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Abstract

:

Pyrene, a renowned aromatic hydrocarbon, continues to captivate researchers due to its versatile properties and potential applications across various scientific domains. Among its derivatives, bromopyrenes stand out for their significance in synthetic chemistry, materials science, and environmental studies. The strategic functionalisation of pyrene at non-K region and nodal positions is crucial for expanding its utility, allowing for diverse functionalisation strategies. Bromo-substituted precursors serve as vital intermediates in synthetic routes; however, the substitution pattern of bromoderivatives significantly impacts their subsequent functionalisation and properties, posing challenges in synthesis and purification. Understanding the distinct electronic structure of pyrene is pivotal, dictating the preferential electrophilic aromatic substitution reactions at specific positions. Despite the wealth of literature, contradictions and complexities persist in synthesising suitably substituted bromopyrenes due to the unpredictable nature of substitution reactions. Building upon historical precedents, this study provides a comprehensive overview of bromine introduction in pyrene derivatives, offering optimised synthesis conditions based on laboratory research. Specifically, the synthesis of mono-, di-, tri-, and tetrabromopyrene isomers at non-K positions (1-, 3-, 6-, 8-) and nodal positions (2-, 7-) is systematically explored. By elucidating efficient synthetic methodologies and reaction conditions, this research contributes to advancing the synthesis and functionalisation strategies of pyrene derivatives, unlocking new possibilities for their utilisation in various fields.
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1. Introduction


Pyrene needs no introduction; its broad and interesting properties, especially its derivatives, have already been demonstrated over the years in many scientific papers [1,2,3,4]. Pyrene and its derivatives can be widely used in various fields, including organic synthesis, materials science, and environmental chemistry. Its unique physical and chemical properties and air stability make it a valuable tool for studying molecular interactions and environmental processes [5]. To obtain pyrene derivatives appropriate for potential applications, it is required to initially functionalize the active sites: non-K position (1-, 3-, 6-, 8-positions), nodal area (2-, 7-positions), and the K-region (4-, 5-, 9-, 10-positions).



As time has passed, a concern has emerged regarding the manner in which positions of the pyrene structure are described. The system, which Bally and Scholl first proposed in 1911 [6], served as the foundation for the IUPAC system. The utilisation of this system did not require pyrene to be oriented in a particular way; as a result, diverse numbering was possible (Figure 1) [7]. Patterson enhanced the system that facilitated the designation of names without any ambiguity by considering the numbering of the peripheral atoms and the orientation of the parent polycyclic aromatic hydrocarbon [8]. The Patterson orientation principles, which are essentially equivalent, have been incorporated into the current IUPAC system. Although this system provided improved naming capabilities compared to the foundational method suggested by Bally and Scholl, the chemical community did not readily adopt it. Consequently, other possibilities for numbering the position of pyrene also appeared in the literature, but they were incidental.



Generally, bromosubstituted precursor molecules are essential in synthetic chemistry, because the bromine atom connected to carbon can be transformed into a carbon–carbon or carbon–nitrogen bond based on the protocols of Pd-catalyzed cross-coupling reactions such as Sonogashira [9], Suzuki–Miyaura [10], and the Buchwald–Hartwig amination reaction [11,12]. What is essential is that the substitution pattern of bromoderivatives has a crucial impact on the further functionalisation possibilities and properties of target molecules. Moreover, in addition to the properties and reactivity, the substitution pattern can significantly determine the efficiency and selectivity of the synthetic route and the purification of the desired molecule; the resulting mixture of isomers may be challenging to separate and purify [13].



The unique electronic structure of pyrene predominantly directs electrophilic aromatic substitution reactions towards the 1-, 3-, 6-, and 8-positions, while the 2-, 4-, 5-, 7-, 9-, and 10-positions do not display the same reactivity due to energetic constraints. This discrepancy arises from the fact that the 1-, 3-, 6-, and 8-positions (referred to as the active non-K region) possess approximately 8.8 kcal/mol lower energies compared to the 4-, 5-, 9-, and 10-positions (K-region), whereas the energy difference between the active region and the nodal positions (2- and 7-positions) is notably higher at approximately 20.5 kcal/mol [14]. Consequently, the order of substitution in pyrene can be prioritized as follows: 1 > 8 > 6 > 3 [15]. When reviewing the literature on synthesising suitably substituted bromopyrenes, it becomes apparent that many sources contradict each other, with differences in the reported reaction conditions and resulting products. This can be attributed to the fact that the active positions of pyrene (1-, 3-, 6-, and 8-) display equal reactivity towards substitution, which can occur randomly, resulting in a multitude of products whose composition is influenced by the stoichiometric ratio of the starting materials.



In 1937, Heinrich Vollmann et al. published “Beiträge zur Kenntnis des Pyrens und seiner Derivate”, which reported that the bromination of pyrene with a stoichiometric equivalent of bromine in nitrobenzene resulted in 1-bromo-, 1,6-, and 1,8-dibromo isomers, as well as 1,3,6-tribromo- and 1,3,6,8-tetrabromopyrene [16]. Since then, significant advancements have been made in this field, resulting in the development of straightforward methods for obtaining mono-, di-, tri-, and tetrasubstituted pyrenes.



While various aspects of pyrene chemistry have been reviewed in the recent literature, this report offers a comprehensive overview of the introduction of bromine with reaction conditions based on our research results where a starting material is pyrene. We present optimal conditions from the laboratory work point of view (time, yields, price, simplicity, purification, and purity of the isomer) for the synthesis of mono-, di-, tri-, and tetrabromo isomer syntheses, including those at non-K positions (1-, 3-, 6-, 8-) and the nodal plane (2-, 7-). Specifically, we report the syntheses of 1-bromopyrene, 2-bromopyrene, 2,7-dibromopyrene, 1,6-dibromopyrene, 1,8-dibromopyrene, 1,3-dibromopyrene, 1,7-dibromopyrene, 1,3,6-tribromopyrene, and 1,3,6,8-tetrabromopyrene (Figure 2).




