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Abstract: Bromination of 2,5-bis(2-thienyl)pyrrole with NBS in AcOH/THF prefers β-

position of pyrrole over α-position of thiophene. DFT study and experiments in the different 

solvent system suggest the important role of the solvent in tuning the selectivity. Unusual 

solid-state polymerization (SSP) of β,β′-dibrominated 2,5-bis(2-thienyl)pyrrole was observed 

through β-C of pyrrole to afford bromine doped conjugated polymer. DSC, CHN and SEM 

analyses were carried out to study SSP process. 

 

Keywords: Pyrrole-thiophene cooligomer; Bromination; DFT study; Solid state 

polymerization 

 

1. Introduction 

Conducting polymers have attracted significant interest because of their applications in 

organic electronic devices such as organic photovoltaics (OPVs), organic light emitting diode 

(OLED) and organic field effect transistor (OFETs).1 Five membered heterocycles such as 

thiophene and pyrrole are extensively used to design new conjugated polymers for their 

applications in organic electronics. However, there are only few studies on copolymers 

containing both thiophene and pyrrole. Such polymers may provide an attractive approach to 

tailored electroactive materials with the added advantage of incorporating solubilizing groups 

on the pyrrole nitrogen to synthesize the solution processable polymers. Comparative study 

by Oliva et al. on thiophene–pyrrole oligomers and oligothiophenes indicated that 

incorporation of pyrroles in connection with thiophenes in cooligomers improved both the 

oxidation capacity and the luminescence properties relative to their homogeneous 

oligothiophenes.2 OFET,3 OPV and electroluminescent devices,4 have been fabricated from 

the oligomers and polymers incorporating N-aryl-2,5-bis(2-thienyl)pyrrole. 
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The synthesis and material processing are two important aspects of the development of 

new conjugated materials for organic electronics. Pyrrole is more reactive than thiophene 

toward aromatic electrophilic substitution (SEAr). The reactivity difference between α- and 

β-positions of pyrrole is less than that of thiophene. These two points creates interesting trend 

in reactivity difference of α-position of thiophene and β-position of pyrrole in the SEAr 

reactions.5 

Development of new processing technique to obtain the polymer with a higher degree of 

order has immense importance for device performance. Conjugated polymers can be directly 

obtained in solid state from a soluble and structurally pre-organized crystalline monomer by 

solid-state polymerization (SSP). It may afford nearly defect-free and highly ordered 

polymers. SSP of a suitable monomer in a well-ordered crystalline state was first introduced 

by Wenger with polydiactylenes6 and by Cohen et al. with poly(sulphur nitride) (SN)x.
7 

There are very few reports on solid-state polymerization process till date, where doped 

polythiophene and polyselenophene were successfully synthesized with high conductivities.8 

Here we report the relative reactivity of β-position of pyrrole and α-position of thiophene 

in SEAr reaction (bromination) of 2,5-bis(2-thienyl)pyrrole. Bromination reaction with NBS 

in AcOH/THF prefered β-position of pyrrole over the α-position of thiophene. Heating of 

β,β'-dibrominated 2,5-bis(2-thienyl)pyrrole afforded bromine doped conjugated polymer 

through β-C of pyrrole via solid state polymerization. It is a first report on SSP of pyrrole 

through β-position of pyrrole. 

 

2. Result and discussion 

2.1. Synthesis and selectivity towards bromination 

Compound 1 and 5 was prepared by Paal-Knorr reaction. Compound 1 and 5 are crystalline 

solid and viscous liquid, respectively. The hydroxyl group has significant role in 

intermolecular interaction which drives the molecule to be solid and crystalline.  Bromination 

reaction of compound 1 with 2.2 equiv of NBS in THF/AcOH afforded exclusively β,β'-

dibrominated crystalline solid compound 2 with 81% yield (Scheme 1). It indicated the 

higher reactivity of β-position of pyrrole for bromination than the α-position of thiophene. To 

get more insight into the reactivity order, compound 1 was reacted with varying equiv of 

NBS under similar reaction conditions. The reaction of 1 with 1.1 and 4.4 equiv of NBS 

afforded 3 and 4, respectively. Thus the bromination at α-C of thiophene takes place after 

blocking β-C of pyrrole. Further reaction of 5 with 2.2 equiv. of NBS exclusively afforded 6 
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in high yields which suggest the applicability of methodology for selective bromination on β-

position of pyrrole in case of T-Py-T like system. This indicates the applicability of 

methodology for selective bromination in the β-position of pyrrole over the α-position of 

thiophene in thiophene capped pyrroles. When DMF and AcOH were used as solvent in the 

reaction of 1 with 2.2 equiv of NBS, very complicated product mixture was obtained. 
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Scheme 1 Chemoselective bromination of compound 1 and 5. 

