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Abstract

:

We report herein the efficient one-pot synthesis of 3,4-biaryl-2,5-dichlorothiophene derivatives (2a–2i) via a palladium-catalyzed Suzuki cross-coupling reaction. A series of thiophene derivatives were synthesized, starting from 3,4-dibromo-2,5-dichlorothiophene (1) and various arylboronic acids using Pd(PPh3)4 and K3PO4 with moderate to good yields. For further insights about the structure and property relationship, density functional theory (DFT) calculations were performed. A relaxed potential energy surface (PES) scan was performed to locate the minimum energy structure. A frontier molecular orbitals analysis was performed to explain the reactivity of all synthesized derivatives. As the synthesized derivatives had extended conjugations, therefore the first hyperpolarizability (βo) was calculated to investigate their potential as non-linear optical (NLO) materials and significant βo values were found for the 2b and 2g derivatives.
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1. Introduction


In 1970, Davydov and co-workers reported the significance of organic materials based on a strong second harmonic generation (SHG) and formulated a base for interest for organic-based systems in non-linear optics (NLO) [1]. The important requirements for being a good non-linear optical material are a high chemical and thermal stability, good transparency and a greater non-linear optical coefficient [2,3]. The advanced non-linear optical materials with all of these characteristics are an important area of research in the field of photonics. Over the years, organic chemists have tried to establish such organic materials due to their applications such as they can be used in optical data storage, optical information processing and telecommunications [4,5,6]. Substituted thiophene derivatives have been of great interest due to their facile synthesis and a broad range of applications in several fields. Thiophene derivatives have been used in the electronics industry such as in electrochromic devices [7], non-linear optics [8], azo-dyes [9], electronic devices [7], electrodes and transistors [10] and energy storage devices [11]. In the past few years, the synthesis of new heterocyclic compounds involving a thiophene ring has attracted a lot of interest due to their diverse and vast applications particularly in non-linear optics [8]. The facile synthesis of thiophene derivatives is largely based on condensation-like reactions. Several innovative approaches have been employed for the formation of these derivatives, however, Suzuki cross-coupling reactions have been shown to be remarkably effective tools for carbon-carbon bond formation. It has emerged as a powerful methodology and can make use of weakly basic heterocyclic compounds and a wide range of organo-boron compounds i.e., arylboronic acids [11]. This coupling-approach is preferred over others because of its ease and moderate conditions of temperature and it tolerates many functionalities. Inspired by this knowledge and in view of the industrial importance of thiophene derivatives, herein, the present investigation aimed to focus on the synthesis of various 3,4-biaryl-2,5-dichlorothiophene derivatives through the reactions of 3,4-dibromo-2,5-dichlorothiophene with different arylboronic acids utilizing palladium-catalyzed Suzuki cross-coupling reactions. Furthermore, the first hyperpolarizability (βo) (which is directly proportional to the NLO response of any compound) of all synthesized derivatives, along with a relaxed PES scan and frontier molecular orbitals (FMOs) analysis, was calculated with the help of density functional theory (DFT) calculations.




2. Results and Discussion


2.1. Chemistry


Dang and co-workers [12] reported the carbon-carbon coupling reactions between a thiophene-based substrate and a series of different arylboronic acids catalyzed by palladium-(0), leading to the formation of 2,5-biaryl-3,4-dibromothiophene derivatives. Ikram [13] also reported double Suzuki cross-coupling reactions of a thiophene-based substrate with different arylboronic acids in the presence of a palladium-(0) catalyst for the formation of 2,5-biaryl-3-hexylthiophene derivatives. In this context, in the present research work, we have focused on palladium-catalyzed Suzuki cross-coupling reactions for the formation of new thiophene-based derivatives. For this purpose, the synthesis of new thiophene derivatives (2a–2i) was initiated with the commercially available thiophene-based substrate 3,4-dibromo-2,5-dichlorothiophene (1); it was coupled with several arylboronic acids to obtain the desired novel 3,4-biaryl-2,5-dichlorothiophene derivatives by making use of Suzuki cross-coupling reactions. The synthesis of new thiophene-based derivatives is described in Scheme 1.