2. Introduction of Bromine


Working with pyrene requires the synthesis of appropriate bromoderivatives. Given the extensive literature on pyrene, selecting the most suitable method to obtain the desired isomer while considering factors such as time, yield, cost, simplicity, purification, and purity can be challenging. Bromination of pyrene can occur at various positions on the pyrene ring, including the non-K regions (1-, 3-, 6-, 8-positions) and the nodal plane (2-, 7-positions). In non-K regions, bromination reactions are typically conducted using a bromine source such as molecular bromine (Br2), a brominating agent like N-bromosuccinimide (NBS), or a bromine–hydrogen peroxide system (Br2/H2O2). The conditions for bromination may vary depending on the specific isomer being synthesised and can involve solvents, catalysts, or other additives. Conversely, introducing bromine at nodal positions requires initial Ir-catalyzed borylation, which is sterically driven, followed by halogenation. In the following paragraph, we present literature-reported conditions along with yields of products, as described by various authors. Furthermore, drawing from our laboratory experience, we detail the synthesis procedure for bromopyrenes, including necessary modifications (described as Procedure for the synthesis of...). Additionally, NMR spectra were obtained for all products except for 1,3,6,8-tetrabromopyrene, facilitating easy comparison of the particular isomers.



2.1. 1,3,6,8-Tetrabromopyrene


In 1937, Vollmann first reported the synthesis of 1,3,6,8-tetrabromopyrene (Figure 3), originally designated as 3,5,8,10-tetrabromopyrene. The synthesis involved brominating pyrene with bromine in nitrobenzene (PhNO2), followed by heating at 120 °C for 2 h and an additional 2 h at 120–130 °C [16]. After cooling to 50 °C, the solid was filtered and washed with ethanol, resulting in a 94–96% product yield as yellowish needles.



Since Vollmann’s work, 1,3,6,8-tetrabromopyrene has found applications in numerous reactions, and reported synthesis procedures are based on bromination with bromine in a nitrobenzene solution of pyrene (Table 1). Generally, reactions at 120 °C with shorter durations (2–4 h) consistently yield high percentages (94–99%), suggesting a relatively fast and efficient bromination process under these conditions. Longer reaction times at 120 °C (12–16 h) also result in high yields (96–98%), indicating that the reaction continues to completion with extended time. Higher temperatures (160 °C) show a slight decrease in yield (90%), while the 80 °C reaction for 12 h yields a commendable 92%. The use of nitrobenzene as a solvent remains consistent, emphasising its reliability.



	
Procedure for the Synthesis of 1,3,6,8-Tetrabromopyrene: Pyrene (10.00 g, 49.44 mmol) and nitrobenzene (200 mL) were combined in a three-necked round-bottom flask, to which bromine (34.77 g, 11.14 mL, 217.55 mmol) was added dropwise. The resulting mixture was heated at 120 °C overnight under a nitrogen atmosphere. Subsequently, it was allowed to cool to room temperature, followed by filtration and washing with ethanol and diethyl ether. The product obtained was as light green solid (25.09 g, 98% yield).







2.2. 1-Bromopyrene


In 1937, Lock reported the synthesis of 1-bromopyrene (Figure 4) (originally described as 3-bromopyrene) by the bromination of pyrene [23]. The synthesis involved brominating a pyrene solution in carbon tetrachloride (CCl4) using a bromine solution in carbon tetrachloride for 2 h and stirring until the red solution turned yellow again, followed by extraction with water. The obtained solid was dissolved in ethanol, and after cooling, the product was obtained with a 71% yield as yellow crystals.



Subsequent studies have employed analogous methodologies, utilising reagents such as NBS or NBS with an addition, HBr with H2O2, and benzyltrimethylammonium tribromide (BTMABr3) (Table 2). Some of the proposed methods necessitate the use of column chromatography, which imposes a limitation on the reaction scale. A comprehensive analysis of bromination reactions reveals significant correlations between reaction conditions and yields. Notably, higher concentrations of HBr (48%) tend to result in slightly diminished yields, suggesting the presence of an optimal concentration range for this brominating agent. Longer reaction times at room temperature generally correlate with lower yields, though there are exceptions, such as the 24-hour reaction with HBr 48% and H2O2 30%, that challenge this trend. Dichloromethane (CH2Cl2) consistently emerges as a common solvent, yielding favorable results across various brominating agents. Dimethylformamide (DMF) also consistently demonstrates high yields. The influence of reaction temperature is evident, with reactions conducted at lower temperatures (−40 °C) yielding promising results. N-bromosuccinimide (NBS), both alone and with additives, consistently produces high yields, as does HBr in conjunction with H2O2 and Br2 under specific conditions. Darkness during the reaction shows varying effects on yields, which are particularly evident in NBS reactions. Additionally, the incorporation of additives such as benzoyl peroxide and unique reagents like 1-phenyl-3,3-dimethyl-1,3-dihydrobenzo[c][1,2]oxaselenol-1-ium tetrafluoroborate positively influences yields. Furthermore, the utilisation of tetrabutylammonium bromide (BTMABr3) in combination with CaCO3 in a dichloromethane/methanol mixture results in a moderate yield, while its application with ZnCl2 in acetic acid leads to a comparatively lower yield. Among all reported procedures, the method presented by M. Schulze and co-workers stands out due to its successful application on a scale of 20 g, using low-cost, commercially available pyrene of technical quality as the starting material [24].



	
Procedure for the Synthesis of 1-Bromopyrene: Pyrene (10.00 g, 49.44 mmol) and a mixture of MeOH/Et2O (125 mL, 1:1 v/v) were combined in a three-necked round-bottom flask, to which HBr (48% w/w aq solution, 9.17 g, 6.15 mL, 54.39 mmol) was added dropwise. The resulting mixture was cooled to 15 °C using an ice-water bath and stirred for 10 min, followed by dropwise addition of H2O2 (30% w/w aq solution, 5.89 g, 5.30 mL, 51.92 mmol) over 30 min. The mixture was stirred overnight under a nitrogen atmosphere. Subsequently, the precipitate was filtrated and washed with a small amount of cold ethanol and diethyl ether. Dichloromethane (100 mL) was added to the filtrate and extracted twice with water. The solvent was evaporated using a rotary evaporator, and the residue was dissolved in hot hexane and placed in a refrigerator overnight. Precipitate was collected by filtration and mixed with the previously obtained solid. The process of dissolving in a small amount of hot hexane was repeated, and the mixture was placed in a refrigerator overnight. After filtration, the product was obtained as a pale yellow solid (10.15 g, 73% yield). 1H NMR (400 MHz, CDCl3) δ 8.42 (d, J = 9.2 Hz, 1H), 8.24–8.18 (m, 3H), 8.15 (d, J = 9.2 Hz, 1H), 8.09–8.02 (m, 2H), 8.02–7.96 (m, 2H).







