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1 Introduction 

1.1 Nitrogen Containing Heteroaromatic Compounds 

Nitrogen heterocycles are the most common molecular scaffolds that can be found in nature. 

They can be considered as vital structures for the chemistry of living organisms.1 For 

example, pyrimidine and purine which are the building blocks of DNA and RNA are two 

important mono- and bicyclic heteroaromatic compounds.2 Besides, three of the twenty 

proteinogenic amino acids; namely histidine, tryptophan, and proline contain N-heterocyclic 

motifs (Figure 1). Imidazole and indole are two N-heteroaromatic structures that are found 

in the former two, respectively.1 

 

Figure 1. Amino acids with N-heterocycles 

When considering the existence of N-heterocycles in nature, it is inevitable that medicinal 

chemists pay special attention to this class of compounds. A recently published report3 

analyzed that 59% of unique small-molecule drugs approved by the Food and Drug Agency 

(FDA) in the United States contains at least one nitrogen heterocycle. While the majority of 

N-heterocycles are five- and six-membered rings, around 40% of them are aromatic. Figure 

2 shows the top five aromatic and non-aromatic N-heterocycles. 

 

Figure 2. Common aromatic and non-aromatic N-heterocycles in small-molecule drugs 

Pyridine and piperidine are the most common structures among aromatic and non-aromatic 

N-heterocyclic compounds, respectively. In addition to their pharmaceutical use, nitrogen 
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containing heteroaromatic compounds have many applications in materials science as well.4-

7 

1.2 Indolizines 

Indolizine is a bicyclic heteroaromatic compound and analogue of indole. It can also be 

described as a fused heterocycle which is the combination of an electron-deficient pyridine 

and an electron-excessive pyrrole by overlapping of two C-N bonds from each ring (Figure 

3).8 

 

Figure 3. Structure of the indolizine 

This fully conjugated 10-system was first described by Angeli in 1890.9 Twenty-two years 

later, the first synthesis of the unsubstituted indolizine was accomplished by Scholtz.10 Since 

its discovery, indolizine had been called pyrrocoline, pyrrole[1,2-a]pyridine, pyrindole, and 

pyrrodine. The term indolizine was first suggested by Tschitschibabin and has been used by 

German and Japanese scientists.11 Although the non-fused indolizines have not been found 

in nature,12 some natural products contain the indolizine skeleton (Figure 4). 

 

Figure 4. Indolizine framework found in natural products 
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On the other hand, partially reduced forms of indolizines are quite common in nature. For 

instance, camptothecin isolated from a stem of the Chinese tree Camptotheca acuminate 13 

selectively inhibits DNA topoisomerase I.14 

The most abundant form of indolizines are the fully saturated structures which are also 

known as indolizidine alkaloids. These alkaloids were isolated from a myriad of sources e.g. 

frogs, ants, plants, fungi, trees, etc.15 They exist as simple alkaloids such as mono- and 

disubstituted indolizidines, phenanthroindolizidines, or polyhydroxylated indolizidines. 

Swainsonine is one of the most studied polyhydroxylated indolizidine alkaloids which 

inhibits glycosidase hydrolase.16 

Indolizines, bioisosteric analogues of indoles, can be considered as privileged structures 

since they possess 30 different biological activities in the MDRRTM database including G-

protein coupled receptors (GPCR) binding and modulation of DNA-protein interactions.17 

In addition to natural products, synthetic indolizines also possess many biological 

activities12,18 such as anti-tubercular,19-21 anti-cancer,22 aromatase23 and phosphodiesterase24-

26 inhibitors, herbicidal,27 anti-histaminic,28 and anti-inflammatory29 (Figure 5). These 

properties makes indolizines much more attractive for both medicinal and synthetic 

chemists. 

 

Figure 5. Some examples of bioactive indolizines 
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1.2.1 Synthesis of Indolizines 

Many different approaches have been developed to access the indolizine skeleton.30,31 They 

can be divided into two general groups based on the ring formation/annulation (Figure 6). 

The first group is the annulation of pyridines to indolizines via forming the pyrrole unit. 

Annulation of pyrroles to indolizines is the second group. While the former is the largest 

group, few examples exist for the latter comparing to the other. 

 

Figure 6. Two different approaches to indolizine framework 

1.2.1.1 Annulation of Pyridines 

Among many approaches to indolizines, Tschitschibabin’s route is still one of the simplest 

and most efficient way since the indolizines can be easily prepared by a quaternization of 

pyridines with -halocarbonyl compounds and a subsequent intramolecular cyclization of 

pyridinium salts in presence of a base (Scheme 1).32-34 Different bases are effective for this 

transformation including inorganic salts such as bicarbonates and carbonates in aqueous 

medium. The method allows to prepare 2-alkyl or aryl substituted indolizines in very high 

yields. However, introducing a bulky substituent at C-1 and C-3 of indolizines is not 

favorable or results in low yields.32  

 

Scheme 1. Tschitschibabin indolizine synthesis 

Another powerful way to indolizines is a cycloisomerization of functionalized pyridines. 

Gevorgyan and co-workers developed the copper-mediated cycloisomerization of 2-

alkynylpyridines 1 into indolizines 3 (Scheme 2).35 The method is not limited to 

alkynylpyridine but also works with alkynyl imines to access pyrroles. As an application of 
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this method to a natural product synthesis, (±)-monomorine was synthesized in three steps 

starting from 2-bromo-6-methylpyridine. 

 

Scheme 2. Cycloisomerization of 2-alkynylpyridines 1 

Alternatively, the same group reported the silver-catalyzed cycloisomerization of 

propargylic ethers or esters 4 to obtain 1,3-disubstituted indolizines 5 (Scheme 3).36 The 

reaction proceed well without any ligand or base at room temperature. Later, this method 

was also extended to 1,2,3-trisubstituted indolizines 6 via a palladium-catalyzed 

arylation/cyclization sequence.37 The reaction was proposed to proceed via a 5-endo-dig 

cyclization of the substrate activated by an ArPdI species. A deprotonation/reductive 

elimination sequence gives indolizines 6. Other transition metals such as gold, palladium, 

platinum, and rhodium also works efficiently in transition metal-catalyzed 

cycloisomerization of functionalized pyridines. 

 

Scheme 3. Cycloisomerization of propargylic ether or esters 4 

Kim et al. described a metal-free cycloisomerization of propargylic and allylic esters to 

access indolizines (Scheme 4). When propargylic esters 7 reacted with iodine in DCM at 

ambient temperature, 2-iodo indolizine 8 was obtained via 5-endo-dig iodocyclization.38 

However, the iodo group always remains at the C-2 position of the indolizine frame. As a 

complementary work, 1,2,3-trisubstituted indolizines 10 without iodo group were 

synthesized from allylic esters 9 via a 5-endo-trig iodocyclization/dehydroiodination 
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sequence.39 Excess amount of iodine was used for the cyclization and same ratio of the base 

was added when the cyclization was completed. 

 

Scheme 4. Iodocyclization of propargylic esters 7 and allylic esters 9 

The most common method for the preparation of indolizines from pyridines is a 1,3-dipolar 

cycloaddition of pyridinium ylides to various dipolarophiles. In 1961, Boekelheide 

demonstrated a 1,3-dipolar cycloaddition reaction of pyridinium ylide 11 to the activated 

alkyne 12 in the presence of Pd/C (Scheme 5).40  

 

Scheme 5. A 1,3-dipolar cycloaddition of pyridinium ylide 11 

After the above example, many other dipolarophiles such as non-activated alkynes, alkenes, 

and allenes have been used for the annulation of pyridinium salts since 1961. A 1,3-dipolar 

cycloaddition of pyridinium ylides to alkenes forms tetrahydroindolizines which are instable 

and decompose to betaines.41 Alkenes decorated with leaving groups such as nitro, fluoro, 

bromo, alkoxy, etc. have been selected in order to re-aromatize cycloadducts by an 

elimination reaction instead of a dehydrogenation. Katritzky and co-workers developed a 

1,3-dipolar cycloaddition/double elimination sequence to prepare indolizines.42 For 
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example, indolizine 16 was obtained in 71% yield from pyridinium salt 14 and bromoalkene 

15 by base-assisted eliminations of benzotriazole (Bt) and bromo substituents from the 

corresponding cycloadduct (Scheme 6). 

 

Scheme 6. Indolizine 16 from benzotriazole-stabilized pyridinium salt 14 

In the lack of such leaving groups in the cycloadduct, an oxidant is required in order to obtain 

stable indolizines. Zhang et al. reported the preparation of 1,2-disubstituted indolizines via 

a 1,3-dipolar cycloaddition/oxidation sequence.43 Carboxylic acid substituted pyridinium 

salts 17 were reacted with activated alkenes in the presence of MnO2 (Scheme 7). 

