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Abstract 

Triarylamine derivatives are often implemented in organic optoelectronic devices due to their 

excellent hole-transport properties and their versatile structural tuneability. Common synthetic 

routes to obtain functionalized triarylamines follow multi-step procedures utilizing transition 

metal catalysts. Here, we investigate the synthesis of a series of star-shaped 

tris(biphenylamines) by a one-step base-promoted homolytic aromatic substitution (BHAS), 

simultaneously attaching three peripheral arenes to the triarylamine core. We demonstrate the 

versatility of this synthetic route by coupling four different functionalized arenes to the core and 

study their influence on the optoelectronic properties. BHAS as a metal-free synthetic route 

produces pure organic semiconductors without transition metal residues.  

 

1. Introduction 

Organic molecules based on triarylamine (TAA) cores represent recurrent structural motifs in 

functional organic semiconductors, used, for example, in optoelectronic devices such as 

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

(OFETs).1-5 The efficient oxidation occurring at the electron-donating nitrogen center and the 

ability to transport positively charged carriers via radical cations, render triarylamine derivatives 

excellent semiconductors for the implementation of hole-transport layers (HTLs).6 Importantly, 

their high transparency in the visible spectral regime warrants no parasitic absorption. The 

properties of TAAs can be tailored by designing structures with extended π-conjugation, 

obtained by connecting the aromatic moieties via para-linkages on the peripheral arenes. The 

results are star-shaped, branched or dendritic structures, which reduce aggregation and 

provide lower oxidation energies together with higher electroluminescent stability.7-12 

Most organic semiconductors exhibit less environmental hazards than inorganic 

semiconductors, which makes organic semiconductors stand out from the semiconductor 

family and may well be an enabler for a sustainable future semiconductor technology. In light 

of this sustainability, there is also a growing consensus on rethinking the traditional organic 

synthesis in order to establish new heavy-metal-free synthetic methods.13-15 This is not only 

important from an environmental point of view but also can enhance the performance and 

reproducibility of the respective optoelectronic devices, since even lowest metal traces and 

concurrent metal-organic interactions can influence the electronic properties.16,17 

So far, TAAs have been synthesized by reacting two pre-functionalized coupling partners in 

the presence of transition metal catalysts (e.g. Mizoroki–Heck, Negishi, Stille or Suzuki–

Miyaura cross-couplings).18-21 The reported synthetic routes to obtain TAA derivatives end-

capped with phenyl12,22-24 or fluorinated phenyl groups24-26 employed a one-step nickel- or 

palladium-catalyzed cross-coupling. In this work, we lay out a heavy-metal-free synthesis route 



using the innovative base-promoted homolytic aromatic substitution (BHAS, also referred to 

as direct arylation),27 as illustrated in Scheme 1. BHAS has attracted tremendous attention 

since its first application in the transition-metal-free biaryl coupling.28 The BHAS methodology 

generates C‒C bonds between aryl halides (mostly iodides and bromides) and arenes through 

a radical chain reaction, promoted by an initiation system comprising a base and an activating 

organic additive.29-32 Most reports focused on bases such as tert-butoxides (t-BuOM, M = K or 

Na),33-71 with t-BuOK being the most efficient,28,38-47 but also potassium ethoxide (EtOK)48 and 

potassium tert-amylate (t-AmOK)49 can mediate the reaction process. A wide variety of 

activating organic additives is used alongside the base, ranging from diamine ligands (N,N´-

dimethylethylenediamine,43,44,49-53 1,10-phenanthroline and its derivatives,43,47-49,53-63 hydrazine 

and its derivatives41,64) over alcohols49,51,53,65 and 1,2-diols49,51 to N-heterocycles 

(pyridines,38,40,57 quinolines,46 and carbenes66), porphyrin,67 amino acids,45,49,51 and metal-

organic frameworks.68 Furthermore, BHAS has served as a multi-bond forming reaction, 

realizing the double biaryl coupling of dihalobenzenes with benzene and achieving extended 