The Suzuki cross-coupling reactions of 3,4-dibromo-2,5-dichlorothiophene (1) with several arylboronic acids produced a series of 3,4-biaryl-2,5-dichlorothiophene derivatives (2a–2i) in moderate to good yields (Figure 1). Tetrakis (triphenylphosphine) palladium (0) was utilized to catalyze all of these coupling reactions while potassium phosphate was used as a base to get the desired products. These coupling reactions were performed in a mixture of 1,4-dioxane and water as a solvent in a ratio of 4:1, respectively. The temperature was maintained at 90 °C to carry out these couplings. The best results were obtained with 1,4-dioxane instead of toluene, as the arylboronic acids are highly soluble in 1,4-dioxane [14]. As expected, the corresponding thiophene-based derivatives were obtained in moderate to good yields. Furthermore, different arylboronic acids were used in Scheme 1 and the corresponding products and their yields are listed in Table 1.



The experimental results have shown that carbon-carbon coupling occurred at both the 3 and 4 positions of the thiophene ring in each entry. The possible reason for this coupling was the carbon-bromine bond strength, which showed a lower bond energy as compared to the carbon-chlorine bond and, consequently, the carbon-bromine bond showed a significantly greater reactivity towards arylboronic acids. The results have also revealed that the different arylboronic acids bearing electron-donating or electron-withdrawing substituents have different effects on the structure and properties of the synthesized products. To the best of our knowledge, palladium-catalyzed Suzuki cross-coupling reactions of 3,4-dibromo-2,5-dichlorothiophene derivatives with various arylboronic acids to prepare 3,4-biaryl-2,5-dichlorothiophene (2a–2i) have not been investigated so far. Furthermore, the first hyperpolarizability (βo) of all synthesized derivatives, along with a relaxed PES scan and frontier molecular orbitals (FMOs) analysis, was calculated with the help of DFT calculations.




2.2. Computational Methods


All of the computations were done with Gaussian 09 (Revision D.01) [15]. All of the calculations were performed with density functional theory (DFT) using Adamo’s hybrid [16] version of Perdew, Burke and Ernzerhof functional (PBE0) [17,18] along with the application of Grimme’s empirical D3 correction with Becke-Johnston damping (D3BJ) [19,20,21]. Alrich’s triplet ζ basis set Def2-TZVP [22] was used in all the calculations. The calculations used the Polarizable Continuum Model (PCM) with the integral equation formalism variant (IEFPCM) [23,24,25] for solvation modelling. The PCM model is a fairly old continuum solvation but it is still one of the best solvation methods because of continuing efforts and improvements in its computational efficiency and generality. Due to all of these efforts and improvements in this method, it is a default option in many computational chemistry programs [26]. The SMD parameter set by Cramer and Truhlar [27] (as implemented in Gaussian 09) [15] was used to model the effects of the solvent, which was 1,4-dioxane in all of the calculations. A relaxed potential energy scan (PES) was performed at the PBE0-D3BJ/def2-SVP/SMD1,4-dioxane level of theory to select the minima on the potential energy surface. All of the structures were checked to confirm if they were at an energy minimum on the potential energy surface at the PBE0-D3BJ/def2-TZVP/SMD1,4-dioxane level by calculating the harmonic force constants, which showed the absence of imaginary frequencies. NLO calculations were accomplished at the same level of theory as the optimizations. A PES scan plot was plotted using GNUPlot software [28] while the 3D images of the optimized molecules were drawn using the GaussView 5.0.9 and CYLview [29] programs.




2.3. Results and Discussion


A relaxed potential energy scan was performed on the backbone of all the compounds (2a–2i) to get the minimum energy structures/conformers. Interestingly, many of the structures from the PES had relative energies of 0–3 kcal/mol with the rest of them being >5 kcal/mol than the lowest energy structure (Figure 2). The ones that were >5 kcal/mol higher than the lowest energy structure usually had a <1% Boltzmann contribution to the ensemble [30] and did not have a considerable contribution towards the properties calculation. The low energy structures end up at the same optimized structure after further unconstrained optimization due to the symmetrical nature of the molecules under study. Therefore, the lowest energy structure from this PES scan was selected and optimized without any constraints followed by the addition of different groups on the aromatic rings to create the structures 2a–2i. All of these structures (2a–2i) were then subjected to optimizations at the PBE0-D3BJ/def2-TZVP/SMD1,4-dioxane level of theory followed by frequency calculations to confirm the structures as true minima on the PES with no imaginary frequencies. The optimized structures of all of the compounds are shown in Figure 3.