Decarboxylation of the carboxylic acid at C-3 position of the indolizine skeleton gave 1,2-

disubstituted indolizines 18 in 57–92% yield. It is also stated that an oxidant is not required 

when alkynes are used as dipolarophiles. 

 

Scheme 7. MnO2-mediated synthesis of indolizines 18 

Alternatively, tetrakis(pyridine)cobalt(II) dichromate (TPCD) can also be used as an 

oxidant.44 Hu and co-workers showed that 1,2,3-trisubstituted indolizines could be 

synthesized from ester stabilized pyridinium ylides in DMF at 90 °C without 

decarboxylation.45 Indolizines were obtained in low yields with TPCD (17–42%). 

Recently, the chloranil-mediated indolizine synthesis from pyridinium ylides and electron-

deficient alkenes  were reported by Allgäuer and Mayr.46 Cycloadduct formed from the 1,3-

dipolar cycloaddition of pyridinium salt 19 and alkene 20 in a biphasic environment was 

oxidized in a one-pot fashion to give indolizine 21 in 88% yield (Scheme 8). When 

maleonitrile is used as a dipolarophile, the one-pot procedure under biphasic system fails. In 
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this case, a modified one-pot procedure was applied using Et3N in DCM instead of an 

inorganic base in a biphasic medium. 

 

Scheme 8. Stepwise synthesis of indolizine 21 using chloranil 

Multicomponent reactions are another way to prepare indolizines from pyridines. Boruah et 

al. developed an efficient microwave-assisted synthesis of indolizines via a three-component 

reaction using pyridines, -haloketones, and alkynes (Scheme 9).47 Interestingly, indolizines 

22 were obtained in excellent yields (87–94%) when reactions were carried out at 250 °C 

without any solvent. Performing reactions in various solvents such as toluene, THF, and 

acetonitrile decreases the yield of indolizines 22 (35–45%). 

 

Scheme 9. Three-component approach to indolizines 22 

In 2005, Müller and co-workers demonstrated the three-component reaction of acyl 

chlorides, terminal alkynes, and pyridinium salts to access indolizines 23 through the 

formation of ynones 24 (Scheme 10).48 The consecutive Sonogashira coupling/1,3-dipolar 

cycloaddition gave indolizines 23 in moderate yields (41–59%). 

 

Scheme 10. One-pot synthesis of indolizines 23 via a Sonogashira coupling/cycloaddition 
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A thermal cyclization of the acetylated Baylis-Hillman adduct of picolinaldehyde and methyl 

acrylate to obtain indolizine 27 was reported by Bode and Kaye in 1990 (Scheme 11).49 

Direct thermal cyclization/dehydration of the free alcohol 25 gave indolizine only in 22% 

yield. 

 

Scheme 11. Thermal cyclization of Baylis-Hillman adduct 25 

Later, Basavaiah et al. described the one-pot synthesis of 2-carboxyindolizines 29 from a 

picolinaldehyde and enones via an electrophile-induced Morita Baylis-Hillman reaction 

(Scheme 12).50 Instead of indolizines, Baylis-Hillman alcohols were obtained when cyclic 

enones were used that requires an additional dehydration step through an 

acetylation/deacetylation sequence. Recently, the same group extended this methodology to 

(pyridin-2-yl) alkyl ketones which were reacted with enones to form 1,2-disubstituted 

indolizines in moderate yields (20–62%).51  

 

Scheme 12. Electrophile induced Baylis-Hillman approach to indolizines 29 

In 2010, an interesting approach towards the synthesis of indolizines from unfunctionalized 

pyridines was developed by Barluenga and co-workers (Scheme 13).52 The copper catalyzed 

annulation of pyridines with diazoesters 30 was achieved in DCM at ambient temperature to 
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form 1,2,3-trisubstituted indolizines 31 in moderate to high yields (25–94%). It was stated 

that the method illustrates the first metal catalyzed annulation of -deficient heterocycles 

with alkenyldiazo compounds. 

 

Scheme 13. Copper catalyzed annulation of pyridines with diazoesters 30 

1.2.1.2 Annulation of Pyrroles 

As previously stated, the synthesis of indolizines from pyrroles is not a very common route 

compared to pyridines. Benzo-fused indolizines such as pyrrolo[1,2-a]quinolines53,54 and 

pyrrolo[2,1-a]isoquinolines are readily accessible starting from pyrroles. For example, 

Fürstner and co-workers developed the 6-endo-dig cycloisomerization of 1-arylpyrroles 32 

to obtain pyrrolo[1,2-a]quinolines 33 (Scheme 14).55  

 

Scheme 14. Cycloisomerization of 1-arylpyrroles 32 

The reaction proceed with InCl3 (5 mol%) or GaCl3 (5 mol%) in  toluene at 80 °C smoothly. 

Although PtCl2 had been used as a catalyst, the yield decreased drastically.56 The 

cycloisomerization of 1-arylpyrroles 32 was studied by other groups as well. While Alcarazo 

et al. developed gold complexes of cyclopropenylylidene-stabilized phosphenium cations 

for this cycloisomerization reaction,57 Verma and co-workers demonstrated an access to 4-

alkyl 5-iodopyrrolo[1,2-a]quinolines via a 6-endo-dig iodocyclization reaction of 1-

arylpyrroles 32.58 

In 2009, Larock and co-workers developed the copper catalyzed tandem synthesis of indolo- 

and pyrrolo[2,1-a]isoquinolines from isoquinolines and pyrroles.59 Hydroxymethyl 

benzotriazole (37) as a ligand source is required in order to perform the annulation of 



1.2 INDOLIZINES 

11 

pyrroles 34 to compounds 36. The reaction proceeds through a formation of the N-alkenyl 

pyrroles which results from an addition reaction of pyrroles 34 to the alkynes 35. Following 

intramolecular C-2 arylation of the alkenylpyrroles gives the annulated products 36. 

 

Scheme 15. Synthesis of pyrrole[2,1-a]isoquinolines 36 

An alternative route for the pyrrole annulation was reported by Ackermann et al.60 

Pyrrole[2,1-a]isoquinolines 39 were obtained via a rhodium catalyzed aerobic oxidative 

coupling of internal alkynes with 2-arylpyrroles 38 (Scheme 16). While symmetrical alkynes 

were employed, the method also works and gives mainly one regioisomer with 

unsymmetrical internal alkynes where one substituent is an alkyl group and the other one is 

an arene. Furthermore, this method tolerates many functional groups such as nitro, ester, and 

formyl. 

 

Scheme 16. Rh-catalyzed oxidative coupling of alkynes with pyrroles 38 

However, these strategies to access benzo-fused products has been never applied to obtain 

bicyclic indolizines. Wang and co-workers demonstrated the annulation of pyrrole-2-

carbaldehyde (40) with -bromoacrylates 41 to obtain indolizines 44 via a tandem reaction 

in the presence of K2CO3.
61 Intramolecular cyclization of the deprotonated N-alkylated 

pyrroles 42 followed by dehydration gives indolizine-7-carboxylates 44 in high yield under 

mild conditions.  
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Scheme 17. Annulation of pyrrole 40 

Later, Zou and co-workers improved the above method and developed a very efficient one-

pot multicomponent approach to indolizines from pyrroles (Scheme 18).62 Pyrrole 40 was 

reacted with bromoalkanes, and activated alkynes to obtain 5,6,7-trisubstituted indolizines 

47 in moderate to excellent yields (42–98%).  

 

Scheme 18. Annulation of pyrroles via a multicomponent reaction 

Similar to the previous example, N-alkylation of pyrrole 40 gives the intermediate 45 which 

can be deprotonated and attacks the triple bond to form the reactive intermediate 46. 

Subsequent cyclization and dehydration of 46 furnishes indolizine 47. 

Moreover, Kim and co-workers reported an alternative method to access indolizines bearing 

the same substitution pattern.63 In this case, N-alkylated product of pyrrole-2-carbaldehyde 

was isolated and various carboxylic acid derivatives or carbonyl compounds 49 having two 

acidic protons were used instead of alkynones as two-carbon units (Scheme 19). Pyrroles 48 
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were annulated with 1,3-dicarbonyl compounds or malononitrile in the presence of 

piperidinium acetate in EtOH at 120 °C to furnish 5,6,7-trisubstituted indolizines 50 in high 

to excellent yields. 

