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Abstract: In this work, the necessity of synthesis of 1,3-di(hetero)aryl-7-substituted pyrenes is 
presented based on the results of theoretical calculations by using density functional theory (DFT) 
and time-dependent density functional theory (TD-DFT) by using Gaussian 09 program with 
B3LYP exchange-correlation functional and 6-31G** basis set. What is more, the synthetic routes 
with feasible reagents and conditions are presented. The subject of theoretical considerations are 
two pyrene derivatives which contain at position 1 and 3 pyrazolyl substituents and at position 7 
amine (1) or boron (2) derivative. The theoretical calculations were also performed for the osmium 
complexes with mentioned ligands (3 and 4). The influence of electron-donating/accepting 
character of the substituent at position 7 of pyrene on the properties of molecules has been 
established. 
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1. Introduction 

Despite the pyrene derivatives have been covered extensively by scientists during the last years, 
many interesting properties and applications of pyrene derivatives have been presented, nowadays 
there are still areas of chemistry of pyrene that need to be fulfilled [1]. Most of the described in 
literature pyrenes are 1,3,6,8-tetrasubstituted followed by 4,5,9,10-tetrasubstituted, 2,7-, and 1,6-, and 
1,8-disubstituted pyrene derivatives [2–5]. In the case of 1,3-di(hetero)aryl-7-substituted (Figure 1), 
there are only a few examples of derivatives containing at position 7-tert-butyl group [6–9]. These 
compounds exhibit interesting optical properties what caused that they were studied for use in the 
area of organic electronics.  

 
Figure 1. The general structure of target compounds. 

In this work, the necessity of synthesis of 1,3-di(hetero)aryl-7-substituted pyrenes was 
presented based on the results of theoretical calculations by using density functional theory (DFT) 
and time-dependent density functional theory (TD-DFT). What is more, compounds with the 
suitable substituents at position 1 and 3 were determined as the NCN-cyclometalating ligands with 
various d-block metals. 
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2. Results and Discussion 

The theoretical approach to the studied subject of pyrene derivatives substituted at positions 1 
and 3 by (hetero)aryl groups and at position 7 by various groups such as (hetero)aryl groups, 
halogens, and also by functional groups such as amine, carboxyl, aldehyde, dicyanovinyl and many 
others, has merit in the possibility of the synthesis of target molecules. The possible synthetic routes 
with feasible reagents and conditions based on literature data are presented in Schemes 1 and 2. As 
the starting material, commercially available pyrene will be used, which allows obtaining of 
1,3-dibromo-7-nitropyrene based on the literature method (Scheme 1) [10,11]. 
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Scheme 1. Synthetic route for obtaining of 1,3-dibromo-7-nitropyrene. Feasible reagents and reaction 
conditions: (a) bis(pinacolato)diboron, [{Ir(μ-OMe)COD}2], 4,4′-di-tert-butyl-2,2′-dipyridyl, hexane, 
80 °C, 16 h; (b) Cu(CH3COO)2, NaNO2, NEt3, acetonitrile, 80 °C, 24 h, air; (c) Br2, nitrobenzene, 120 
°C, 3 h. 

Obtained 1,3-dibromo-7-nitropyrene will be used in the next steps in the synthesis of 
1,3-disubstituted by (hetero)aryl groups pyrene derivatives which will be also substituted at 
position 7 by various groups, as it was mentioned before. It will be possible by exchange nitro group 
at position 7 on the amine group followed by the exchange on bromine (Scheme 2) [12,13]. 
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Scheme 2. Synthetic route for obtaining 1,3,7-trisubstitutedpyrenes. Feasible reagents and reaction 
conditions: (a) coupling/condensation reaction; (b) NH2NH2, Pd/C, ethanol, rfx, 2h; (c) (i) NaNO2, 
HBr, 0 °C, 45 min., (ii) CuBr, HBr, 0 °C → r.t., 1.5 h; (d) coupling/condensation reaction. 

The part of target molecules containing at positions 1 and 3 heteroaryl groups suitable for the 
coordination of metal ions will be used as the ligands in synthesis of complexes according to the 
described procedures (Scheme 3) [14]. 
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Scheme 3. Synthetic route for obtaining complexes. Feasible reagents and reaction conditions: (1) M = 
Ru – (i) Ru-TPY, AgOTf, acetone, 65 °C, 3 h; (ii) NCN-cyclometalating pyrene ligand, DMF: t-BuOH 
(1:1), 130 °C, 48 h; (2) M = Os –Os-TPY, NCN-cyclometalating pyrene ligand, ethylene glycol, 200 °C, 
24 h. 

It is also worth emphasizing that the part of proposed synthetic strategy is based on the general 
methods developed by methodology researchers but each step of a synthesis, every chemical 
reaction which will be conducted, reagents, conditions, purification for each of these reactions must 
be designed to give an adequate product with satisfying yield what is only possible during the 
laboratory work.  