2.3. 1,6-Dibromopyrene and 1,8-Dibromopyrene


The desire to synthesise 1,6- and 1,8-dibromopyrene (Figure 5) dates back to the 1970s, when J. Grimshaw and J. Trocha-Grimshaw developed a method for their synthesis and separation. This procedure involved gradually adding a bromine solution in carbon tetrachloride (CCl4) to a pyrene solution in the same solvent. After stirring overnight, the resultant isomers were isolated and separated by crystallization using either toluene or a combination of benzene and hexane. This yielded the 1,6-isomer and 1,8-isomer as beige solids, with a 44% and 45% yield, respectively [55].



Throughout the years, researchers have explored various solvents, brominating agents, and reaction conditions. Most documented approaches have focused on obtaining the 1,6-isomer, as outlined in Table 3. Notably, the yield of reaction with Br2 varies depending on reaction time and conditions, while using 1,3-dibromo-5,5-dimethylhydantoin (DBMH) in CH2Cl2 for 1 h achieves a high yield of a mixture of isomers—97%. Solvent choices, such as CH2Cl2 and CHCl3, affect yields, with CCl4 at 110 °C consistently producing higher yields. Temperature plays a crucial role, as reactions at room temperature yield diverse outcomes, while higher temperatures, such as 110 °C, lead to increased yields in some cases. Longer reaction times generally enhance yields but exceptions exist, such as DBMH in CH2Cl2 for 1 h. Specific reagent combinations, like benzyltrimethylammonium tribromide (BTMABr3) + ZnCl2 in CH2Cl2/MeOH for 16 h, result in quantitative yields. The solvent CS2, in the presence of Br2, yields 15% with a notable co-product yield of 85%. Darkness conditions in CCl4 at 110 °C for 12 h may influence a yield of 63%.



Another method described in the literature for synthesising 1,6- and 1,8-dibromopyrene involves using 1-bromopyrene as the starting material (Table 4). Two papers in the literature detail the reaction conditions. In the initial experiment, a combination of KBr/NaClO in HCl and MeOH solution was employed, resulting in a mixture of products with a yield of 43%. Conversely, in the second scenario, the use of bromine in dichloromethane resulted in the successful synthesis of pure dibromopyrenes, with each isomer yielding approximately 35%.



	
Procedure for the Synthesis of 1,6-Dibromopyrene and 1,8-Dibromopyrene: Pyrene (10.00 g, 49.44 mmol) was combined with carbon tetrachloride (250 mL) in a three-necked round-bottom flask. Bromine (15.80 g, 5.07 mL, 98.89 mmol) was added dropwise over five h under a nitrogen atmosphere. The resulting mixture was stirred overnight. The precipitate formed was then filtered and washed with diethyl ether and hexane. The obtained solid underwent fractional crystallization from toluene, resulting in the initial formation of the less soluble 1,6-dibromopyrene, which crystallized in needle-like structures. The crystallisation process was repeated using toluene. The products were obtained as beige solids, 1,6-dibromopyrene (7.12 g, 40% yield), and 1,8-dibromopyrene (6.23 g, 35% yield). Importantly, due to cost and environmental considerations, the carbon tetrachloride used after filtration was washed three times with water, dried with magnesium sulphate, and then distilled. This purified solvent was utilised in subsequent bromination reactions. Furthermore, the mixture of 1,6- and 1,8-dibromopyrenes obtained from the last crystallization step was employed to synthesise 1,3,6-tribromopyrene. 1,6-Dibromopyrene: 1H NMR (400 MHz, CDCl3) δ 8.46 (d, J = 9.2 Hz, 2H), 8.27 (d, J = 8.2 Hz, 2H), 8.12 (d, J = 9.2 Hz, 2H), 8.06 (d, J = 8.2 Hz, 2H). 1,8-Dibromopyrene: 1H NMR (400 MHz, CDCl3) δ 8.49 (s, 1H), 8.42 (d, J = 9.2 Hz, 1H), 8.25 (d, J = 8.1 Hz, 2H), 8.08 (d, J = 9.2 Hz, 1H), 8.04–8.01 (m, 1H), 8.01 (d, J = 3.1 Hz, 2H).







2.4. 1,3-Dibromopyrene


Literature on the subject of 1,3-dibromopyrene (Figure 6) is notably scarce due to the challenge of substituting the pyrene structure, which exhibits a preference for electrophilic substitution at the 1,6- and 1,8- positions rather than the 1,3-positions of pyrene. Spectroscopic analysis determined that this isomer is present as a byproduct (with a yield of 3%) of the bromination reaction using bromine in a dichloromethane solution [75].



In 1972, Yu. E. Gerasimenko et al. reported the synthesis of 1,3-dibromopyrene through the decarboxylation reaction of 6,8-dibromo-2-pyrenecarboxylic acid (Table 5) [77]. According to the described protocol, the authors utilised 0.30 g of carboxylic acid, which was dissolved in 20 mL of DMF and 50 mL of H2O. The resulting mixture was boiled for 1 h. Subsequently, the obtained dry solid was mixed with 0.20 g of calcium oxide and 0.32 g of calcium hydroxide, and the mixture underwent dry distillation. The target molecule, 1,3-dibromopyrene, was sublimated and obtained as colourless needles, yielding 0.025 g (9.3%).



The alternative approach to obtaining 1,3-dibromopyrene, as presented by Yu. E. Gerasimenko et al., involved the exchange of the carboxylic group with an amine group, followed by the Sandmeyer reaction, resulting in 1,3-dibromopyrene (Table 6) with a yield of 19.6%.



Another synthesis method was described by T. Nielsen et al., wherein 1,3-dibromopyrene was prepared from 1,3-dibromo-7-pyrenecarboxylic acid, previously obtained through the alkaline hydrolysis of methyl 1,3-dibromopyrene-2-carboxylate. The intermediate was subjected to a decarboxylation reaction with copper powder in boiling quinoline [78]. Notably, the authors utilised 230 g of substrate, resulting in 120 mg of 1,3-dibromopyrene.