 

Scheme 19. Indolizines 50 via a Knoevenagel condensation/cyclization sequence 

The same group also demonstrated the synthesis of 6,8-disubstituted indolizines via an 

intramolecular aldol condensation.64 Pyrroles 51 was converted to 8-alkoxy indolizines 

which were trapped with N-phenyl-bis(trifluoromethanesulfonimide) (PhNTf2) to furnish 

corresponding O-triflates 52 (Scheme 20). 

 

Scheme 20. Synthesis of 6,8-disubstituted indolizines 53 

Other electrophiles were also used to obtain O-acetates and O-tosylates. It was also 

illustrated that the triflate group could be replaced with an aryl unit (R2) to obtain 6,8-

disubstituted indolizines 53 by a palladium catalyzed Suzuki-Miyaura cross-coupling 

reaction with arylboronic acids. Besides, the intramolecular cyclization of other 

functionalized pyrrole-2-carbaldehydes were also reported in different studies.65-68 

In 2012, France and co-workers reported an indium catalyzed cycloisomerization of 

cylopropene-3,3-dicarbonyl compounds which were prepared from -diazo 1,3-dicarbonyls 

to benzo-annulated forms of various heteroaromatic compounds such as thiophenes, furans, 

pyrroles.69 Interestingly, the rhodium catalyzed cyclopropenation of N-pyrrolyl -diazo -
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amidoester 54 gave indolizine 57 in 51% yield (Scheme 21). Clearly, cyclopropene 

dicarbonyl 56 immediately isomerized to indolizine 57 without any requirement of 

indium (III) triflate. 

 

Scheme 21. Rhodium catalyzed cycloisomerization of diazoester 54 

 

1.3 Pyrroles 

Pyrrole is a five-membered aromatic heterocycle which was detected from a coal tar by 

Runge in 1834. In the original work of Runge, it was also called “Rothöl” which is a German 

word for red oil.70 In 1857, it was isolated in pure form as a pyrolysis product of bone 

material by Anderson.71 More than 150 years after its isolation, pyrroles have still been one 

of the most attractive heterocyclic motifs due to their abundance in a broad range of natural 

and unnatural compounds that are valuable in medicinal chemistry and materials science.72 

The pyrrole skeleton has been found in coenzymes, chlorins, corrins, porphyrins, and 

alkaloids. Some selected pyrrole containing natural products are shown in Figure 7.  
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Figure 7. Some pyrrole containing natural compounds 

For example, tripyrrolic prodigiosin is the red pigment that are biosynthesized by both Gram-

positive and Gram-negative bacteria.73 It also displays antibacterial, anticancer, and 

immunosuppressive activities.74-76 Oroidin77,78 was first isolated from the Sponge Agelas 

oroides in 1971 and represents the first example of about 100 pyrrole-imidazole 

alkaloids.79,80 The role of oroidin is to defend the sponges chemically against predators such 

as reef fish.81 In addition to pyrrole containing natural compounds, biological properties such 

as antifungal,82,83 antibacterial,83 anti-inflammatory84 and antitumor85 of synthetic pyrroles 

have been investigated. Atorvastatin (top-selling drug in the past), tolmetin, and sunitinib 

are some examples of the approved drugs that contain a pyrrole ring.86,87 

 

1.3.1 Synthesis of Pyrroles 

Many synthetic routes to pyrroles have been developed for more than a century. The 

synthesis of pyrroles have been reviewed deeply.71,72,86,88-94 Knorr,95 Paal-Knorr,96,97 

Hantzsch,98 Piloty-Robinson,99,100 van Leusen,101 and Barton-Zard102 reactions are some of 

the classical methods for the construction of the pyrrole ring from acyclic reactants (Scheme 

22).  
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Scheme 22. Classical pyrrole syntheses 

These classical methods have been extensively studied and modified in order to get a better 

efficiency, atom-economy, and functional group tolerance. Besides these routes, new pyrrole 

syntheses have also been reported including cycloisomerization reactions of complex 

substrates such as alkynyl imines, propargyl enamines, aziridines or homopropargylic 

azides,88 multicomponent variants of the classical routes like Hantzsch103 and Paal-Knorr104 

pyrrole syntheses, and [3+2]-cycloaddition reactions.105,106 

Stuart and co-workers demonstrated the rhodium(III) catalyzed oxidative annulation of 

enamides 58 with internal alkynes to access N-acetylated pyrroles 59 (Scheme 23).107 As an 

alternative condition, t-amyl alcohol was used instead of acetone at 60 °C. The method was 

applied to unsymmetrical alkynes, and tolerates many functional groups such as CO2R, 

OTBS, and NHPhth. The function of copper/oxygen system is to re-oxidize the reduced 

rhodium species and complete the catalytic cycle.  
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Scheme 23. Oxidative annulation of enamides 58 

Later, the ruthenium-catalyzed oxidative annulation of the same substrates with alkynes to 

obtain identical products was reported by Wang and Ackermann.108 Compared to the former 

method, a cheaper ruthenium catalyst was used and the reactions were performed under 

ambient atmosphere of air at 100 °C. Very recently, two further catalytic systems were 

applied for the same starting materials. While Guan et al.109 reported the synthesis of pyrroles 

59 using Pd(OAc)2 and a stoichiometric amount of Cu(OAc)2 as an oxidation system at 

120 °C, Loh and co-workers110 demonstrated that the palladium-catalyzed annulation of 

enamides 58 gave 2,3,5-trisubstituted 1H-pyrroles in the presence of KOAc (2 equiv) in 

DMSO at 80 °C. 

In 2014, Xiao et al. developed a metal-free photocatalytic formal [3+2]-cycloaddition of 2H-

aziridines 60 with electron-deficient alkynes to obtain tetrasubstituted pyrroles 61 in good 

yields (Scheme 24).111 The method tolerates (hetero)aryl and alkyl substituents on aziridines 

as well as terminal alkynes such as ethyl propiolate, but-3-yn-2-one, and propiolonitrile. As 

a disadvantage, the reaction requires an excess of an activated alkyne (5.0 equiv). Moreover, 

aziridines 60 were reacted with electron-rich ynamides in DCM to form tetrasubstituted 

pyrrole-2-amines in the presence of a gold (I) catalyst at ambient temperature.112 

 

Scheme 24. Photocatalytic pyrrole synthesis 

A general and regioselective synthesis of pyrroles from commercially available ketones, 

primary amines and diols was demonstrated by Beller and co-workers. The ruthenium-

catalyzed three-component reaction was performed using either [Ru3(CO)12]
113 or [RuCl2(p-
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cymene)]2 as ruthenium sources. This method tolerates many functional groups and applied 

to a broad range of substrates. The construction of the pyrrole unit is also atom-efficient 

since the only by-product is H2O. The mechanism proposed by the authors starts with the 

condensation of ketones with primary amines to furnish corresponding enamines which then 

react with 1,2-diketones or 2-hydroxyketones formed via a dehydrogenation of diols. Further 

condensations and tautomerization result in polysubstituted pyrroles 63.113,114 

 

Scheme 25. The ruthenium-catalyzed three-component synthesis of pyrroles 63 

Pyrroles can also be prepared via a four-component reaction of ethyl glyoxylate, primary 

amines and two equivalents of -bromoketones in the presence of pyridine by refluxing in 

MeCN.115 This method allows to prepare 2-acylpyrroles in 28–70% yield but does not allow 

to use two different -bromoketones resulting in regioselectivity problems. Another four-

component synthesis of pyrrole-3-carboxylates 64 from nitroalkanes, aldehydes, 1,3-

dicarbonyl compounds and primary amines was described by Jana and co-workers (Scheme 

26).116  

 

Scheme 26. Four-component synthesis of pyrroles 64 

The reaction proceeds through a nitro-aldol condensation reaction between nitroalkenes 

(from aldehydes and nitroalkanes) and -enaminocarbonyl (from primary amines and 1,3-

dicarbonyls) which are formed in situ. Later, other research groups demonstrated that the 

pyrroles 64 can be synthesized by replacing the iron catalyst with iodine,117 NiCl2·6H2O,118 

CuO nanoparticles,119 solid supported tungstic acid,120 or montmorillonite clay K10.121 
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Miscellaneous synthetic routes to access pyrroles 66 via an intramolecular dehydrogenative 

Heck reaction of N-allylimines 65 derived from methyl ketones and allyl amines was 

reported by Yoshikai,122 Glorius,123 and Lei,124 simultaneously (Scheme 27).  

