, v): 3072, 2573, 1628, 1587, 1465, 1396, 1309, 1240, 1013, 916, 832, 800, 724, 690, 615 cm-1. 

MS (EI) m/z: [M]+ Calcd for C21H21N3B10: 423; Found: 423. Anal. Calcd for C21H21N3B10: C, 59.56; 

H, 5.00; B, 25.52; N, 9.92. Found: C, 59.81; H, 5.22; B, 25.19; N, 9.78. 

1-(8-Phenyl-1,3,7-triazapyrene-6-yl)-1,2-dicarba-closo-dodecaborane (9) 
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Yield 21 mg (17 %), mp >240 °C, Rf 0.6 (hexane/EtOAc, 8:2).1H NMR (400 MHz, CDCl3, ): 

9.92 (s, 1H), 9.53 (d, J = 9.72 Hz, 1H), 8.77 (d, J = 9.44 Hz, 1H), 8.37 (d, J = 9.76, 1H), 8.31 (d, J = 

9.56 Hz, 1H), 7.88-7.58 (m, 5H, Ph), 5.96 (s, 1H, C(B)-H), 3.64-1.76 (m, 10H, B-H). 13C NMR (100 

MHz, CDCl3, ): 158.58 (CH), 155.47 (C), 154.66 (C), 154.34 (C), 144.88 (C), 137.75 (C), 134.24 

(CH), 133.19 (CH), 131.08 (CH), 129.96 (CH), 129.80 (CH), 129.37 (CH), 129.14 (CH), 122.35 (C), 

120.57 (C), 115.93 (C), 76.11 (C(B)), 61.46 (C(B)-H). 11B NMR (128 MHz, CDCl3, ): 0.41-(-6.01) 

(m, 2B), -7.82 (d, J = 149.36 Hz, 2B), -9.11-(-12.26) (m, 4B), -13.57 (d, J = 162.84 Hz, 2B). IR (DRA, 

v): 3051, 2954, 2918, 2850, 2587, 1730, 1622, 1462, 1377, 1264, 1180, 1014, 798, 735, 698, 606 cm-

1. MS (EI) m/z: [M]+ Calcd for C21H21N3B10: 423; Found: 423. Anal. Calcd for C21H21N3B10: C, 59.56; 

H, 5.00; B, 25.52; N, 9.92. Found: C, 59.81; H, 5.23; B, 25.14; N, 9.82. 
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