In the context of a critical analysis of the synthesis possibility of 1,3-dibromopyrene, 2-pyrenecarboxylic acid was synthesised via multistep synthetic routes starting from pyrene [79], followed by bromination in nitrobenzene. Although the decarboxylation reaction was attempted multiple times, and alternative decarboxylation methods were explored by us according to the protocols of described in the literature for the decarboxylation of carboxylic acids of arenes, the desired product was not obtained (Table 7).



Due to the intricate synthesis of 1,3-dibromopyrene, an approach involving the acylation of pyrene allows for obtaining 1,3-disubstituted pyrene, albeit with a tert-butyl group at position 7. Incorporation of the tert-butyl group can be achieved via a Friedel–Crafts reaction involving tert-butyl chloride and AlCl3 as a catalyst under various solvent and reaction condition setups. Utilising CH2Cl2 as the solvent at room temperature for 3 h resulted in an 82–84% yield of 2-tert-butylpyrene [83,84]. However, altering the reaction conditions to a temperature range of 0 °C to room temperature within the same time frame led to varying yields, ranging from 65% to 100% [48,85,86,87,88,89,90,91,92]. Remarkably, refluxing the reaction mixture in CS2 yielded a high percentage yield at 92% [93].



Regarding the applied amount of brominating agent, 1,3-dibromo-7-tert-butylpyrene (Table 8) or 1-bromo-7-tert-butylpyrene (Table 9) can be obtained.



For 1-bromo-7-tert-butylpyrene, employing Br2 in CH2Cl2 solvent resulted in yields ranging from 72% to 88% across temperatures ranging from −78 °C to room temperature, with longer reaction times generally leading to higher yields. Additionally, the addition of iron to Br2 in CH2Cl2 solvent resulted in 83% yield at temperatures ranging from 0 °C to 28 °C for 5 h. Conversely, utilising NBS in THF solvent provided the highest yield of 94% at temperatures ranging from 0 °C to room temperature overnight.



In the case of 1,3-dibromo-7-tert-butylpyrene, using the brominating agent Br2 in carbon tetrachloride (CCl4) at room temperature for 16 h yielded 68%, while in dichloromethane (CH2Cl2) at −78 °C, the yield was 89%. The addition of iron alongside Br2 in CH2Cl2 over a temperature range from 0 °C to 28 °C for 5 h resulted in a reduced yield of 35%. In contrast, utilising N-bromosuccinimide (NBS) in tetrahydrofuran (THF) at 30 °C overnight provided a notably high yield of 91%. Moreover, employing BTMABr3 with calcium carbonate (CaCO3) in CH2Cl2/methanol (MeOH) at 0 °C for 1 h followed by room temperature overnight yielded 76%. Similarly, using BTMABr3 in CH2Cl2 at temperatures ranging from 0 °C to room temperature overnight also yielded 76%.



	
Procedure for the Synthesis of 1,3-dibromo-7-tert-butylpyrene: 2-Tert-butylpyrene (1.00 g, 3.87 mmol) was combined with dichloromethane (40 mL) in a three-necked round-bottom flask. Bromine (1.24 g, 0.40 mL, 7.74 mmol), dissolved in dichloromethane (40 mL), was added dropwise at −78 °C under a nitrogen atmosphere. The reaction mixture was allowed to slowly warm to room temperature and stirred overnight. Afterwards, the organic layer was washed successively with a sodium thiosulfate (0.3 M) solution and water. The solvent was then removed under reduced pressure using a rotary evaporator. The resulting residue was dissolved in hexane, leading to the crystallisation of the product. The precipitate was collected by filtration, yielding a white–silver solid (1.42 g, 88% yield). 1H NMR (400 MHz, CDCl3) δ 8.44 (s, 1H), 8.34 (d, J = 9.2 Hz, 2H), 8.29 (s, 2H), 8.15 (d, J = 9.2 Hz, 2H), 1.60 (s, 9H).







2.5. 1,3,6-Tribromopyrene


Following the findings of H. Vollmann et al. in 1937, which detailed the bromination of pyrene with a stoichiometric equivalent of bromine in nitrobenzene, resulting in 1,3,6-tribromopyrene (Figure 7) [16], the synthesis of trisubstituted pyrene was subsequently presented in 1972 by James Grimshaw and J. Trocha-Grimshaw in the same publication, where the authors reported the synthesis of dibromopyrenes (1,6- and 1,8-) and 1-bromopyrene [55]. This method involved dissolving pyrene in carbon tetrachloride, followed by the addition of bromine solution in carbon tetrachloride and stirring the mixture for four days. The resulting precipitate was collected and then extracted with boiling carbon tetrachloride. The residue was subjected to multiple recrystallisations from toluene. However, the final product, obtained with a 14% yield, was found to be contaminated with traces of 1,6-, 1,8-dibromo-, and 1,3,6,8-tetrabromopyrenes.



A similar approach was applied in the following years (Table 10). Conducting the reaction with Br2 in nitrobenzene at 80 °C for 12 h led to a significantly higher yield of 87%. However, utilising Br2 in nitrotoluene under unspecified conditions resulted in 1,3,6-tribromopyrene, although the authors did not specify the reaction yield.



Another approach to the synthesis described in the literature involves the preparation of 1,3,6-tribromopyrene from pyrene through sequential bromination reactions. Initially, pyrene is reacted with aqueous HBr and H2O2 to yield a mixture of 1,6- and 1,8-dibromopyrenes via electrophilic aromatic substitution. Subsequently, the mixture of dibromopyrenes was treated with elemental bromine in nitrobenzene, leading to the bromination of the pyrene ring and the formation of 1,3,6-tribromopyrene (Table 11). The reported yield of 82% demonstrates the efficiency of the reaction conditions in converting the dibromopyrene mixture to the desired product.