 

It is evident from the literature that for thiophenes-capped pyrrole the relative reactivities 

of pyrrole β-C and thiophene α-C in SEAr reactions vary based on N-substitution and reaction 

conditions. Bromination, formylation, acylation and Mannich reaction on N-unsubstituted 

2,5-di(2-thienyl)pyrrole preferred β-position of pyrrole.9 Reaction of N-unsubstituted 2,5-

di(2-thienyl)pyrrole with n-butylmagnesium bromide followed by reaction with ethylene 

oxide afforded β-hydroxyethyl substituted 2,5-di(2-thienyl)pyrrole.9 Hydroxymethylation 

was reported to take place at β-position of pyrrole in N-alkyl-2,5-di(2-thienyl)pyrrole.[10] 

Bromination of N-aryl-2,5-di(2-thienyl)pyrroles with NBS afforded α-substitution at 

Page 3 of 14 RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



4 
 

thiophene ring.11 Acylation and formylation were reported at β-position of pyrrole 

irrespective of N-substitution.10,12 Lithiation and electrophilic substitution by 

tetracyanoethylene prefer α-position of thiophene irrespective of N-substitution.13 

 

2.2. Theoretical calculation 

To shed more light on the experimentally observed reactivity of bromination reactions of 1 

with NBS, we have carried out DFT calculations at the B3LYP/6-31G(d) level (corrected for 

unscaled ZPVE) using Gaussian 09.14 The reaction pathways were calculated for the 

formation of 3 and 7 by α-bromination of thiophene ring and β-bromination of pyrrole ring of 

compound 1, respectively. Further, the calculation was extended for second bromination step 

on 3 and again consider two pathways similar to that of first step to afford 2 and 8, 

respectively. The results of the calculations are depicted in Fig. 1. DFT calculations showed 

that the activation barriers for the β-bromination of pyrrole rings of 1 and 7 were less than 

that for the α-bromination of thiophene rings. The products 3 and 2 resulted from β-

bromination of pyrrole rings were thermodynamically more stable than the products 7 and 8 

resulted from the α-bromination of thiophene ring. However, the energy difference between 

the activation barriers (within 1-3 kcal/mol) was insignificant to consider the 

chemoselectivity of one of the positions. It implies that small changes in the reaction 

conditions including the choice of solvent might change the course of the reaction. Indeed, as 

discussed above, by changing solvent from THF/AcOH to DMF, we have observed 

significant change in the reaction outcome of the bromination of 1 with NBS. Literature 

reports also indicated the change in reactivity trend with change in N-substitution of 2,5-di(2-

thienyl)pyrrole and nature of electrophile. To include the solvent effect, we have corrected 

the gas phase values by using single-point B3LYP/6-31G(d) calculations for acetic acid and 

DMF as a solvent with the Polarized Continuum Model (PCM) using B3LYP/6-31G(d) 

optimized geometries (Fig. S1).15 Incorporation of solvent effect significantly decreases the 

activation barriers in all cases, however, trend in the reactivity remianed unchanged. 
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Fig. 1 DFT calculation of the reaction pathway of bromination of 1 by using B3LYP/6-

31G(d) (energy values are given in kcal/mole including ZPVE). 