 

Scheme 27. Aerobic synthesis of pyrroles 

As a previous study, the identical conditions were applied in the synthesis of indoles125 from 

N-arylimines one year prior to these reports. All reports used the same catalysts under very 

similar conditions. However, the method was restricted to methyl ketones and did not 

tolerate additional acidic protons. In other words, R2 is limited to heteroaryl, aryl, or t-Bu 

groups. Despite these limitations, the method is very efficient for preparing 2-aryl-4-methyl-

pyrroles 66 since the N-allylimines 65 could be easily prepared from a condensation reaction 

of various commercially available ketones with allylamine (where R1 = H). 

The proposed mechanism is outlined in Scheme 28.122-125 The reaction starts with the imine–

enamine tautomerization. Palladation of enamine 67 forms the palladated imine 68 which 

then transforms into intermediate 69 via a 5-exo-trig cyclization. Further -hydride 

elimination/isomerization sequence gives the pyrrole 66. Later, the formed Pd (0) is oxidized 

to Pd(OAc)2 with molecular oxygen and two equivalents of AcOH to complete the catalytic 

cycle. 
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Scheme 28. Proposed catalytic cycle of dehydrogenative Heck reaction of imines 65 

A most recent method to access pyrroles is the transition metal-catalyzed transannulation of 

N-sulfonyl-1,2,3-triazoles 71 126 with two-carbon units such as terminal/internal alkynes,127-

129 enol ethers,130,131 furans,132 or allenes (Scheme 29).133,134 All reactions proceed through 

the formation of rhodium/nickel carbenoids which possess both electrophilic and 

nucleophilic moieties of the corresponding -diazoimines. Since N-sulfonyl-1,2,3-triazoles 

71 can be prepared from corresponding terminal alkynes via a copper-catalyzed “click 

chemistry” using tosyl azides in excellent yields, pyrroles were also prepared from terminal 

alkynes in a one-pot fashion.127,131,133 Moreover, a rhodium-catalyzed intramolecular version 

of direct transannulation of the triazoles bearing an alkynyl group allows to prepare 3,4-

fused pyrroles via an alkyne-carbene metathesis.129 Alternatively, Sarpong and Schultz 

developed the one-pot azide-alkyne addition/intramolecular transannulation sequence to 

obtain fused pyrroles from allenyl alkynes using CuTc (Tc: thiophenes-2-carboxylate) and 

[Rh2(oct)4] (oct: octanoate).134 Later, Davies and co-workers reported a synthesis of 2,3-

fused pyrroles from conjugated enynes following the same pathway.135  



1.3 PYRROLES 

21 

 

Scheme 29. Transannulation of triazoles 71 to pyrroles 

A highly modular synthesis of 2,3,4,5-tetrasubstituted pyrroles 73 from -

(alkylideneamino)nitriles 72 and nitroolefins was developed by the research group of Opatz 

(Scheme 30).136 The starting materials which can be prepared from a nitroalkane, and three 

different aldehydes construct the pyrrole skeleton via a formal [3+2]-cycloaddition reaction. 

Unlike to similar reports previously described,101,102,137 this method allows to prepare 

pyrroles without any electron-withdrawing group.  

 

Scheme 30. Modular approach to pyrroles 73 from (alkylideneamino)nitriles 72 

Opatz also demonstrated that activated alkynes can also be used instead of nitroolefins as 

electrophiles.138 Furthermore, an unsymmetrical alkyne was successfully applied on 

synthesis of the pyrrole frame of atorvastatin, the world’s top-selling drug in the past. The 

same group represented a synthesis of 2,3,5-trisubstituted pyrroles from a-aminonitriles and 

enones.139 The imine formed from the condensation of two components is deprotonated to 
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generate an azapentadienyl anion. Electrocyclization of the latter followed by re-protonation 

forms a cyanopyrroline which then furnishes a 2,3,5-trisubstituted pyrrole after the removal 

of the nitrile group. 
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2 Motivation 

Developing new synthetic methodologies to prepare small, drug-like molecules is not only 

attractive from a synthetic point of view, but is also very crucial to discover new drug 

candidates. Inevitably, new strategies for the preparation of valuable heterocycles have been 

explored to find potential drugs. In the working group of Opatz, -aminonitriles140,141 have 

been used as a valuable precursor to synthesize N-heteroaromatic compounds such as 

pyrroles,136,138,139 indoles,142 -carbolines,143 imidazoles,144,145 oxazoles,144 and 

quinolones.146 The aim of this study is to expand the application of -aminonitriles by 

developing new synthetic methods for the preparation of indolizines and pyrroles. The first 

project is to access 1,2,3-trisubstituted indolizines without undesired functional groups via a 

formal [3+2]-cycloaddition of pyridinium ylides and nitroolefins (Scheme 31). The course 

of this reaction is similar to Opatz’s pyrrole synthesis. 

 

Scheme 31. Proposed synthesis of modular indolizine synthesis 
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Pyridinium salts can be prepared either by the Zincke reaction147 of -aminonitriles (route 

A) or by N-alkylation of pyridine derivatives with nitriles bearing a leaving group such as 

an halide, triflate, tosylates, etc. on the neighboring carbon (route B). 

As a second project, it was aimed to prepare indolizines with the substituents on the pyridine 

unit (Scheme 32). This can be achieved by annulation of pyrroles. Pyrrolonitriles which can 

be prepared by a Clausen-Kaas148 pyrrole synthesis using -aminonitriles and enones are 

appropriate starting points since they can attached easily with a Michael addition and can 

form the pyridine ring with the C-C bond formation between the carbonyl carbon and the C-

2 of pyrrole via a Friedel-Crafts-type acylation. Dehydration and dehydrocyanation of 

tetrahydroindolizine will furnish 5,6,7,8-tetrasubstituted indolizines. 

 

Scheme 32. Proposed synthesis of 5,6,7,8-tetrasubstituted indolizines 

The final project was to obtain 2,4-di- and 2,3,5-trisubstituted pyrroles and 3,5-disubstituted 

pyrrole-2-carbonitriles from cyanopyrrolines (Scheme 33). Some of these reactions had 

already been applied in the research group of Opatz. The aim of this project is to increase 

the substrate scope of DDQ oxidation of cyanopyrrolines to pyrrole-2-carbonitriles149 and to 

optimize the dehydrocyanation of cyanopyrroline to obtain 2,4-disubstituted pyrroles. 
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Scheme 33. Proposed synthesis of pyrroles with different substituent patterns 
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3 Results and Discussion 

3.1 Indolizines 

3.1.1  Decoration of the Pyrrole Unit 

The synthesis of indolizines from pyridines via a formal [3+2]-cycloaddition reaction of a 

pyridinium ylide and a dipolarophile is one of the most common methods. In literature, many 

examples of this approach can be found.12,150-153 However, in all cases at least one electron-

withdrawing group (EWG) remains in the indolizines structure. In order to overcome this 

limitation, we have designed a synthetic route136 that contains removable electron-

withdrawing group (REWG), therefore, indolizines without any EWG can be synthesized 

via a formal [3+2]-cycloaddition reaction of pyridinium ylides and dipolarophiles (Scheme 

34). 

 

Scheme 34. Design of the synthesis of indolizines 

Nitroalkenes as dipolarophiles were chosen due to the fact that the NO2 group is a strong 

REWG and decreases the energy of the LUMO of the dipolarophile. For the pyridinium 

ylides, the cyano group was considered as a suitable candidate for being a REWG. Moreover, 

the preparation of nitroolefins is relatively easy and they can be constructed from aldehydes 

and nitroalkanes via a nitroaldol condensation.154 

3.1.1.1 Initial Findings 

Following the literature,41 1-(cyanomethyl)pyridinium bromide (74a) was prepared from 

pyridine and bromoacetonitrile. The salt 74a was then reacted with the nitroalkene 76a154 in 

the presence of different bases and solvents at various temperatures. From the initial 

investigation, it is found that the formal [3+2]-cycloaddition of pyridinium ylide 75 to 

nitroalkene 76a works successfully. However, the cycloadduct 77 reverted to the starting 

nitroalkene 76a and pyridinium ylide 75 (Scheme 35).41 
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Scheme 35. Reversible 1,3-dipolar cycloadditon 

The cycloadduct 77 was proved by 1H NMR spectrum of the crude product and all attempts 

to isolate it were unsuccessful. Luckily, it was found that cycloadduct 77 could be oxidized 

to indolizine 78a using Pd/C (10 mol %) in low yield. This showed that the 

tetrahydroindolizines can be transformed into indolizines using a stoichiometric amount of 

an oxidant. Indeed, when an excess amount of Ag2O (3.0 equiv.) used, the yield of indolizine 

increased to 82%. The direct synthesis of indolizines 78 can be achieved by using a reagent 

that acts both as a base and an oxidant. Silver (I) carbonate (2.0 equiv.) was found as an 

efficient reagent as Ag2O for this purpose. Moreover, no additional step (formal [3+2]-

cycloaddition) required when silver (I) carbonate used. Pyridinium salts 74 were reacted 

with different nitroalkenes 76 to obtain indolizine-3-carbonitriles 78 under the optimized 

conditions (Table 1). 