	
Procedure for the Synthesis of 1,3,6-Tribromopyrene: A mixture of 1,6- and 1,8-dibromopyrene (10.00 g, 27.77 mmol) was combined with nitrobenzene (250 mL) in a three-necked round-bottom flask. Bromine (4.44 g, 1.42 mL, 27.77 mmol) was added dropwise under a nitrogen atmosphere. The resulting mixture was stirred overnight. The precipitate formed was then filtered and washed with diethyl ether and hexane. The obtained solid underwent crystallisation from toluene, resulting in 1,3,6-tribromopyrene as a white solid (9.87 g, 81%). 1H NMR (400 MHz, CDCl3) δ 8.53 (s, 1H), 8.46 (d, J = 9.1 Hz, 2H), 8.27 (d, J = 2.4 Hz, 1H), 8.25 (d, J = 2.4 Hz, 2H), 8.12 (d, J = 9.2 Hz, 2H), 8.06 (d, J = 4.8 Hz, 2H), 8.04 (t, J = 2.4 Hz, 2H).







2.6. 1,7-Dibromopyrene


In 2022, Y. Ahn et al. reported the synthesis of 1,7-dibromopyrene (Table 12). The synthesis involved the substitution of 1-bromopyrene by a borate group at position 7, followed by exchange with bromine. The synthetic route commenced with the dissolution of 2-(6-bromopyren-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane, 4,4′-di-tert-butyl-2,2′-dipyridyl (dtbpy), and bis(pinacolato)diboron in anhydrous cyclohexane under nitrogen. The reaction mixture, containing 1-bromopyrene and an additional portion of bis(pinacolato)diboron in cyclohexane, was then added and stirred at 70 °C overnight. The resulting crude mixture underwent extraction, drying, and purification by silica gel column chromatography. A subsequent reaction with copper(II) bromide in a water–isopropanol–dimethylformamide solution at a higher temperature (110 °C) resulted in a crude product. The final product was obtained through filtration, washing, and recrystallisation, resulting in a white solid with a 66% yield.



	
Procedure for the Synthesis of 1,7-Dibromopyrene: A solution of [Ir(μ-OMe)(cod)]₂ (0.073 g, 0.15 mmol), 4,4′-di-tert-butyl-2,2′-dipyridyl (dtbpy) (0.097 g, 0.36 mmol), and bis(pinacolato)diboron (0.198 g, 0.78 mmol) in hexane (10 mL) was prepared in a Schlenk flask under a nitrogen atmosphere. The mixture was stirred for 10 min. Then, a solution of 1-bromopyrene (5.00 g, 17.78 mmol) and bis(pinacolato)diboron (4.77 g, 18.78 mmol) in hexane (20 mL) was added to the reaction mixture. The Schlenk flask was purged with nitrogen, and the resulting mixture was stirred at 70 °C overnight. The crude product was subsequently extracted with chloroform and water. The organic layer was separated, and the solvent was removed under reduced pressure using a rotary evaporator. The resulting residue was dissolved in dichloromethane and passed through a layer of silica gel. The solvent was then removed under reduced pressure, and the obtained yellow residue was dissolved in a mixture of methanol and tetrahydrofuran (MeOH/THF, 60 mL, 3:1 v/v). Then, a solution of copper(II) bromide (19.86 g, 88.9 mmol) in 30 mL of water was added to the solution. The mixture was stirred overnight at 90 °C under a nitrogen atmosphere. The resulting product was filtered and washed successively with water, diethyl ether, and hexane. The obtained precipitate was then purified by silica gel column chromatography using chloroform as the eluent to obtain a solid, which was crystallised from acetonitrile to yield the desired compound as a white solid (1.98 g, 31%). 1H NMR (400 MHz, CDCl3) δ 8.53 (s, 1H), 8.45 (d, J = 9.2 Hz, 1H), 8.21 (d, J = 8.0 Hz, 1H), 8.13 (d, J = 2.5 Hz, 1H), 8.05 (s, 1H), 7.89 (d, J = 9.2 Hz, 1H), 7.69 (d, J = 9.2 Hz, 1H), 7.63 (d, J = 9.3 Hz, 1H).







2.7. 2-Bromopyrene and 2,7-Dibromopyrene


In 1965, A. Streitwieser and co-workers reported for the first time in the literature 2-bromopyrene, whereas 2,7-dibromopyrene was presented 21 years later in 1986 by H. Lee and R. G. Harvey (Figure 8).



The synthesis of 2-bromopyrene was conducted through a multi-step process, initiated by the reaction of sodium nitrite, sulfuric acid, and water, followed by the addition of urea and subsequent treatment with mercury(II) bromide and potassium bromide (Table 13). This sequence of reactions was carried out over a total duration of 4 h, yielding salt of 2-bromopyrene (C16H9BrN2*HgBr2) with an efficiency of 120%. The obtained intermediate was employed in a reaction with potassium bromide at higher temperature conditions (120 °C) for 0.5 h, yielding 2-bromopyrene with an efficiency of 32%.



The synthesis of 2,7-dibromopyrene was accomplished in two steps with high efficiency (Table 14). Initially, bromination of 4,5,9,10-tetrahydropyrene was conducted at room temperature overnight using bromine in the presence of iron(III) chloride hydrate as a catalyst and water as a solvent. This step resulted in a remarkable yield of 99%, yielding 2,7-dibromo-4,5,9,10-tetrahydropyrene. Subsequently, the obtained intermediate was subjected to further bromination under room temperature conditions for 4 h, employing bromine in the presence of carbon disulfide, yielding 2,7-dibromopyrene with a conversion of 73%.



In the following years, 2-bromopyrene and 2,7-dibromopyrene were synthesised starting from 4,5,9,10-tetrahydropyrene, followed by mono- [103,104] or dibromination [105,106] and aromatisation, resulting in products with yields up to 93%. However, a major limitation of this synthesis approach is connected with the substrate—4,5,9,10-tetrahydropyrene. Its synthesis, starting from pyrene, requires a high-pressure autoclave, hydrogen, and palladium catalyst, making the commercially available 4,5,9,10-tetrahydropyrene quite expensive (about 280 USD/1 g). Consequently, alternative methods for the synthesis of 2-bromo and 2,7-dibromopyrene were explored [107].