π-electron systems.39-42,48,49,52,54,56,69-71 A significant contribution to the development of the 

multi-bond forming BHAS methodology comes from the work of Masters who performed both 

intra- and intermolecular BHAS on scaffolds bearing two halogen groups on different arenes 

in the presence of coupling partners not limited to benzene.56  

Inspired by those results, we targeted a novel one-step transition-metal-free multi-bond 

forming synthesis of substituted star-shaped triarylamines. We report on the simultaneous 

coupling between three reactive iodo-functionalities located on the three aromatic rings of the 

triarylamine moiety and symmetrical arenes as coupling partners. This synthetic strategy 

allowed the synthesis of three novel compounds, i.e. tris(2',5'-difluoro-[1,1'-biphenyl]-4-

yl)amine, tris(2´,5´-dimethylbiphenyl-4-yl)amine and tris(2´,5´-dimethoxybiphenyl-4-yl)amine 

as well as the previously reported tri(biphenyl-4-yl)amine. The optoelectronic properties of 

these compounds were compared. 

 

 

Scheme 1. Base-promoted homolytic aromatic substitution (BHAS) for direct C‒H activation. 

 

2. Results and discussion 

2.1. Synthesis 



Promising earlier reports on the synthesis of fluorinated biaryls via the BHAS methodology, 

prompted us to apply the established reaction conditions to the synthesis of TAAs.54 We 

performed the biaryl coupling of tris(4-iodophenyl)amine 1 with benzene 2a at 100 °C (Table 

1, Entry 1) using 1,10-phenanthroline 4 (0.90 equiv.) as activating organic additive in 

combination with t-BuOK (9.0 equiv.) and an excess of the corresponding arene (80‒100 

equiv.) as coupling partner as well as solvent (Scheme 2). The reaction proceeded over 4 h, 

delivering the desired product tris(biphenyl-4-yl)amine 3a in 27 % yield. To study the 

temperature dependence of the reaction, we conducted the BHAS at elevated temperatures 

and stopped the reaction once the starting material 1 was completely consumed, as revealed 

by thin layer chromatography (TLC). At 120 °C and at 140 °C, the reaction was completed 

within 3 h and 1 h, respectively, with no significant changes in the yield (Table 1, Entries 2 and 

3). The reaction time further decreased to 30 min at a temperature of 160 °C leading to a 30 

% yield of 3a (Table 1, Entry 4). Repeating the biaryl coupling for a prolonged reaction time 

(24 h, Entries 5-7) did not lead to any further improvements of the yield, indicating an 

accelerated biaryl coupling at higher temperatures. Zhou et al. suggested that the initiation of 

the transition-metal-free C‒H arylation of arenes with aryl halides is based on the in situ 

formation of organic electron donors from t-BuOK and an additive, and requires thermal 

activation.51,57 Therefore, high temperatures accelerate the reaction initiation. It also provides 

evidence that the nature of the organic additive plays an important role in the BHAS reaction.54 

To improve the yield of the target product, we have explored six alternative additives, i.e. N-

methylglycine 5, cyclopentanone 6, 3,3-dimethyl-2-butanone 7, N,N'-dimethylethylendiamine 

8, (1R,2R)-cyclohexane-1,2-diamine 9 and (1R,2R)-cyclohexane-1,2-diol 10 (Scheme 3; Table 

1, Entries 8-13).  

 

 

Scheme 2. Synthesis of the TAAs 3a–3d using an organic additive in combination with t-BuOK and an excess of 
the arenes 2a–2d. 



 

Scheme 3. Organic additives 4–10, investigated in the synthesis of TAA 3a in combination with t-BuOK. 

 

Table 1. BHAS of arenes with tris(4-iodophenyl)amine 1. 