 

2.3. Solid State Polymerization 

Compound 2, a colourless crystalline solid, was soluble in all common organic solvents and 

stable in solution. On storage in closed flask in the solid state at room temperature, we have 

observed the slow transformation of 2 from colourless crystals to the black material with 

subsequent evolution of brown vapour of bromine. This observation indicates the possibility 

of solid state polymerization of 2 to afford the polymer. When white crystals of 2 were heated 

at 60 °C, it transformed slowly into lustrous black crystals within 7-8 h while retaining the 

crystal shape and size (Fig. 2). It is interesting to note that monobrominated compound 3 did 

not show any transformation to black crystal upon prolonged heating. The SEM analysis 

showed that the roughness of surface of the crystal was increased after SSP due to 

evaporation of bromine although shape and size remain unchanged (Fig. 3). The resulting 

black crystals were completely insoluble in common organic solvents. Elemental analysis of 

vacuum-dried samples indicated that P2 contain 1.4 atoms of bromine per thiophene-pyrrole-

thiophene unit. Low conductivity values (10-4-10-5 S/cm) of doped polymers can be ascribed 

to the lower conjugation through the β-position of pyrrole and steric hindrance due to α-

thienyl substitution on pyrrole ring. The FT-IR spectra of P2 obtained by SSP showed very 
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strong broad absorption bands for O-H stretching (3300 cm-1), characteristic C-O stretching 

(1200 and 1070 cm-1) and aromatic C-C double bond stretching (1600 cm-1) (Fig. S2 in SI) 

 

 

 

Fig. 2 Photographs of crystals of 2 (left) and doped P2 (right) obtained on heating the crystals 

of the monomer at 60 °C for 8 h. 

 

 

Fig. 3 SEM picture of the surface of 2 (a) with a 100 µm scale bar; (c) with 10 µm  scale bar; 

P2 obtained by solid-state polymerization (b) with 100 µm scale bar and (d) with 1 µm scale 

bar. 

2.4. DSC study 

Differential scanning calorimetry (DSC) was used to follow the SSP process of dibrominated 

monomer 2. On heating the dibrominated compound 2 at a scan rate of 10 °C/min showed an 

exothermic peak at 98.7 °C corresponding to the polymerizations (Fig. 4a). DSC of 2 was 

recorded as a function of scan rate (Fig. S3 in SI). The kinetics of the solid-state 

polymerization of 2 was studied by isothermal DSC. Heating of 2 at different temperatures 

(65-80 °C) below its melting point resulted in exothermic polymerization (Fig. 4b). The 

measured reaction enthalpy was 10.1 kcal/mole (at 80 °C) which was significantly lower than 

that observed for DBEDOT (14.1 Kcal/mole)8 and DBEDOS (18.5 Kcal/mole). The 

Page 6 of 14RSC Advances

R
S

C
A

dv
an

ce
s

A
cc

ep
te

d
M

an
us

cr
ip

t



7 
 

activation energy of solid-state polymerization of 2 obtained by using Arrhenius equation was 

38.5 kcal/mol (Fig. 4c). 
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Fig. 4 a) DSC curves of compound 2 with a heating scan-rate 10 °C/min; b) Isothermal DSC 

curves of compound 2; c) Arrhenius plotting to determine the activation energy of SSP 

reaction of 2. 

 

2.5. X-ray crystallography 

Short intermolecular Br-Br distance (shorter than the sum of van der Waals (vdW) radii of 

bromine (3.9 Å)) may favour solid-state polymerization through the expulsion of molecular 

bromine and concomitant C-C bond formation.8 Single crystal X-ray crystallographic 

analysis of 2 (Fig. 5) showed three type of intermolecular Br-Br distances of 3.84, 4.10 and 

4.51 Å, respectively (Fig. S4 in SI). In crystal structure of 2 the alternate hydrogen bonding 

and bromine short contact (3.84 Å) form one dimentional chains and these chains. These 

molecular chains arrange to form molecular sheets along b-axis. This arrangement of 

molecules created bromine channels in the molecular sheets. It may be one of the favourable 

factors for SSP. 
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Fig. 5 ORTEP diagram of crystal of 2  

 

3. Conclusion 

 
In conclusion, we have explored the relative reactivity of β-position of pyrrole and α-position 

of thiophene toward NBS bromination (SEAr reaction) in cooligomer 1. Bromination reaction 

showed solvent dependent chemoselectivity. DFT calculations indicated that although the 

reactivity of β-position of pyrrole is higher than α-position of thiophene, the energy 

difference is not significant to consider the chemoselectivity. Thus, the choice of solvent 

influenced the outcome of the reaction. Dibrominated products 2 formed bromine doped 

conducting polymers via solid state polymerization. Polymers by solid state polymerization 

through the 3,4-position of pyrrole of thiophene-pyrrole-thiophene system is reported for the 

first time. These results indicate that the care should be taken while working with pyrrole 

containing oligomers as electro- and solid-state polymerization of pyrrole can even go 

through β-position of pyrrole. 