Ir-catalyzed borylation has seen significant advancements over the past twenty years and has been successfully utilised in the production of pyrene derivatives, typically occurring at locations that have lower steric hindrance and higher proton acidity, in contrast to the conventional electrophilic substitution. Borylation with 2.15 Eq. (in the case of disubstituted) or 1.15 Eq. (in the case of monosubstituted) of bis(pinacolato)diboron (B2pin2) at positions 2 and 2,7- was conducted in the presence of catalyst bis(1,5-cyclooctadiene)diiridium(I) dichloride ([Ir(μ-OMe)cod)]2) and 4,4’-di-tert-butyl-2,2′-bipyridine (dtbpy) in solvents such as THF or hexane (Table 15). Reaction temperatures were maintained at 80 °C for a duration of 16 h. Yield percentages were determined, with the disubstituted pyrene reaction yielding between 81% and 94% and the monosubstituted product yielding 65%.



Subsequently, we repeated the protocol of direct Ir-catalyzed borylation at positions 2 and 7. Applying 1.15 Eq. B2pin2 resulted in disubstituted pyrene at positions 2 and 7 with 4,4,5,5-tetramethyl-1,3,2-dioxaborolane groups instead of the monosubstituted pyrene reported in the literature. However, modifying the literature procedure by decreasing the amount of applied B2pin2 to 0.6 Eq. resulted in the formation of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene with a yield of 52%.



Boroorganic molecules can be used in the synthesis of bromo analogues. In the case of 2-bromopyrene, reported in the literature, the first method utilises N-Bromosuccinimide (NBS) in chloroform (CHCl3) at temperatures ranging from 15–20 °C over a 24-h period, resulting in a high yield of 96% (Table 16). In contrast, the second approach involves the use of copper(II) bromide (CuBr2) in a mixture of methanol and water (MeOH/H2O in a 1:1, v/v) at a higher temperature of 90 °C for 16 h, yielding 83%.



In the case of 2,7-disubstituted pyrene by boroorganic groups, reported experiments in the literature were conducted using a solvent mixture of THF and MeOH in different ratios, with the addition of water (Table 17). Reaction temperatures were maintained at 90 °C, with varying reaction times. The first condition employed THF/MeOH (1:3) with the inclusion of water and an overnight reaction time, yielding a moderate 64% yield. Subsequent experiments adjusted the solvent composition to include more water and varied the reaction times. A shift to THF/MeOH/H2O (1:3:3) with a 16 h reaction time led to a slight improvement in yield to 70%. Remarkably, reducing the reaction time to 12 h under the same solvent composition resulted in a significant enhancement in yield, achieving an impressive 98% yield.



	
Procedure for the Synthesis of 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene and 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene: A solution of [Ir(μ-OMe)(cod)]₂ (0.044 g, 0.09 mmol), 4,4′-di-tert-butyl-2,2′-dipyridyl (dtbpy) (0.048 g, 0.18 mmol), and bis(pinacolato)diboron (0.102 g, 0.4 mmol) in hexane (5 mL) was prepared in a Schlenk flask under a nitrogen atmosphere. The mixture was stirred for 10 min. Subsequently, a solution of pyrene (2.00 g, 9.89 mmol) and bis(pinacolato)diboron (for monosubstituted: 1.40 g, 5.53 mmol or for disubstituted: 2.79 g, 11.00 mmol) in hexane (for monosubstituted: 10 mL or for disubstituted: 20 mL) was added to the reaction mixture. The Schlenk flask was purged with nitrogen, and the resulting mixture was stirred at 70 °C overnight. The crude product was then extracted with chloroform and water. The organic layer was separated, and the solvent was removed under reduced pressure using a rotary evaporator. The resulting residue was purified by column chromatography on silica gel (eluent: hexane:dichloromethane, 1:1, v/v). The obtained yellowish oil was mixed with hexane, and the obtained precipitate was filtered. 2-(4,4,5,5-Tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene was obtained as a white solid (1.69 g, 52%) or 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene was obtained as a white solid (3.77 g, 84%). 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene: 1H NMR (400 MHz, CDCl3) δ 8.67 (s, 2H), 8.17 (d, J = 7.6 Hz, 2H), 8.12 (d, J = 9.0 Hz, 2H), 8.07 (d, J = 9.0 Hz, 2H), 8.03 (d, J = 7.3 Hz, 1H), 1.48 (s, 12H). 13C NMR (101 MHz, CDCl3) δ 131.74, 131.45, 130.52, 127.88, 127.39, 126.49, 126.46, 124.95, 124.71, 84.29, 25.13. 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene: 1H NMR (400 MHz, CDCl3) δ 8.62 (s, 4H), 8.09 (s, 4H), 1.46 (s, 24H). 13C NMR (101 MHz, CDCl3) δ 131.3, 131.0, 127.8, 126.4, 84.3, 25.1.



	
Procedure for the Synthesis of 2-Bromopyrene and 2,7-Dibromopyrene: 2-(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (0.33 g, 1.00 mmol) or 2,7-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)pyrene (0.45 g, 1.00 mmol) was dissolved in a mixture of methanol and tetrahydrofuran (MeOH/THF, 60 mL, 3:1 v/v). Then, a solution of copper(II) bromide (for monosubstituted: 2.23 g, 10.00 mmol or for disubstituted: 4.47 g, 20.00 mmol) in 30 mL of water was added to a solution. The mixture was stirred overnight at 90 °C under a nitrogen atmosphere. The resulting product was filtered and washed successively with water, diethyl ether, and hexane. The obtained precipitate was crystallised from hot hexane to yield the desired compound as a beige solid 2-bromopyrene (0.24 g, 86%) and 2,7-dibromopyrene (0.32 g, 89%). 2-Bromopyrene: 1H NMR (400 MHz, CDCl3) δ 8.16 (s, 2H), 8.12 (d, J = 7.5 Hz, 2H), 8.00–7.94 (m, 2H), 7.83 (d, J = 9.0 Hz, 2H), 7.80–7.72 (m, 1H). 2,7-Dibromopyrene: 1H NMR (400 MHz, CDCl3) δ 8.31 (s, 4H), 8.01 (s, 4H).







2.8. NMR Spectra of Bromopyrenes


In this study, we recorded 1H NMR spectra using a Bruker Avance 400 MHz instrument and compared them for a series of brominated compounds dissolved in deuterated chloroform (Table 18).