Entry Arene Additive Temperature 

(°C) 

Reaction 

Time 

Yieldb 

(%) 

1 benzene, 2a 4 100 4 h 27 

2 2a 4 120 3 h 27 

3 2a 4 140 1 h 30 

4 2a 4 160 30 min 30/85c 

5 2a 4 100 24 h 25 

6 2a 4 120 24 h 28 

7 2a 4 140 24 h 27 

8 2a 5 160 30 min 64c 

9 2a 6 160 30 min 43c 

10 2a 7 160 30 min 36c 

11 2a 8 160 30 min 44c 

12 2a 9 160 30 min 74c 

13 2a 10 160 30 min 73c 

14 1,4-difluorobenzene, 2b 4 160 30 min 29 

15 1,4-dimethylbenzene, 2c 4 160 30 min 6 

16 1,4-dimethoxybenzene, 2d 4 160 30 min 16 

aThe reaction was carried out in argon atmosphere using tris(4-iodophenyl)amine (1: 0.160 mmol), organic additives 

4–10 (0.144 mmol), t-BuOK (1.44 mmol) and arenes 2a–2d (2 mL) in a sealed vial. bIsolated yields. cYields were 

determined using HPLC and the internal standard (9,10-dimethylanthracene). 

We found that, under the applied conditions, 9,10-phenantroline remains the additive of choice 

to produce the desired tris(biphenyl-4-yl)amine 3a in 85 % yield (Table 1, Entry 4), as 

determined using HPLC with internal standard (9,10-dimethylanthracene). The amino acid N-

methylglycine 5 (Table 1, Entry 8), the ketones 6 and 7 (Table 1, Entries 9, 10), as well as 

N,N'-dimethylethylendiamine 8 (Table 1, entry 11) showed moderate activity, while the cyclic 

compounds (1R,2R)-cyclohexane-1,2-diamine 9 and (1R,2R)-cyclohexane-1,2-diol 10 (Table 



1, Entries 12, 13) demonstrated similar activity and enabled the product formation in high yield. 

We conclude that the moderate isolated yields of the product stem from losses during 

purification due to the product’s poor solubility and high hydrophobicity. We note that the 

isolated yields of symmetric star-shaped TAA derivatives are often in the range of 30-50 %, 

even when conventional Pd-catalyzed reactions are performed.72-77 Thus, the transition-metal-

free synthesis route is a good alternative to the existing synthetic methods using metal 

catalysts. 

The optimized conditions have been used to extend the concept for reactions with other arenes 

– 1,4-difluorobenzene 2b, 1,4-dimethylbenzene 2c and 1,4-dimethoxybenzene 2d leading to 

tris(2',5'-difluoro-[1,1'-biphenyl]-4-yl)amine 3b, tris(2',5'-dimethyl-[1,1'-biphenyl]-4-yl)amine 3c 

and tris(2',5'-dimethoxy-[1,1'-biphenyl]-4-yl)amine 3d, respectively. In all cases symmetrical 

arenes served as coupling partners and as solvents, with an arene to tris(4-iodophenyl)amine 

1 excess of 80-100 equiv. While the reactions with 2a and 2b proceeded with satisfactory 

yields of 26-30 %, the isolated yields of 3c and 3d are drastically lower (6 % and 16 % 

respectively, Table 1, Entries 15 and 16). In both cases, a wide range of byproducts were 

obtained, making the isolation procedure significantly more complicated and leading to great 

losses during purification.  

 

2.2. Density functional theory calculations 

 

To gain insight into the electronic and optical properties of the synthesized compounds 3a–3d, 

we performed quantum chemical calculations using density functional theory (DFT) and time-

dependent density functional theory (TDDFT) methods as implemented in TURBOMOLE (see 

Supporting Information for more details).72 Solvent effects were included via the continuum 

solvent model COSMO.73 The molecular conformation was chosen based on the single crystal 

X-ray structure of compound 3b (see Supporting Information) and optimized by DFT at the 

B3LYP/def2-TZVP level of theory.74,75 We observed that the phenyl–phenyl torsion angle 

depends on the spatial requirements of the substituents. The average phenyl–phenyl torsion 

angle φ amounts to 37.3° for compound 3a (exp. 35.4°),17 40.8° for compound 3b (exp. 40.2°), 

and further increases for compounds 3c (54.9°) and 3d (46.0°). 