2.3.1. NLO Properties


There is great interest in the synthesis of materials showing large second-order nonlinear optical (NLO) properties due to their potential applications in imaging technologies, optical computing, sensors, and medicinal applications [31,32,33]. In organic molecules, the calculated value of the first hyperpolarizability (βo) tells us about the movement of electrons in the molecules between the donor and acceptor moieties. The greater the value of βo, the greater the electrons push-pull mechanism and the NLO response is higher.



In the compounds under study (2a–2i), the phenyl rings act as electron donors while thiophene rings act as an electron acceptor. If there are electron donor groups on the phenyl rings, the electron push-pull mechanism is operating and the βo values are higher. If there are electron withdrawing groups on the phenyl moiety, then both ends become electron acceptors and there is no electron push-pull mechanism thus, leading to a low NLO response. In compounds 2a–2i, the ones that have strong electron donating groups (2b and 2g) have the highest values of hyperpolarizability (Table 2). Among these, 2g had the highest value and bears SMe groups at the para position of the aromatic ring. The lowest βo value was observed for 2c with two F atoms at positions 3 and 5 of the phenyl rings. These positions of the phenyl ring, when substituted with an electron withdrawing group, make the aromatic ring a strong electron acceptor thus, lowering the NLO response. The compounds with F, I, and Cl at the para position of the phenyl rings (2d, 2e, and 2h) have a reasonably better NLO response compared to the ones with electron withdrawing groups at the meta positions (2a and 2c). These results suggest that compounds 2b and 2g show the best NLO response and are NLO active compounds.




2.3.2. Frontier Molecular Orbital (FMO) Analysis


Nowadays, FMO analysis is serving as a very important tool to explain the electronic properties of molecules and their reactivity [34]. Electronic transitions mainly arise from the frontier orbitals (HOMO/LUMO) and the HOMO-LUMO energy gap can explain the reactivity and kinetic stability of the compounds [35]. If this energy gap is low, the compound is more reactive and kinetically less stable. An FMO analysis was performed at the same level of theory as the optimizations of the molecules and a plot of all the molecules (2a–2i) is shown in Figure 4.



The corresponding HOMO-LUMO energy gap values (∆E) are provided in Table 1. The ∆E values of all of the compounds were found in the range ~110–121 kcal/mol. Compounds 2a, 2c, and 2d had the highest ∆E values among all of the others, which makes them the most stable in the series. Interestingly, the compound with the highest NLO response (2g) was slightly less reactive than the others based on its ∆E value of 110.12 kcal/mol which is still quite a large gap, but it is the lowest in the series (2a–2i).



The iso-density dispersion in the frontier orbitals showed a similar trend for all of the compounds except 2g. For all of the compounds other than 2g, the iso-density was dispersed over the whole molecule, mainly on the phenyl rings, thiophene ring, and the chlorine atoms attached to the thiophene ring. For 2g, where SMe groups were attached on the phenyl ring, the HOMO iso-density shifted from the thiophene ring and its chlorines towards the SMe groups attached to the phenyl ring. That also explained its lowest ∆E value and increase reactivity compared to the rest of the molecules in the series. There is one interesting thing here about 2e and 2h where there is an iodine and chlorine atom at the para position of each phenyl ring and the electron density was also delocalized on these halogen atoms along with the phenyl ring.






3. Experimental


3.1. General


The 13C- and 1H-NMR data were obtained in a mixture of CDCl3 and CD3OD (9:1) on a Bruker Aspect AM-400 spectrometer at 500 MHz and Tetramethylsilane (TMS) was taken as internal standard. All the chemicals used in this research work were purchased from Sigma-Aldrich, Alfa-Aesar and Merck. EI-MS data were obtained by using a JMS-HX-110 spectrometer. The newly synthesized products were examined through an ultraviolet lamp at wavelengths ranging from 254 to 365 nm.




3.2. General Method for the Synthesis of 3,4-Biaryl-2,5-Dichlorothiophene (2a–2i)


An oven dried schlenk flask with a magnetic stirrer and a septum inlet along with a reflux condenser filled with argon gas was used to carry out the reactions. In the schlenk flask, 1,4 dioxane (2 mL), 3,4-dibromo-2,5-dichlorothiophene (0.2 g, 1 mmol) and Pd(PPh3)4 (0.03 g, 4 mol.%) was added at 25 °C. After stirring the reaction mixture for ~30 min, arylboronic acid (1 mmol), potassium phosphate (0.22 g, 1.75 mmol) and water (0.5 mL) was added to the above mixture. The mixture was stirred at a temperature of 90 °C for a period of 12 h. The reaction was monitored by TLC and a mixture of n-hexane (65–90%) and ethylacetate (10–35%) was used as the eluent for TLC. On completion of the reaction, the mixture was cooled down to a normal temperature, filtered and concentrated by rotary evaporation. The purification of the resultant residue was performed by column chromatography. The eluate was dried, recrystallize and further analyzed using different spectroscopic techniques [13,36,37].