To theoretical considerations, two pyrenes were selected which contain at position 1 and 3 
pyrazolyl substituents and at position 7 amine (1) or boron (2) derivative (Figure 2). 
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Figure 2. Target molecules of theoretical considerations. 

In the preliminary studies, density functional theory (DFT) calculations were performed. The 
B3LYP exchange-correlation functional with Def2-TZVP/6-31G** basis set, as implemented in the 
Gaussian 09 program was used. All calculations were done in PCM model in the chloroform (1 and 
2) or acetonitrile (3 and 4) solution. The optimized structures of molecules 1–4 with the contours of 
orbitals: HOMO-1, HOMO, LUMO, LUMO+1 and their energies, and values of energy gaps are 
presented in Table 1. 
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Table 1. The contours of selected orbitals of compounds 1–4 with their energies and values of energy 
gaps (ΔE) [eV] (the isosurface contour value 0.025 e/bohr3). 

 1 2 3 4 

H-1 

  
  

−5.50 −6.40 −5.08 −5.06 

H 

  
  

−5.05 −5.49 −4.78 −4.98 

L 

  

−1.92 −1.92 −2.22 −2.24 

L+1 

  
  

−1.04 −1.91 −2.14 −2.15 
ΔE 3.13 3.57 2.56 2.74 

The significant differences in the localization of the orbitals were observed. In the case of pyrene 
ligands 1 and 2, the electronic character of the substituent at position 7 has a meaningful influence on 
the localization of orbitals. Due to this fact, the localization of orbitals of complexes is also various 
what has a direct effect on the contribution of metal ion (in described examples osmium (Figure 3)) 
in the creation of orbitals and photophysical properties. 
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Figure 3. The contribution of osmium in the creation of selected orbitals for molecules 3 and 4. 

Moreover, the spin-density of the lower energy triplet state for complexes 3 and 4, presented in 
Table 2, showed the significant differences between mentioned compounds what has a direct effect 
on the affinity of metallic centres in the oxidation processes [15].  

Table 2. The spin-density distribution of the lowest energy triplet state (the isosurface contour value 
0.002 e/bohr3). Spin density distribution of Os for 3 = 0.591, for 4 = 0.836. 

3 4 

  

The next part of in silico studies concerns the prediction of absorption (for compounds 1–4), and 
emission (for 1 and 2) spectra by using TD-DFT calculations which were also carried out at the same 
level of theory. Obtained theoretical spectra are presented in Figure 4, whereas obtained data are 
listed in Table 3. It can be noticed that there are significant differences between the particular 
absorption bands in the case of ligands and complexes which is strongly connected to the nature of 
transitions. 

  
(a) (b) 

Figure 4. TD-DFT (Def2-TZVP/6-31G**/B3LYP) (a) absorption spectra of molecules 1–4, (b) emission 
spectra of compounds 1 and 2. 
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Table 3. Theoretical calculated optical data for molecules 1–4. 

 λmax [nm] PL λem [nm]   

1 299, 355 397 

404.22 (0.8173) 
H-1->LUMO (95%) 
386.47 (0.5091) 
HOMO->L+1 (95%) 

2 313, 375 415 414.57 (0.9983) 
HOMO->L+1 (97%) 

3 273sh, 302, 350, 390sh, 491 - - 
4 305, 395, 479 - - 

3. Conclusions 

The presented results of the theoretical calculations based on the DFT method of the selected 
examples in the area of 1,3-di(hetero)aryl-7-substituted pyrenes showed the advisability of the 
synthesis and further studies in this part of the chemistry of pyrenes. The obtained results proofed 
that electron-donating/accepting character of the substituent at position 7 of pyrene has a significant 
influence on the localization of orbitals which has a direct influence on the photophysical properties 
of compounds. Moreover, the theoretical investigations have merit in the possibility of the synthesis 
of target molecules what was also proofed by the synthetic routes’ proposal. It will be the subject of 
my further experimental research; I also believe that the presented results point out the importance 
of their further investigation by other scientists. 

4. Methods 

The DFT and TD-DFT calculations were performed with the B3LYP exchange-correlation 
functional implemented in the Gaussian 09 program [16]. In the case of pyrene derivatives, 
6-31G(d,p) basis set was used, whereas in the case of complexes, Def2-TZVP basis set was used for 
osmium, and 6-31G(d) was employed for others atoms. All of the calculations were performed in 
the Polarizable Continuum Model (PCM) (chloroform for pyrenes, acetonitrile for complexes). All 
orbitals were computed at an isovalue of 0.025 e/bohr3 (spin-density - the isosurface contour value 
0.002 e/bohr3). 
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