The absorption properties in tetrahydrofuran (THF) solution were computed by TDDFT at the 

B3LYP/def2-SVPD level of theory.82 We obtain vertical absorptions with wavelengths in the 

range between 376 nm (3b) and 350 nm (3c), see Table 2. They correspond to transitions from 

the highest occupied molecular orbital (HOMO, located at the nitrogen atom and the 

neighbouring three phenyl rings) to the nearly degenerate lowest unoccupied molecular 

orbitals (LUMO and LUMO+1, located at the three biphenyl moieties). The observed shift of 

the absorption wavelengths of compounds 3b–3d compared to compound 3a is related to both 

the phenyl–phenyl torsion angle (the overlap of the π-electron systems is proportional to cos 



φ) and the electronic nature of the substituents (ability to increase the π-electron system as 

well as electron donating/withdrawing effects). 

In order to estimate the ionization energy by DFT in CH2Cl2 solution, we used both the HOMO 

energy (−εHOMO) as well as the energy difference between the neutral and the cationic species 

(vertical ionization energy, VIE). Both approaches delivered almost identical data for each of 

the investigated compounds (Table 2). The smallest ionization energy was found for compound 

3d and the largest one for compound 3b. 

 

Table 2. Average phenyl‒phenyl torsion angles (φ), vertical absorptions (λ), HOMO energies (εHOMO) and vertical 

ionization energies (VIE) of compounds 3a–3d, obtained from density functional theory (DFT) and time-dependent 

density functional theory (TDDFT) calculations including solvent effects (THF for λ, CH2Cl2 for εHOMO and VIE). 

Compound φ (°) λ (nm) −εHOMO (eV) VIE (eV) 

3a 37.3 369 5.11 5.12 

3b 40.8 376 5.28 5.29 

3c 54.9 350 5.09 5.12 

3d 46.0 367 4.99 5.00 

 

 

2.3. Optoelectronic characterization of compounds 3a–3d 

Absorption: The absorbance spectra of the compounds are in good agreement with the TDDFT 

calculation above. The spin-coated films of compounds 3a–3d, as depicted in Figure 1, show 

a strong optical transition in the UV-region and indicate energy gaps of the semiconductors of 

more than 3 eV. In the visible spectral regime, the absorption is negligible as it is commonly 

observed for TAAs and their derivatives that are used in organic semiconductor devices. The 

experimentally measured absorption peaks (Table 3) are only slightly but systematically blue-

shifted by approximately 20 nm versus the TDDFT calculations (Table 2). Due to the small 

energetic difference between the HOMO → LUMO and the HOMO → LUMO+1 transitions, 

their corresponding absorption peaks overlap and appear as one single peak. 

 



  

Figure 1. Normalized absorbance spectra of TAA thin-films spin-coated from THF solution. All compounds exhibit 

only one single absorption peak which includes the thermally broadened HOMO → LUMO and the HOMO → 

LUMO+1 transitions. 

 

 

Electrochemistry: In order to experimentally verify the ionization energies that were predicted 

by DFT calculations on the synthesized compounds, we performed cyclic voltammetry (CV) in 

solution. The measurements were performed under argon atmosphere in dry CH2Cl2 with 0.1 

M tetrabutylammonium hexafluorophosphate as electrolyte, using a platinum disc working 

electrode, a platinum counter electrode and a silver (pseudo)reference electrode (see also 

Supporting Information). All energies are referenced against the ferrocene/ferrocenium couple 

(Fc/Fc+, internal standard). As depicted in Figure 2, all compounds are electroactive and show 

several (quasi)reversible and irreversible redox events. Two (quasi)reversible oxidation waves 

with half-wave energies of E0
1/2(3a) = 0.43 V and E0

1/2(3b) = 0.59 V are visible. The compounds 

3c and 3d, however, exhibit no reversible oxidation. The origin of the redox processes at 

energies >0.7 V remains unclear. The electron-withdrawing nature of the fluorine substituents 

in 3b produces an anodic shift of the oxidation energy of 3b versus 3a. Referencing to the 

commonly accepted ionization energy IE=4.80 eV of ferrocene78, we obtained ionization 

energies of 5.23 eV for 3a and 5.39 eV for 3b (Table 3) which is in good agreement with the 