3. Conclusions


In conclusion, this study sheds light on the synthesis and characterisation of bromopyrene derivatives, emphasising the strategic functionalisation at non-K region and nodal positions to enable diverse functionalisation strategies. Through systematic exploration and optimisation of synthesis conditions, including reaction time, yields, cost-effectiveness, simplicity, and purification methods, we have provided valuable insights into synthesising mono-, di-, tri-, and tetrabromopyrene isomers. Our findings contribute to advancing the understanding of pyrene chemistry and offer practical guidance for researchers aiming to utilise pyrene derivatives in various scientific applications. By elucidating efficient synthetic methodologies, this research opens up new avenues for developing functionalised pyrene derivatives with tailored properties, facilitating their utilisation in fields such as organic synthesis, materials science, and environmental chemistry.
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Figure 1. Different locant numerations for pyrene structure (red positions: non-K region; blue positions: nodal area; black positions: K-region). 
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Figure 2. Structure of studied bromoderivatives of pyrene. 
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Figure 3. 1,3,6,8-Tetrabromopyrene. 
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Figure 4. 1-Bromopyrene. 
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Figure 5. 1,6-Dibromopyrene and 1,8-dibromopyrene. 
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Figure 6. 1,3-Dibromopyrene. 
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Figure 7. 1,3,6-Tribromopyrene. 
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Figure 8. 2-Bromo and 2,7-dibromopyrene. 
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Table 1. Reported reaction conditions for obtaining 1,3,6,8-tetrabromopyrene.
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Brominating

Agent

	
Solvent

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
Br2

	
PhNO2

	
80 °C, 12 h

	
92

	
[17]




	
160 °C, 3 h

	
90

	
[18]




	
120 °C, 16 h

	
98

	
[19]




	
120 °C, 4 h

	
94

	
[20]




	
120 °C, 2 h

	
99

	
[21]




	
120 °C, 12 h

	
96

	
[22]











 





Table 2. Reported reaction conditions in obtaining 1-bromopyrene.
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Brominating

Agent

	
Solvent

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
HBr 40%, H2O2 30%

	
MeOH/Et2O (1:1)

	
rt, 12 h

	
96

	
[25]




	
HBr 48%, H2O2 30%

	
MeOH/Et2O (1:1)

	
30 °C, 12 h

	
90

	
[26]




	
rt, 14 h

	
86

	
[27]




	
rt, 12 h

	
84.4

	
[28]




	
rt, 12 h

	
84.7

	
[29]




	
rt, 16 h

	
77

	
[24]




	
rt, 24 h

	
90

	
[30]




	
HBr 48%, H2O2 35%

	
MeOH/Et2O (1:1)

	
rt, 12 h

	
95

	
[31,32]




	
rt, 14 h

	
86

	
[33]




	
NBS

	
DCM

	
rt, 2 h

	
95

	
[34]




	
rt, 6 h

	
90

	
[35]




	
rt, 6 h

	
88

	
[36]




	
NBS, benzoyl peroxide

	
DMF

	
rt

	
96

	
[37]




	
NBS

	
DMF

	
rt, over a night

	
94

	
[38]




	
rt, over a night

	
78

	
[39]




	
rt, 24 h

	
85

	
[22,40,41]




	
rt

	
65–70

	
[42,43]




	
NBS, additive 1

	
DCM

	
−40 °C, darkness

	
82

	
[44]




	
NBS, C28H28Se2(BF4)2

	
DCM

	
−40 °C, darkness

	
95

	
[45]




	
NBS, additive 2

	
DCM

	
−40 °C, 72 h, darkness

	
91

	
[46]




	
NBS, additive 3

	
DCM

	
rt, 6 h, darkness

	
85

	
[47]




	
Br2

	
DCM

	
rt, overnight

	
75

	
[48]




	
Br2

	
CCl4

	
rt, overnight

	
86

	
[49]




	
82

	
[50]




	
Br2

	
CHCl3

	
80 °C, 24 h

	
81

	
[51]




	
Br2

	
PhNO2

	
120 °C, reflux, 10 h

	
-

	
[52]




	
BTMABr3, CaCO3

	
DCM/MeOH (1:3)

	
rt, 4 h

	
80.3

	
[53]




	
BTMABr3, ZnCl2

	
AcOH

	
rt, 12 h

	
67

	
[54]








additive 1—1-[henyl-3,3-dimethyl-1,3-dihydrobenzo[c][1,2]oxaselenol-1-ium tetrafluoroborate; additive 2—methyl bis[4-(trifluoromethyl)phenyl]selenonium tetrafluoroborate; additive 3—2,2′-di(quinolin-8-yl)-1,1’-spirobi[benzo[d][1,2]selenazole]-3,3′(2H,2′H)-dione.













 





Table 3. Reported reaction conditions in obtaining 1,6-dibromopyrene and 1,8-dibromopyrene.
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Brominating

Agent

	
Solvent

	
Reaction

Conditions

	
Yield [%]

	
Ref.




	
1,6-

	
1,8-






	
Br2

	
CH2Cl2

	
rt, 24 h

	
15

	
-

	
[56]




	
rt, 2 h

	
50

	
-

	
[57]




	
rt, 20 h

	
25

	
9

	
[58]




	
Br2

	
CHCl3

	
rt, 17 h

	
33

	
-

	
[59,60]




	
rt, 24 h

	
36

	
-

	
[61]




	
rt, 5 h

	
14

	
-

	
[62]




	
rt, 17 h

	
14

	
6

	
[63]




	
rt, 5 h

	
14

	
6

	
[63]




	
20 °C, 4 h

	
25

	
9

	
[58,64]




	
rt, 24 h

	
32

	
-

	
[65]




	
Br2

	
CCl4

	
110 °C, 12 h, darkness

	
63

	
-

	
[66]




	
rt, 16 h

	
21

	
-

	
[67]




	
rt, 17 h

	
44

	
45

	
[55]




	
rt, 17 h

	
61

	
-

	
[39]




	
rt, 24 h

	
28

	
13

	
[68]




	
rt, 48 h

	
38

	
-

	
[69]




	
rt, 54 h

	
25

	
50

	
[70]




	
rt, 12 h

	
43

	
-

	
[71]




	
Br2

	
CS2

	
rt, 17 h

	
15

	
85

	
[72,73]




	
DBMH

	
CH2Cl2

	
rt, 1 h

	
97

	
[22]




	
BTMABr3 + ZnCl2

	
CH2Cl2

MeOH

	
rt, 16 h

	
quant.