Table 1. Indolizine-3-carbonitrilesa 

 

Entry R R1 R2 Product Yield (%) 

1 H 4-Cl-C6H4 Me 78a 81 

2 H 2-Naph Et 78b 82 

3 H 4-NC-C6H4 Et 78c 70 

4 H 4-F-C6H4 Me 78d 81 

5 H iPr Me 78e 53 

6 4-Ph iPr Me 78f 69 

7 4-CN iPr Me 78g 34 

a Reaction conditions: Pyridinium salt 74 (1.00 equiv), nitroalkene 76 (1.00 equiv), Ag2CO3 (2.0 equiv), THF 

(0.05 M). 
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When the reaction was performed with two equivalents of silver (I) carbonate in THF under 

reflux, indolizine 78a was obtained in 81% yield (Table 1, entry 1). When R1 is an aromatic 

substituent, yields of the indolizine-3-carbonitriles 78a–d are in the range of 70–82% (entries 

1–4). However, an alkyl substituent at R1 diminished the yield (entry 5). While a phenyl 

group at the para position of the parent pyridine ring increased the yield compared to the 

unsubstituted pyridinium salt (entry 6 compared to entry 5), a nitrile group at the same 

position lowered the efficiency (entry 7). The structures of indolizines 78d and 78e were 

also confirmed by X-ray crystallography (Figure 8). 

 

Figure 8. Ortep drawings of X-ray structures (left: 78d, right: 78e) 

This reaction also worked on the isoquinoline system. Similar to pyridinium salts 74, 2-

(cyanomethyl)isoquinolin-2-ium bromide (79) was obtained from the reaction of 

isoquinoline and bromoacetonitrile, and reacted with two different nitroolefins under 

identical conditions (Scheme 36). Similar to indolizines 78, the yield of annulated product 

80a is much higher when a -arylnitroalkene 76a was used. 

 

Scheme 36. Annulation of isoquinolines 
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However, it is not possible to remove HCN from the cycloadduct to obtain 1,2-disubstituted 

indolizines when pyridinium salts 74 were used. This method is limited to indolizine-3-

carbonitriles. Here, in this specific substituent pattern, cyano group only acts as an EWG and 

a base assisted elimination of the cyano group is not possible. The reason could be explained 

by bearing a highly acidic proton in the cycloadduct. To prove our hypothesis, pyridinium 

salts with an R substituent had to be prepared and tested in the cycloaddition to nitroolefins. 

An initial attempt to synthesize 1-(1-cyanoaryl)pyridinium salt 83 was failed when the 

aminonitrile 82139 was reacted with the Zincke salt 81 (Scheme 37).147 

 

Scheme 37. Attempts for the preparation of pyridinium salt 83 

As an alternative route, pyridinium salts 85 were synthesized from pyridines and 

cyanohydrin triflates 84 that could be prepared by a Strecker reaction of aldehydes and a 

subsequent triflylation of the resulting cyanohydrins with triflic anhydride.155,156 The results 

are summarized in Table 2. 
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Table 2. Preparation of pyridinium salts 

 

Entry R1 R2 Product X Yield (%) 

1 H Me 85a OTf 95 

2 H iPr 85b OTf 98 

3 H 4-Cl-C6H4 85c Cl 96 

4 4-Ph Me 85d OTf 79 

5 4-tBu Me 85e OTf 64 

6 2-Me Me 85f OTf 71 

7 H CH2CH2Ph 85g OTf 74 

 

Although the method is very efficient to prepare1-(1-cyanoalkyl)pyridinium salts, the 

triflylation of aryl substituted cyanohydrin failed. In order to increase the diversity of R2, 4-

chlorobenzaldehyde was converted to α-chloroarylacetonitrile 84c157 in a one-pot reaction 

using TiCl4 and TMSCN in dry DCM which then used in N-alkylation of pyridine to obtain 

pyridinium salt 85c. 

 

Scheme 38. Preparation of -chloroarylacetonitrile 84c 

3.1.1.2 Reaction Optimization 

Next, the transformation of the pyridinium salts 85 into indolizines 87 via the 

cycloaddition/double elimination sequence was examined. In order to optimize the reaction 

conditions pyridinium triflate 85a and nitroalkene 76a were chosen as substrates. Different 

solvents and bases were tested at various temperatures (Table 3). 



3 RESULTS AND DISCUSSION 

32 

Table 3. Optimization of the indolizine synthesis 

 

Entry Base Solvent Temp. (°C) Yield (%) 

1 K2CO3 MeOH reflux 40 

2 Al2O3
a none 250 n.d. 

3 Et3N DMF 90 57 

4 Cs2CO3
b DMF 90 59 

5 Cs2CO3
c DMF 90 45 

6 Cs2CO3 DMF 75 49 

7 Cs2CO3 DMF 90 60 

8 Cs2CO3 DMF reflux 65 

9 Li2CO3 THF reflux n.d. 

10 Pyridine pyridine 90 12 

11 KOtBu THF reflux 20 

12 KOtBu THF 25 31 

13 KOtBud THF 0 72 

14 KOtBud DMF 0 77 

15 KOtBu DMF/tBuOH 0 42 

16 NaOMed DMF/MeOH 0→25 61 

17 NaOMee MeOH 0→25 51 

a Microwave heating. b Molecular sieves (3Å) were added. c Ag2O (1.0 mmol) was added. d 4.0 equiv. of base 

were used. e 8.0 equiv. of base were used. f Not detected. 

The reaction works with both organic and inorganic bases except lithium carbonate (entry 

9). Under the same condition, indolizine 86a was obtained in 65% yield when cesium 

carbonate was used as a base (entry 8). Small adjustments such as addition of molecular 

sieves (entry 4) and silver (I) oxide (entry 5) in the use of cesium carbonate did not improve 

the yield. While decreasing the reaction temperature from 90 °C to 75 °C lowered the yield 

(entry 6), refluxing in DMF gave indolizine 86a in 65% yield (entry 8). It is found that the 
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highest yields could be obtained with 4.0 equiv. of KOtBu in DMF or THF at 0 °C (entries 

13 and 14). 

3.1.1.3 Substrate Scope 

The optimized conditions (4.0 equiv. KOtBu, DMF, 0 °C) were then applied to the reaction 

of pyridinium salts 85 with other nitroalkenes (Table 4). The method is not only limited to 

aryl substituent at R3; however, when R3 is an alkyl, the yield of indolizine is lower 

comparing to aryl substituted (entry 7 compared to entry 12). The method tolerates various 

functional groups (such as fluoro, chloro, and cyano) on the phenyl ring attached to C-2 of 

the indolizine skeleton. 

Table 4. Modular synthesis of indolizinesa 

 

Entry R1 R2 R3 R4 Product Yield (%) 

1 H Me 4-Cl-C
6
H

4
 Me 86a 77 

2 H Me 2-Naph Et 86b 54 

3 H Me 4-NC-C
6
H

4
 Et 86c 62 

4 H Me 4-F-C
6
H

4
 Me 86d 65 

5 H Me -(CH2)4- 86e 39 

6 H CH2CH2Ph Ph Me 86f 32 

7 7-tBu Me 4-Cl-C
6
H

4
 Me 86g 71 

8 7-Ph Me 4-Cl-C
6
H

4
 Me 86h 72 

9 H iPr 4-Cl-C
6
H

4
 Me 86i 55 

10 H 4-Cl-C
6
H

4
 4-Cl-C

6
H

4
 Me 86j 39 

11 5-Me Me 4-Cl-C
6
H

4
 Me 86k 21 

12 7-Ph Me iPr Me 86l 37 

a Reaction conditions: Pyridinium salt 85 (1.00 equiv), nitroalkene 76 (1.00 equiv), KOtBu (4.00 equiv), DMF 

(0.20 M). 
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The tert-butyl and phenyl substituents on the para position of the pyridines did not have any 

significant influence on the efficiency. The 2-methyl substituent on the pyridine ring 

diminished the yield of indolizine 86k (21%) due to a side reaction that will be discussed in 

detail in chapter 3.1.2. 