VIEs from DFT calculations. The (quasi)reversibility of both oxidation events with peak energy 

differences of ΔEp = |Epa - Epc| = 87 mV (3a) and 86 mV (3b) validates the electrochemical 

stability of the oxidized species, which is important for the operational stability of devices.79  
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Figure 2. Cyclic voltammogram of 3a–3d in CH2Cl2 solutions vs Fc/Fc+ (Scan rate: v = 250 mV/s, 

Pt/[nBu4N][PF6]/Ag). The compounds 3a and 3b show reversible oxidation at 0.43 eV and 0.59 eV, respectively, 

whereas the oxidation energies of compounds 3c and 3d cannot clearly be identified. 

 

 

Photoelectron Spectroscopy: Whereas CV is ideally suited to compare the electronic 

properties of molecules isolated in a weak solvent matrix, the design of optoelectronic 

applications rather requires bulk properties. In the solid state, the transport energies of 

molecular assemblies can be different than in solution, since molecular interactions can affect 

the electronic states of the molecules.80 Therefore, we determined the ionization energies of 

thin-films of 3a–3d by photoelectron spectroscopy in air (PESA) from the square root of the 

photoelectron yield as a function of photon energy, as depicted in Figure 3. The ionization 

energies 5.60 eV (3a), 5.72 eV (3b), 5.76 eV (3c) and 5.68 eV (3d) (Table 4), are about 0.35 

eV higher than the energies obtained by CV (3a and 3b). Notably, the high ionization energies 

of the TAA derivatives investigated herein are ideally suited towards implementation of the 

TAA derivatives into organic optoelectronic devices, for example as hole-injection layers in 

wide-gap or blue-emitting organic light-emitting diodes. By the functional groups investigated 

here, the ionizations energies could be fine-tuned by 0.16 eV, which allows adaptation to the 

specific requirements of devices. 
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Figure 3. Photoelectron yield of the TAA derivatives 3a–3d versus photon energy. The intersection of the data fit 

with the baseline marks the ionization energy. 

 
Table 3. Peak absorptions (λmax) from absorbance spectra of thin-films and ionization energies (IE) estimated by 

cyclic voltammetry (CV) (vs. IE=4.80 eV of ferrocene) and photoelectron spectroscopy in air (PESA) of compounds 

3a–3d. 

Compound λmax (nm) IECV (eV) IEPESA (eV) 

3a 351 5.23 5.60 

3b 349 5.39 5.72 

3c 322 - 5.76 

3d 342 - 5.68 

 

 

 

3. Conclusion 

Triarylamines (TAAs) are important and recurring basic building blocks for complex organic 

semiconductors. We have demonstrated the principal metal-free, one-step synthesis of TAAs 

by addition of benzene to tris(4-iodophenyl)amine using BHAS. The synthetic route is versatile 

in that other substituted arenes can be coupled to the TAA core, such as the commercially 

available 1,4-difluorobenzene, 1,4-dimethylbenzene, 1,4-dimethoxybenzene, here yielding the 

novel compounds tris(2',5'-difluoro-[1,1'-biphenyl]-4-yl)amine, tris(2´,5´-dimethylbiphenyl-4-

yl)amine and tris(2´,5´-dimethoxybiphenyl-4-yl)amine. The absorption and electronic 

properties of the synthesized TAAs were confirmed by DFT and TDDFT calculations and match 

well the requirements of semiconductors for optoelectronic applications. We have 

demonstrated, that the optoelectronic properties can be fine-tuned by variation of the 

substituents on the peripheral arenes. Using other substituents in the future will eventually 

enable the synthesis of more specialized TAA derivatives with tailored semiconductor 

properties and high purity. The synthetic procedure presented herein is a good blueprint for a 
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heavy-metal-free organic semiconductor synthesis, yielding excellent quality materials. It adds 

to the toolbox of synthetic procedures towards an all-sustainable organic electronic technology. 
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