 

4. Experimental 

 
4.1. Materials and characterization methods 

Dry toluene and THF were distilled from sodium/benzophenone prior to use. Acetonitrile was 

distilled from P2O5 prior to use. Thiophene, tetrabutylammonium perchlorate (TBAPC), 2-

methylthiophene, succinylchloride N-bromosuccinamide (NBS) were purchased from Aldrich 

and used without further purification. Ethanolamine, hexylamine, propionic acid purchased 

from Merck. Electrochemical studies were carried out with a Princeton Applied Research 

263A potentiostat using platinum (Pt) disk electrode as the working electrode, a platinum 

wire as counter electrode, and an AgCl-coated Ag wire, which was directly dipped in the 

electrolyte solution, as the reference electrode. Nonaqueous Ag/AgCl wire was prepared by 

dipping silver wire in a solution of FeCl3 and HCl. Pt disk electrodes were polished with 

alumina, water, and acetone and were dried with nitrogen gas before use to remove any 
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incipient oxygen. The electrolyte used was 0.1 M TBAPC in ACN/water mix solvent. UV–

vis spectra were recorded on a HITACHI U-4100 UV–vis–NIR spectrophotometer. Crystal of 

2 was obtained from hexane/ethylacetate solvent mixture by slow evaporation method. The 

crystal was carefully chosen using a stereomicroscope supported by a rotatable polarizing 

stage. Crystaldata was collected at rt on Bruker’s KAPPA APEX ΙΙ CCD Duo with graphite 

monochromated Mo-Kα radiation (0.71073 Å). Crystal was glued to a thin glass fibre using 

FOMBLIN immersion oil and mounted on the diffractometer. The intensity data were 

processed using Bruker’s suite of data processing programs (SAINT), and absorption 

corrections were applied using SADABS.16 Crystal structures were solved by direct methods 

using SHELXS-97 and the data was refined by full matrix least-squares refinement on F
2 

with anisotropic displacement parameters for non-H atoms, using SHELXL-97.17 

 

4.2. Synthetic procedure 

Compound 1,4-di(thiophen-2-yl)butane-1,4-dione18 was synthesized by following reported 

literature. 

 

4.3. General procedure for Knorr-Paal synthesis 

A 50 mL two-necked round-bottom flask equipped with a Dean-Stark trap and condenser was 

charged with 2 mmol of 1,4-di(thiophen-2-yl)butane-1,4-dione and 10 mmol of ethanolamine 

(or hexylamine) in dry toluene (20 mL) and propionic acid in catalytic amount. The reaction 

mixture was refluxed at 110 °C for 16 h and then cooled to rt. Toluene is evaporated under 

reduced pressure and resulting crude solid was purified by column chromatography (silica 

gel) using 3:1 hexanes:CH2Cl2. 

Compound 1: Colourless solid. Yield: 82%. 1H NMR (400 MHz, DMSO-d6, ppm) δ: 3.41 (m, 

2 H), 4.22 (t, J = 8.6 Hz, 2 H), 4.96 (t, J = 6.6 Hz, 1 H), 6.28 (s, 2 H), 7.14 (m, 2 H), 7.25 (m, 

2 H), 7.56 (m, 2 H). 13C NMR (100 MHz, DMSO-d6, ppm) δ: 40.1, 60.1, 110.5, 125.8, 126.0, 

127.8, 128.0, 134.0. HRMS (ESI) m/z calculated for C14H13NOS2 [M+] 275.0439; found 

275.0431. 

 

4.4. General procedure for bromination 

Compound 1 (or 5) (3 mmol) was dissolved in THF/AcOH (1:1, 30 mL) mix solvent. 