The application of this method to other nitrogen containing heterocycles was also examined 

to increase the scope of the method. Similar to the pyridine case, different azinium salts were 

prepared by reacting corresponding nitrogen containing five or six membered heterocycles 

with cyanohydrin triflate in Et2O at ambient temperature (Figure 9). 

 

Figure 9. Azinium triflates 87 

The prepared azinium triflates were annulated with the nitroalkene 76a in the presence of 

KOtBu after a deprotonation/cyclization/double elimination sequence in the same manner 

(Table 5, method A). In order to show that the applicability of this annulation method is not 

strictly limited to nitroalkenes, an activated alkyne, diethyl acetylenedicarboxylate (DEAD, 

12), was also used in C3-annulation of azinium salts (Table 5, method B). The C3-annulation 

of isoquinoline, benzothiazole, and phthalazine was achieved by applying method A to 

obtain tricyclic products (entries 1, 2 and 4). Azinium triflates of phthalazine and pyridine 

were also reacted with DEAD in moderate to good yields (entries 3 and 7). However, while 

imidazolium triflate 87d did not give annulated product with the nitroalkene 76a, it was only 

reacted with DEAD to obtain pyrrolo[1,2-a]imidazole 88b in 51% yield (entries 5 and 6). 

Moreover, azinium triflates of phenanthridine, 1-phenylpyrazole and pyridazine were 

subjected to the conditions in method A, only pyridazinium triflate gave product in low yield 

which could not be separated from by-products. Even though the method is not generally 

applicable, it can both work on five and six membered nitrogen containing heterocycles. 
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Table 5. C3-Annulation of other azinium saltsa 

 

Entry Azinium Salts Method Product Yield (%) 

1 87a A 

 

49 

2 87b A 

 

34 

3 87b B 

 

51 

4 87c A 

 

26 

5 87d A 

 

n.d.b 

6 87d B 

 

58 

7 85a B 

 

76 

a Reaction conditions: Azinium salt 87 (1.00 equiv), electrophile (1.00 equiv), KOtBu (4.00 equiv.), DMF, 

0 °C. b Not detected. 
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3.1.1.4 Mechanisms and Limitations 

The proposed mechanism begins with the deprotonation of the pyridinium salt 85 to form 

the corresponding pyridinium ylides (Scheme 39). The ylide 90 then reacts with nitroalkene 

76 to form tetrahydroindolizine 91 via a stepwise or concerted mechanism. 

Tetrahydroindolizine 91 transforms into dihydroindolizine 92 after a base-induced 

elimination of nitrite. At this point, two different pathways can be followed depending of the 

R2 substituent. When R2 ≠ H, indolizine 86 is obtained from dihydroindolizine via a base-

induced elimination of the cyanide. It should be noted when R2 is a proton, pyridinium ylides 

reacts with activated alkenes to give stereospecific tetrahydroindolizines which strengthen 

the concerted mechanism path.41 

 

Scheme 39. Plausible mechanism for the indolizine formation 

In case of R2 = H, the elimination of the cyanide is not possible and the reaction cannot 

proceed unless there is an oxidant. Since silver(I) was used in our method as an oxidant, after 
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the reaction it was reduced to metallic silver. As an evidence, a silver mirror on the inner 

surface of the reaction flask is formed during the reaction (Figure 10). 

 

Figure 10. Silver mirror formed after the reaction for the synthesis of indolizine 78a 

One of the limitations of this method is the need to use trisubstituted nitroalkenes. When the 

disubstituted nitroalkene, β-nitrostyrene, was used, no indolizine 93 formation was detected 

even if there exists an oxidant (Scheme 40).  

 

Scheme 40. Unsuccessful attempt to access 2,3-disubstituted indolizines 

The mechanism for the reaction of azinium triflates 87 with the activated alkynes can 

probably be considered similar to the reaction with nitroalkenes (Scheme 41). Annulated 

products form either via a concerted or a stepwise mechanism. The base-induced elimination 

of the cyanide gives fully aromatic heterocycles 88. 
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Scheme 41. Mechanism of an addition of azinium ylides to the activated alkyne 

 

3.1.2 2-Aminoindolizines 

3.1.2.1 Initial Findings 

As it is described in chapter 3.1.1, bearing an alkyl unit on the C-2 of the parent pyridinium 

ylides diminishes the yield of the indolizines. Later, the existence of an unexpected reaction 

which competes with the desired intermolecular formal [3+2]-cycloaddition/double 

elimination sequence was figured out. The unexpected reaction was first realized during 

attempts to find a short synthetic pathway to the indolizidine alkaloid called (+)-monomorine 

(Scheme 42). 

 

Scheme 42. The outlined synthesis of (+)-monomorine 
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The outlined synthesis starts with the readily available pyridinium salt 95a. The annulation 

of the salt 95a with an appropriate alkyne and the subsequent hydrogenation of indolizine 

would give racemic monomorine. Furthermore, the enantioselective synthesis of 

monomorine would be possible when an asymmetric hydrogenation is applied. In order to 

carry out the planned route, 1-cyanopentyl trifluoromethanesulfonate (84e) was prepared in 

two steps from pentanal (Scheme 43). Later, the prepared cyanohydrin triflate 84e was 

reacted with 2-picoline (94a) to give pyridinium salt 95a in 92% yield. 

 

Scheme 43. Preparation of the pyridinium salt 95a 

In order to access to the monomorine, mono- or bis-TMS protected acetylenes were selected 

since the removal of silyl groups is straightforward after the cyclization. Several reaction 

conditions were tested and the reaction was monitored by HPLC-MS and TLC (Scheme 44). 

 

Scheme 44. Attempts for the synthesis of indolizine 96 

From HPLC-MS analysis, no cycloadduct was obtained. The m/z of the only observed peak 

was 189.1 which is the mass of the pyridinium cation. From the TLC experiments, only a 

highly polar compound was detected similar to the pyridinium salts. While all data indicated 
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that there is no conversion, the sample solution taken from the reaction mixture and diluted 

with EtOAc was fluorescent at 360 nm unlike to the pyridinium salt. 

The 1H NMR of the crude product showed that the pyridinium salt was completely converted 

into another compound. The structure of the compound was elucidated by using 2D-NMR 

techniques. It is found that the alkyne did not participate in the reaction and the pyridinium 

salt 95a was cycloisomerized to 2-aminoindolizine 97a (Scheme 45). 

 

Scheme 45. Unexpected intramolecular cyclization of the pyridinium salt 95a 

Similar type of intramolecular cyclization of 2-alkyl-1-(2-oxoalkyl)pyridinium ylides is well 

known and it is one of the most common way of synthesizing 3-unsubstituted indolizines 

from pyridinium ylides that was discovered by Tschitschibabin (or Chichibabin) in 1927 

(Scheme 46).33 

 

Scheme 46. Tschitschibabin indolizine synthesis 

Later, an intramolecular cyclization of ester-stabilized 2-alkyl substituted pyridinium ylides 

was reported by Kakehi in 1980 (Scheme 47).158 Similar to Tschitschibabin indolizine 

synthesis,33 pyridinium salts prepared by using α-bromoesters were cyclized to the 2,3-

dihydroindolizin-2-ones. The same author reported that the aromatic enol tautomers of these 

compounds are not favored. 
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Scheme 47. The intramolecular cyclization of ester-stabilized pyridinium ylides 

Therefore, the unexpected reaction can be called as a Tschitschibabin-type cyclization of 

nitrile-stabilized 2-alkylpyridinium ylides. Similar to previous variants of the reaction, the 

reaction starts with the removal of the benzylic proton. The resulting carbanion 98 attacks 

nitrile to form the cyclic betaine 99 via a 5-exo-dig cyclization. A proton transfer followed 

by an imine-enamine tautomerization gives 2-aminoindolizine 97 (Scheme 48). Unlike the 

dihydroindolizin-2-one,158 aromatic enamine tautomer is the preferred form in this case. 

 

Scheme 48. Proposed mechanism for the formation of 2-aminoindolizines 97 

However, 2-aminoindolizines are quite instable due to the electron-rich nature of the 

indolizines. All attempts to isolate them failed and resulted in low yields. It was found that 

indolizine 97a degraded to the pyridine 101 when it was exposed to air during the storage 

(Scheme 49). 
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Scheme 49. Degradation of 2-Aminoindolizine 97a 

The structure of the pyridine 101 was proven by 2D-NMR spectroscopy. The 1H, 1H-NOESY 

correlations between the double bond proton and the alpha and beta protons of the carbonyl 

group show that the geometry of the double bond is cis (Figure 11). 