3.3. Characterization Data


2,5-Dichloro-3,4-bis(3,5-Dimethylphenyl)thiophene (2a). M.P, 215–217 °C. Rf: 0.84. (n-hexane = 9.0 mL: ethyl acetate = 1.0 mL). 1H-NMR (CDCl3 + CD3OD) δ = 7.80 (d, J = 7.98 Hz, 4H-aryl), δ = 7.45 (t, J = 7.79, 2H-aryl), 2.29 (s, 12H-4CH3); 13C-NMR (CDCl3 + CD3OD) δ 21.8, 125.1, 129.2, 130.7, 135.3, 136.2, 138.6. EIMS m/z (+ion mode): 361.29: [M - 2Cl]+ = 290.38: [M - 4methyl]+ = 230.41: [M - phenyl]+ = 155.15: [M - thiophene]+ = 75.05. Anal. Calcd. for C20H18Cl2S (361.35): C, 66.05; H, 5.01. Found: C, 65.95; H, 5.05%.



2,5-Dichloro-3,4-bis(4-Methoxyphenyl)thiophene (2b). M.P, 227 °C. Rf: 0.82. (n-hexane = 8.5 mL: ethyl acetate = 1.5 mL). 1H-NMR (400 MHz, CDCl3) δ: 7.49 (d, J = 8.28, 4H-Ar), 7.11 (d, J = 5.99, 4H-Ar), 3.78 (s, 6H-methoxy); 13C-NMR (CDCl3 + CD3OD) δ 55.8, 114.9, 128.2, 129.5, 130.1, 135.6, 160.5. EIMS m/z (+ion mode): 363.29: [M - 2Cl]+ = 294.01: [M - 2OCH3]+ = 232.06: [M - phenyl]+ = 155.97: [M - thiophene]+ = 76.02. Anal. Calcd. for C18H14Cl2O2S (366.20): C, 59.10; H, 3.81. Found: C, 58.85; H, 3.70%.



2,5-Dichloro-3,4-bis(3,5-Difluorophenyl)thiophene (2c). M.P, 237–240 °C. Rf: 0.66. (n-hexane = 8.5 mL: ethyl acetate = 1.5 mL). 1H-NMR (400 MHz, CDCl3) δ: 7.35 (s, 4H-Ar), 6.85 (s, 4H-Ar). 13C-NMR (CDCl3 + CD3OD) δ 104.8, 111.6, 129.5, 135.2, 139.7, 165.1. EIMS m/z (+ion mode): 377.21: [M - 2Cl]+ = 306.04: [M - 4F]+ = 229.98: [M - phenyl]+ = 155.03: [M - thiophene]+ = 75.04. Anal. Calcd. for C16H6Cl2F4S (377.15): C, 50.91; H, 1.56. Found: C, 50.79; H, 1.48%.



2,5-Dichloro-3,4-bis(3-Chloro-4-Fluorophenyl)thiophene (2d). M.P, 220 °C. Rf: 0.56. (n-hexane = 7.0 mL: ethyl acetate = 3.0 mL). 1H-NMR (400 MHz, CDCl3) δ: 7.99 (s, 2H-Ar), 7.69 (d, J = 7.89, 12H-Ar), 7.25 (d, J = 6.29, 2H-Ar). 13C-NMR (CDCl3 + CD3OD) δ 117.5, 121.3, 128.5, 129, 129.9, 133.5, 135.1, 158.6. EIMS m/z (+ion mode): 410.69: [M - 4Cl]+ = 268.05: [M - 2F]+ = 230.01: [M - phenyl]+ = 154.98: [M - thiophene]+ = 75.02. Anal. Calcd. for C16H6Cl4F2S (410.05): C, 46.81; H, 1.45. Found: C, 46.75; H, 1.38%.