Reaction mixture was cooled by ice-water. NBS (6.5 mmol) was added at once in the absent 

of light. The reaction mixtured was allowed to warm at rt and stirred for 24 h. After removal 
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of solvent the crude mixture was directly loaded to column of silica gel for purification and 

eluted with hexane/ethylacetate (98:2) solvent mixture. 

Compound 2: Colourless crystals. Yield: 81%. 1H NMR (400 MHz, DMSO-d6, ppm) δ: 3.24 

(m, 2 H), 3.96 (t, J = 8.2 Hz, 2 H), 4.84 (t, J = 6.7 Hz, 1 H), 7.22 (m, 2 H), 7.31 (m, 2 H), 

7.78 (m, 2 H). 13C NMR (100 MHz, DMSO-d6, ppm) δ: 39.9, 60.0, 110.5, 125.8, 126.0, 

127.7, 128.0, 134.0. HRMS (ESI) m/z calculated for C14H11Br2NOS2 [M
+] 430.8649; found 

430.8656. 

Compound 3: Colourless solid. Yield: 51%. 1H NMR (400 MHz, DMSO-d6, ppm) δ: 3.29 (m, 

2 H), 4.07 (t, J = 8.4 Hz, 2 H), 4.90 (t, J = 6.6 Hz, 1H), 6.45(s, 1 H), 7.15 (m, 1 H), 7.21 (m, 1 

H), 7.27 (m, 1 H), 7.31 (m, 1 H), 7.63 (m, 1 H), 7.75 (m, 1 H). 13C NMR (100 MHz, DMSO-

d6, ppm) δ: 47.2, 59.8, 98.2, 112.1, 125.4, 126.1, 127.1, 127.4, 127.8, 128.2, 128.5, 130.2, 

130.4, 132.5. HRMS (ESI) m/z calculated for C14H12BrNOS2 [M+] 352.9544; found 

352.9550. 

Compound 4: Pale yellow solid. Yield: 92%. 1H NMR (400 MHz, DMSO-d6, ppm) δ: 3.27 

(m, 2 H), 3.97 (t, J = 7.6 Hz, 2 H), 4.92 (t, 1 H, J 6.9 Hz), 7.17 (d, J = 4.2 Hz, 2 H), 7.34 (d, J 

= 4.4 Hz, 2 H). 13C NMR (100 MHz, DMSO-d6, ppm) δ: 49.1, 60.0, 102.0, 114.4, 125.6, 

131.3, 132.0, 132.4. HRMS (ESI) m/z calculated for C14H9Br4NOS2 [M
+] 586.6859; found 

586.6868. 

Compound 6: Colourless viscous liquid. Yield: 82%. 1H NMR (400 MHz, DMSO-d6, ppm) 

δ:0.71 (m, 3H), 0.91 (m, 4H), 0.93-1.03 (m, 2H), 1.30 (m, 2H), 3.89 (t, J = 6.3 Hz, 2 H), 7.22 

(m, 2 H), 7.28 (m, 2 H) 7.80 (m, 2 H). 13C NMR (100 MHz, DMSO-d6, ppm) δ: 13.6, 21.5, 

25.1, 29.8, 30.1, 40.0, 100.7, 125.4, 127.5, 128.9, 129.8, 130.4. HRMS (ESI) m/z calculated 

for C18H19Br2NS2 [M
+] 470.9326, found 470.9318. 

 

4.5. General procedure for solid state polymerization 

In a typical experimental procedure, crystalline 2 (200 mg) was placed in a 50 mL round 

bottle flask that was closed with stopper. The flask was heated at 50 °C for 24 h, during 

which period the original white color of dibromo compounds turned black. The sequence of 

color changes (from white → gray → dark black) of the material and the appearance of 

brown bromine vapor in the flask was indicative of the progress of the solid state 

polymerization. Performing the reaction in an inert atmosphere (Ar or N2) or in a vacuum-

sealed vial did not have any apparent effect on the polymerization time or properties of the 

product. P2: Elemental analysis found: N, 3.61; C, 43.55; H, 2.74. 
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Solid state polymerization (SSP) through β-C of pyrrole of β,β′-Dibrominated 2,5-bis(2-

thienyl)pyrrole moiety to afford bromine doped conjugated polymer. 
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