 

Figure 11. 1H, 1H-NOESY of the pyridine 101 

3.1.2.2 Reaction Optimization 

Since 2-aminoindolizines 97 could not be isolated without decomposition, the reaction was 

optimized using 1H NMR monitoring. Pyridinium salt 95a was reacted with different bases 

to find the better condition that produces least by-products. Inorganic salts such as K2CO3, 

NaHCO3, Na2CO3, and Cs2CO3 gave many by-products when the reactions were performed 
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in toluene, MeOH, iPrOH or THF at ambient or elevated temperatures. When H2O was used 

as a solvent, no product was identified. The reaction also did not work when polymeric 

tertiary amine Amberlyst® A21 was used. However, TEA reacted slowly in DCM but the 

conversion was incomplete. Among all, KOtBu was the only base which formed 2-

aminoindolizine 97a without any detected side reactions in THF at 0 °C. Although the 1H 

NMR spectrum of the crude product indicated a very high conversion and yield, no suitable 

purification method was found. Hurst and co-workers prepared 1-aminoindolizines from the 

1-nitroindolizine by reduction.159 The instability of 1-aminoindolizines was reported and 

they were isolated as their corresponding amides by acetylation of the crude amine using 

acetic anhydride (Scheme 50).159 

 

Scheme 50. Hurst’s approach to 1-aminoindolizines 

3.1.2.3 Substrate Scope Studies 

Applying Hurst’s approach to our case, the crude 2-aminoindolizine 97 was acetylated in 

situ and then isolated as amide 102a in 95% yield (Table 6, entry 1). Since a convenient 

method for stabilization of the products was found, the substrate scope of the reaction was 

investigated. The pyridinium salts 95 were prepared as described before in multi-gram scale. 

The cyclization reactions of the salts were carried out in 0.30–1.00 mmol scale using 1.10 

equiv. of KOtBu in THF at 0 °C. Afterwards, the reaction mixture was quenched with 

aqueous NaHCO3 and acetylated with an excess amount of Ac2O at room temperature. The 

results are summarized in Table 6. 
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Table 6. Substrate scope studies of 2-aminoindolizines 

 

Entry Pyridinium Salta Yieldb Indolizinec Yieldd 

1 

 

92% 

 

95% 

2 

 

71% 

 

77% 

3 

 

90% 

 

67% 

4 

 

91% 

 

86% 

5 

 

71% 

 

42% 

6 

 

77% 

 

47% 
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Entry Pyridinium Salta Yieldb Indolizinec Yieldd 

7 

 

90% 

 

83% 

8 

 

85% 

 

39% 

9 

 

75% 

 

83% 

10 

 

91% 

 

75% 

11 

 

75% 

 

35% 

12 

 

98% 

 

79% 

a Reaction conditions: pyridine 94 (1.00 equiv), triflate 84 (1.00 equiv), Et2O (1.0 M), rt,24–48 h. b Isolated 

yield of azinium salts 95. c Reaction conditions: (1) pyridinium salt 95 (1.00 equiv), KOtBu (1.10 equiv), THF 

(0.1 M), 0 °C, 2 h; (2) Ac2O (2.0 mL), NaHCO3(aq), rt, 1 h. d Isolated yield of indolizine 102. 

The N-Acetyl 2-aminoindolizines 102 were synthesized from 2-alkylpyridinium salts 95 in 

moderate to high yields. The effect of R1 (H, Me, Ph) on the yield is relatively smaller 

(entries 1–4) compared to R3. When R3 was replaced with a bulkier substituent (iPr and Cy), 

the yield of indolizine diminished significantly (entries 5 and 6). Furthermore, depending on 

the position of the R2 on the pyridine ring, indolizines could be synthesized in high yields. 

For instance, alkyl substituents at C-3 and C-5 of the pyridine do not have a negative 
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influence since the products were obtained in high yields (entries 7, 9 and 10). In the case of 

an alkyl substituent at C-4, indolizine 102h was obtained only in 39% yield (entry 8). The 

drastic effect of the position of R2 can probably be related with bearing additional acidic 

protons when alkyl group attached to the para-position of the pyridine skeleton. Ethyl 2-

methylnicotinate was converted to indolizine 102k in 35% yield (entry 11). Even though, 

the yield is low, this method tolerates an ester functional group. The method is also not only 

limited to pyridines but also works with isoquinolines (entry 12). The structure of indolizine 

102j was confirmed by X-ray crystallography (Figure 12). 

 

Figure 12. Ortep drawing of the X-ray structure of indolizine 102j 

To increase the substrate scope of the reaction and to illustrate the validity of the method on 

natural products as well, harmine (103), a member of β-carboline alkaloids, was chosen as a 

substrate. First, the tricyclic carboline 103 was reacted with triflate 84a to obtain the salt 104 

which then converted to the tetracyclic compound 105 (Scheme 51). The tetracyclic 

indoloindolizine 105 was synthesized from the alkaloid 103 in two steps without the use of 

any chromatographic separation in 65% overall yield. In this case, amine 105 was bench 

stable, and further acetylation was not required. 
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Scheme 51. Synthesis of indoloindolizine 105 

3.1.2.4 Limitations 

One of the drawbacks of the method is the unfeasibility of the salt formation from 2,6-

disubstituted pyridines. It was found that the substrate acted as a base and was not alkylated 

due to a high steric hindrance when 2,6-lutidine was reacted with triflate 84a (Scheme 52). 

 

Scheme 52. Protonation of 2,6-lutidine 

Another limitation of the method was observed in the case of other heterocycles. 2-

Methylpyrimidine, 2-methylbenzothiazole and 3-methylisoquinoline were first alkylated 

with triflate 84a (Figure 13). These prepared salts did not give the desired cyclization. It was 

observed that when pyrimidinium salt 106a was dissolved in deuterated DMSO, the solution 

colorized and decomposed quickly. In the case of the salt 106b, many by-products were 

formed. Unlike 1-methylisoquinolinium triflate 95k which was successfully transformed 

into the product 102l (Table 6, entry 12), the intramolecular cyclization of the salt 106c 

derived from 3-methylisoquinoline failed. 
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Figure 13. Unsuitable substrates for the intramolecular cyclization 

Besides the limitations, further transformation of the 2-aminoindolizines were tested. For 

example, indolizine 102d is a suitable substrate for a Bischler-Napieralski reaction. 

Unfortunately, attempts to synthesize indolizino[2,1-c]isoquinoline 107 from indolizine 

102d in the presence of triflic anhydride and 2-chloropyridine failed. 

 

Scheme 53. Failed Bischler-Napieralski cyclization160 

 

3.1.3 Decoration of the Pyridine Unit 

As it was mentioned before, most of the indolizine syntheses start from pyridine derivatives. 

Although many routes are available to access indolizines with substituents on the pyrrole 

ring, few methods that indolizines could be obtained from pyrroles have been described in 

literature.61,65-68,161-164 For example, Zou reported a synthesis of 5,6,7-trisubstituted 

indolizines starting from functionalized pyrrole-2-carbaldehydes (Scheme 54).62 Another 

important method was described by Kim and Lee in 2013. Their cycloaromatization 

approach from 2-acetylpyrrole allows to obtain 6,8-disubstituted indolizines. Besides the 

resulting O-acetates and –tosylates, O-triflates were used in Suzuki-Miyaura cross-coupling 

reactions with arylboronic acids.64 
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Scheme 54. Some examples of the indolizines via a pyridine ring formation 

To the best of our knowledge, indolizines carrying four substituents in the pyridine unit of 

indolizines has not been described except the fused indolizines such as pyrrolo[1,2-

a]quinolone56-58,165,166 and pyrrolo[2,1-a]isoquinolines.59,60,167,168 Therefore, we designed a 

possible synthetic route to obtain indolizines with a complete substitution on the pyridine 

unit starting from pyrrolonitriles (Scheme 55). 

 

Scheme 55. Synthesis plan for the full-decoration of the pyridine unit. 

The route starts with the conjugate addition of deprotonated pyrrolonitriles to enones. 

Dihydroindolizines which could be obtained from the 1,4-adduct via a cyclodehydration can 

be converted into indolizines by elimination of HCN.  
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N-Substituted pyrroles could be prepared by reacting 1,4-diketones with amines which is 

called Paal-Knorr pyrrole synthesis (Scheme 56). A modified version of the Paal-Knorr 

synthesis was discovered by Clausen-Kaas in 1948.148 In his approach, 1,4-diketones were 

replaced with 2,5-dialkoxytetrahydrofuran. 