2,5-Dichloro-3,4-bis(4-Iodophenyl)thiophene (2e). M.P, 219 °C. Rf: 0.68. (n-hexane = 8.0 mL: ethyl acetate = 2.0 mL). 1H-NMR (400 MHz, CDCl3) δ: 7.59 (d, J = 8.09, 4H-Ar), 7.95 (d, J = 6.31, 4H-Ar). 13C-NMR (CDCl3 + CD3OD) δ 94.5, 129.5, 130.1, 135.2, 135.9, 138.2. EIMS m/z (+ion mode): 555.90: [M - 2I]+ = 302.03: [M - 2Cl]+ = 231.97: [M - phenyl]+ = 155.01: [M - thiophene]+ = 76.04. Anal. Calcd. for C16H8Cl2I2S (557.0): C, 34.45; H, 1.42. Found: C, 34.37; H, 1.35%.



1,1′-((2,5-Dichlorothiophene-3,4-diyl)bis(3,1-Phenylene))diethanone (2f). M.P, 227–230 °C. Rf: 0.72. (n-hexane = 9.0 mL: Ethyl acetate = 1.0 mL). 1H-NMR (400 MHz, CDCl3) δ: 8.51(t, 2H-Ar), δ:7.90 (d, 2H-Ar), δ:7.71 (dd,2H-Ar), δ: 7.35 (s, 4H-Ar), 6.79 (s, 4H-Ar), 2.60 (t, J = 7.74, 6H-methoxy). 13C-NMR (CDCl3 + CD3OD) δ 26.7, 126.2, 128.3, 129.6, 131.8, 135.1, 136.2, 137.3, 197.1. EIMS m/z (+ion mode): 389.21: [M - 2Cl]+ = 318.02: [M - 2COCH3]+ = 232.07: [M - phenyl]+ = 156.03: [M - thiophene]+ = 76.05. Anal. Calcd. for C20H14Cl2O2S (389.25): C, 61.65; H, 3.59. Found: C, 61.59; H, 3.55%.



2,5-Dichloro-3,4-bis(4-(Methylthio)phenyl)thiophene (2g). M.P, 174 °C. Rf: 0.77. (n-hexane = 6.5 mL: ethyl acetate = 3.5 mL). 1H-NMR (400 MHz, CDCl3) δ: 7.98 (s, 1H-Ar), 7.69 (d, J = 7.89, 1H-Ar), 7.19 (d, J = 6.41, 1H-Ar), 6.91 (s, 1H-thiophene), 2.71 (t, J = 7.71, 2H-CH2), 1.42 (m, 6H-CH2), 1.29 (m, 2H-CH2), 0.79 (t, J = 5.099 3H-methyl). 13C-NMR (CDCl3 + CD3OD) δ 15.9, 127.1, 127.9, 129.4, 132.9, 135.2, 139.5. EIMS m/z (+ion mode): 396.10: [M - 2SMe]+ = 302.04: [M - 2Cl]+ = 232.07: [M - phenyl]+ = 156.05: [M - thiophene]+ = 76.06. Anal. Calcd. for C18H14Cl2S3 (397.38): C, 54.38; H, 3.51. Found: C, 54.35; H, 3.45%.



2,5-Dichloro-3,4-bis(4-Chlorophenyl)thiophene (2h). M.P, 210 °C. Rf: 0.68. (n-hexane = 8.5 mL: ethyl acetate = 1.5 mL). 1H-NMR (400 MHz, CDCl3) δ: 7.68 (d, J = 8.09, 2H-Ar), 7.45 (d, J = 6.22, 2H-Ar), 6.92 (s, 1H-thiophene) 2.47 (s, 3H-thiomethyl), 2.59 (t, J = 7.49, 2H-CH2), 1.25 (m, 6H-CH2), 1.18 (m, 2H-CH2), 0.79 (t, J = 6.09, 3H-methyl). 13C-NMR (CDCl3 + CD3OD) δ 128.8, 129.5, 134.1, 134.9, 136.1. EIMS m/z (+ion mode): 373.95: [M - 4Cl]+ = 231.98: [M - phenyl]+ = 155.99: [M - thiophene]+ = 76.08. Anal. Calcd. for C16H8Cl4S (374.07): C, 51.35; H, 2.11. Found: C, 51.31; H, 2.06%.