	
[74]











 





Table 4. Reported reaction conditions in obtaining 1,6- and 1,8-dibromopyrene from 1-bromopyrene.
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Brominating

Agent

	
Solvent

	
Reaction

Conditions

	
Yield [%]

	
Ref.




	
1,6-

	
1,8-






	
KBr + NaClO

	
HCl, MeOH

	
rt, 24 h

	
43

	
[75]




	
Br2

	
CH2Cl2

	
rt, 6 h

	
35

	
36

	
[76]











 





Table 5. Synthetic route for obtaining 1,3-dibromopyrene.
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Reagents

	
Solvent

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
1

	
Br2

	
PhNO2

	
120 °C

	
80

	
[77]




	
2

	
CaO, Ca(OH)2

	
DMF, H2O

	
reflux

	
9.3











 





Table 6. Synthetic route for obtaining 1,3-dibromopyrene through 1,3-dibromo-7-aminopyrene.
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Reagents

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
1

	
PCl5, py, NaN3, Ac2O, H2O

	
100 °C, 1 h

	
48.5

	
[77]




	
2

	
HCl, AcOH

	
reflux

	
98




	
3

	
NaNO2, H2SO4, AcOH

	
reflux

	
19.6











 





Table 7. Decarboxylation methods for obtaining 1,3-dibromopyrene.
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Substrates

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
Cu, quinoline

	
reflux, 1.5 h

	
≈0

	
[78]




	
Cu2O, TMEDA, NMP

	
120 °C, 4 h

	
≈0

	
[80]




	
Cu2O, quinoline, NMP

	
180 °C, 12 h

	
≈0

	
[81]




	
Cu2O, 4,7-diphenyl-1,10-phenanthroline, NMP

	
170 °C, 12 h

	
≈0

	
[82]




	
Cu2O, 1,10-phenanthroline, quinoline, NMP

	
180 °C, 1 h, MW

	
≈0

	
[82]











 





Table 8. Reported reaction conditions for obtaining 1-bromo-7-tert-butylpyrene.
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Brominating

Agent

	
Solvent

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
Br2

	
CH2Cl2

	
−78 °C to rt, overnight

	
88

	
[84]




	
Br2

	
CH2Cl2

	
−78 °C to rt, overnight

	
75

	
[48,85,89]




	
Br2

	
CH2Cl2

	
−78 °C to rt, 10 h

	
72

	
[93]




	
Br2

	
CH2Cl2

	
−78 °C to rt, 14 h

	
80

	
[90]




	
Br2, Fe

	
CH2Cl2

	
0 °C to 28 °C, 5 h

	
83

	
[86]




	
BTMABr3

	
CH2Cl2

	
0 °C to rt, 3 h

	
84

	
[86]




	
NBS

	
THF

	
0 °C to rt, overnight

	
94

	
[94]











 





Table 9. Reported reaction conditions for obtaining 1,3-dibromo-7-tert-butylpyrene.
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Brominating

Agent

	
Solvent

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
Br2

	
CCl4

	
rt, 16 h

	
68

	
[83]




	
Br2

	
CH2Cl2

	
−78 °C

	
89

	
[89]




	
Br2, Fe

	
CH2Cl2

	
0 °C to 28 °C, 5 h

	
35

	
[86]




	
NBS

	
THF

	
30 °C, overnight

	
91

	
[65]




	
BTMABr3, CaCO3

	
CH2Cl2/MeOH

	
0 °C, 1 h

rt, overnight

	
76

	
[87,88,91]




	
BTMABr3

	
CH2Cl2

	
0 °C to rt, overnight

	
76

	
[86]











 





Table 10. Reported reaction conditions for obtaining 1,3,6-tribromopyrene starting from pyrene.
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Brominating

Agent

	
Solvent

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
Br2

	
PhNO2

	
rt, 96 h

	
14

	
[55]




	
Br2

	
nitrotoluene

	
-

	
-

	
[95,96,97]




	
Br2

	
PhNO2

	
80 °C, 12 h

	
87

	
[98]











 





Table 11. Reported reaction conditions for obtaining 1,3,6-tribromopyrene starting from dibromopyrenes.
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Brominating

Agent

	
Solvent

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
Br2

	
PhNO2

	
rt, 12 h

	
82

	
[99]











 





Table 12. Reported reaction conditions for obtaining of 1,7-dibromopyrene.
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Reagents

	
Solvent

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
1

	
B2pin2,

[Ir(μ-OMe)(cod)]2, dtbpy

	
cyclohexane

	
70 °C, overnight

	
22

	
[100]




	
2

	
CuBr2

	
isopropanol:DMF (1:1), H2O

	
110 °C, 6 h

	
66











 





Table 13. First reported synthesis of 2-bromopyrene.
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Reagents

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
1

	
NaNO2, H2SO4, H2O;

CO(NH₂)₂, H2O;

HgBr2, KBr, H2O

	
2 h;

1 h;

1 h

	
120

(C16H9BrN2*HgBr2)

	
[101]




	
2

	
KBr

	
120 °C, 0.5 h

	
32











 





Table 14. First reported synthesis of 2,7-dibromopyrene.
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Reagents

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
1

	
Br2, FeCl3·H2O, H2O

	
rt, overnight

	
99

	
[102]




	
2

	
Br2, CS2

	
rt, 4 h

	
73











 





Table 15. Reported reaction conditions for obtaining boroorganic pyrene derivatives.
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Reagents

	
Reaction

Conditions

	
Yield

[%]

	
Ref.






	
2,7-di

	
B2pin2, [Ir(μ-OMe)(cod)]2, dtbpy, THF

	
80 °C, 16 h

	
81

	
[108]




	
94

	
[109]




	
2-mono

	
B2pin2, [Ir(μ-OMe)(cod)]2, dtbpy, hexane

	
80 °C, 16 h

	
65

	
[109]











 





Table 16. Reported reaction conditions for obtaining 2-bromopyrene.
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