2,5-Dichloro-3,4-di-p-Tolylthiophene (2i). M.P, 223 °C. Rf: 0.80. (n-hexane = 9.0 mL: ethyl acetate = 1.0 mL). 1H-NMR (400 MHz, CDCl3) δ: 8.78 (s, 2H-Ar), 8.11 (d, J = 7.58, 2H-Ar), 7.56 (t, J = 7.85, 2H-Ar), 7.89 (d, J = 7.38, 2H-Ar), 2.52 (s, 6H-CH3). 13C-NMR (CDCl3 + CD3OD) δ 21.3, 127.3, 129.1, 129.9, 131.9, 133.6, 135. EIMS m/z (+ion mode): 332.11: [M - 2Cl]+ = 262.15: [M - 2methyl]+ = 232.17: [M - phenyl]+ = 155.95: [M - thiophene]+ = 76.01. Anal. Calcd. for C18H14Cl2S (333.25): C, 64.85; H, 4.20. Found: C, 64.75; H, 4.15%.





4. Conclusions


In conclusion, the palladium-catalyzed Suzuki cross-coupling reaction was employed to synthesize a series of 3,4-biaryl-2,5-dichlorothiophene derivatives (2a–2i) in moderate to good yield. The substrate 3,4-dibromo-2,5-dichlorothiophene (1) and several arylboronic acids were reacted together to produce the desired thiophene-based derivatives. Pd(PPh3)4 was used as a catalyst and K3PO4 as a base to promote the formation of the products. The first hyperpolarizability values show that all synthesized derivatives had a potential NLO response but 2b and 2g had significant NLO potential due their large βo (1361.75 and 2807.08 au, respectively) values. The ∆E values for all of the synthesized compounds were found in the range ~110–121 kcal/mol, which indicated that all of the compounds were quite stable.
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Scheme 1. Synthesis of 3,4-biaryl-2,5-dichlorothiophene (2a–2i). Reagents and conditions: 1 (1 mmol), arylboronic acids (2 mmol), Pd (PPh3)4 (4 mol.%), K3PO4 (1.75 mmol), solvent/water (4:1), 90 °C, 12 h. 
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Figure 1. Structures of new 3,4-biaryl-2,5-dichlorothiophene (2a–2i). 
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Figure 2. Relaxed potential energy scan on the backbone structure (shown on top) of all the compounds (2a–2i) optimized at the PBE0-D3BJ/def2-SVP/SMD1,4-dioxane level of theory. The relaxed scan was performed by rotating two sets of dihedral angles. The first dihedral (SC1) is between atoms whose bonds are shown in blue color while the second one (SC2) is between the atoms whose bonds are shown in red color. 
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Figure 3. Optimized structures of all the compounds (2a–2i) at the PBE0-D3BJ/def2-TZVP/SMD1,4-dioxane level of theory. In 3D models, the grey color represents carbon, white represents hydrogens, green is for chlorine atoms, the red color is for oxygen, the yellow color represents sulphur, the magenta color is for iodine, and the light blue color shows fluorine atoms. 
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Figure 4. A plot of all the frontier orbitals of all the molecules (2a–2i) calculated at the PBE0-D3BJ/def2-TZVP/SMD1,4-dioxane level of theory and arranged according to their relative energies. All of the energies are given in kcal/mol. 
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Table 1. Synthesis of 3,4-biaryl-2,5-dichlorothiophene (2a–2i).
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	Entry
	Arylboronic Acids
	Product
	Yield





	1
	3,5-dimethylphenylboronic acid
	2a
	53



	2
	4-methoxyphenylboronic acid
	2b
	65



	3
	3,5-difluorophenylboronic acid
	2c
	63



	4
	3-chloro-4-fluorophenylboronic acid
	2d
	71



	5
	4-iodophenylboronic acid
	2e
	69



	6
	3-acetylphenylboronic acid
	2f
	65



	7
	4-(methylthio)phenylboronic acid
	2g
	74



	8
	4-chlorophenylboronic acid
	2h
	70



	9
	p-tolylboronic acid
	2i
	57
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Table 2. Compounds with their hyperpolarizability and HOMO-LUMO gap values. The units of βo are au while the HOMO-LUMO gap is shown in kcal/mol.
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	Compounds
	First Hyperpolarizability
	HOMO-LUMO Gap





	2a
	81.08
	121.14



	2b
	1361.75
	118.75



	2c
	60.73
	120.63



	2d
	411.94
	121.02



	2e
	693.55
	117.68



	2f
	280.27
	113.25



	2g
	2807.08
	110.12



	2h
	686.95
	119.33



	2i
	214.36
	120.68
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