 

Scheme 56. Paal-Knorr (top) and Clausen-Kaas (below) pyrrole synthesis 

In 2006, further improvement in Clausen-Kaas pyrrole synthesis was reported by Smith.169 

The two-phase synthesis and the introduction of amine components and acids, 1-substituted 

pyrroles were obtained in good yield without decomposition.  

Following the Smith’s approach, 2-(1H-pyrrol-1-yl)nitriles 109a–e were readily prepared in 

the modified Clausen-Kaas procedure from 2,5-dimethoxytetrahydrofuran and 

aminonitriles. Aminonitriles 108 were prepared from corresponding aldehydes, ammonia 

and KCN according to the literature.138,170,171 The results were summarized in Table 7. All 

reactions were performed under inert atmosphere and the yields were not optimized. 
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Table 7. Preparation of pyrrolonitriles 

 

Entry Aminonitrile Product Yield (%) 

1 

 
 

90 

2 

 
 

76 

3 

  

92 

4 

 
       

76 

5 

 
 

63 

3.1.3.1 Initial Findings 

As it was outlined, the pyrrolonitrile 109d and chalcone (110a) were chosen as model 

substrates. First, the Michael addition of deprotonated pyrrolonitrile 109d to chalcone was 

investigated. Different bases such as KHMDS, LDA, NaH, and KOtBu were used to 

deprotonate the alpha proton of the nitrile temperatures ranging from –78 °C to 25 °C in a 

polar aprotic solvent (e.g. THF, DMF). In all cases, the diastereomeric mixture of Michael 

adduct 111d was obtained in less than 10% yield. To figure out the problem, some control 

experiments were performed. The reaction was performed in a similar way except at the end 

of the reaction it was quenched with an excess amount of iodomethane instead of H2O. While 
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no product 111d was detected, pyrrolonitrile 112 was obtained almost quantitatively 

(Scheme 57). 

 

Scheme 57. Reactions of the deprotonated pyrrolonitrile 109d 

This finding proves that the pyrrolonitrile 109d was deprotonated and was methylated. 

However, the formation of the Michael-adduct 111d was reversible due to the formation of 

anion 113 which was more stabilized than enolate 114 (Scheme 58). 

 

Scheme 58. Reversible Michael addition of the deprotonated pyrrolonitrile 113 

3.1.3.2 Reaction Optimization 

Based on this hypothesis, replacing the aryl substituent with an alkyl should overcome the 

problem. Indeed, when pyrrolonitrile 109a was deprotonated with KHMDS at –78 °C or 

with KOtBu at 0 °C or ambient temperature in dry THF, a diastereomeric mixture (1:1) of 

the Michael-adduct 111a was isolated in excellent yields (Scheme 59). The highest yield 

(98%) was obtained in the case of KOtBu in THF at 0 °C. 
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Scheme 59. Michael addition of pyrrolonitrile 109a 

After optimizing the conjugate addition of the deprotonated pyrrolonitrile 109a to chalcone 

(110a), the cyclization step was investigated under various conditions. The results are 

summarized in Table 8. When In(OTf)3 (10 mol%) was used, the cyclization and the 

spontaneous dehydration took place to obtain dihydroindolizine 115a in 82% yield (entry 1). 

To check whether the indium has a function in the reaction or triflic acid which can be 

formed by the hydrolysis of the In(OTf)3 plays a vital role in the cyclodehydration process, 

the control experiment was done by using triflic acid which is cheaper than In(OTf)3. The 

use of triflic acid in THF resulted in the polymerization of the solvent. When THF was 

replaced with DMF, the target compound 115a was obtained in 92% yield (entry 2). Cheaper 

acids such as AcOH or TFA either did not work or diminish the yield of the product (entries 

3 and 4). The highest yield was obtained with the combination of BF3 etherate and ethanolic 

AcOH (entry 6). Under these conditions, no appreciable polymerization of THF was 

observed. 

Table 8. Cyclodehydration of pyrrole 111a 

 

Entry Acid Temperature Solvent Yield 

1 In(OTf)3 25 °C DCM 82% 

2 TfOH 25 °C DMF 92% 

3 AcOH 25 °C THF no reaction 

4 TFA 25 °C THF 59% 

5 BF3·OEt2 25 °C THF 76% 

6 BF3·OEt2 + AcOH 25 °C THF 95% 



3 RESULTS AND DISCUSSION 

54 

As a last step, the dehydrocyanation reaction was investigated by reacting the 

dihydroindolizine 115a with different bases (Table 9). Since the proton at C-6 is not strongly 

acidic, the use of weaker bases such as TEA and DIPEA did not produce indolizine 116a. 

Inorganic salts were also ineffective except when KOH was used in ethanol–water mixture 

(entry 5). DBU gave 50% yield at room temperature and refluxing the reaction mixture 

increased the yield to 87% (entry 7).  

Table 9. Dehydrocyanation of dihydroindolizine 115a 

 

Entry Base Temperature Solvent Yield 

1 TEA 25 °C THF no reaction 

2 DIPEA 25 °C THF no reaction 

3 NaOH 25 °C THF/H2O no reaction 

4 KOH 25 °C THF no reaction 

5 KOH 25 °C → reflux EtOH/H2O 65% 

6 DBU 25 °C THF 50% 

7 DBU reflux THF 87% 

 

Each of three steps were tried to optimize in THF since performing the three steps in a one-

pot procedure could be easily accomplished. Applying the one-pot protocol should lower 

both cost and reaction time. Three reactions were then applied in a row by the consecutive 

addition of reagents. While the overall yield of stepwise synthesis of indolizine 116a was 

81%, the yield was slightly increased to 85% in one-pot procedure (Scheme 60). 
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Scheme 60. Comparison between one-pot and stepwise procedures 

3.1.3.3 Substrate Scope Studies 

Since the optimization of the one-pot procedure was successfully performed, we next 

examined the scope of both substrates (Table 10). All reactions were carried out on 0.50–

1.00 mmol scale using 1.00 equiv. of α,β-unsaturated carbonyl compound 110. 

The optimized condition is named method A. An alternative method (B) was developed for 

harsher reaction conditions which were required in some cases. First, the substituent (R1) on 

pyrroles was investigated by reacting with the enone 110a. When the pyrroles 109c gave 

indolizine 116c in 41% yield, pyrrole 109a–b and 109e afforded indolizines in higher yields. 

As it was mentioned before, when R1 is a phenyl group, the conjugate addition to the enone 

110a does not occur. However, the pyrrole 109d was reacted with the enone 110d containing 

an ester group which makes the resulting enolate more stable. Even though method A failed 

in the cyclodehydration step, the pyrrole 109d was successfully annulated in one-pot to 

afford indolizine 116g in 34% yield using the method B. Similarly, in order to synthesize 

5,6,7,8-tetrasubstituted indolizine 116f, it was found out that method B is much more 

effective than method A. 

Moreover, different enones were tested by reacting them with pyrrole 109a. It should be 

noted that an alkyl substituent on enones diminished the yield of indolizine 116d–e. Still, a 

tert-butyl group on enone had no negative influence on the yield of indolizine 116l. 
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Table 10. One-pot synthesis of indolizinesa 

 

Pyrrole Enone Product Method Yield 

 
 

 

A 85% 

 

110a 

 

A 54% 

 

110a 

 

A 41% 

109a 

 

 

A 31% 

109a 

 

 

A 10% 

109a 

 
 

B 31% 
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Pyrrole Enone Product Method Yield 

 

110d 

 

B 34% 

109b 

 

 

A 59% 

 

110a 

 

B 69% 

109a 110e 

 

A 67% 

109a 

 

 

A 71% 

109a 

 

 

A 80% 
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Pyrrole Enone Product Method Yield 

109a 

 

 

A 22% 

109a 

  

A 
39%

b 

109c 

 

 

A 36% 

109c 110e 

 

A 16% 

a Method A: (i) KOtBu, 0 °C, THF (ii) AcOH,EtOH, BF3·OEt2, rt (iii) DBU, reflux; Method B: (i) KOtBu, 

0 °C, DMF (ii) TfOH, rt (iii) DBU, 90 °C. b The reaction was performed in two steps and KOtBu was used for 

the dehydrocyanation instead of DBU at 25 °C. 

In case of enone 110h, low yield (22%) could be expected due to a highly electron-rich 

thiophene ring which is also susceptible to electrophilic substitution reactions. Surprisingly, 

indolizine 116k was obtained in 71% yield despite bearing a furan ring on enone 110f. 

Additional substituents on the aromatic ring of enones such as fluorine, chlorine, methoxy 

were also well tolerated. Both one-pot methods failed when acrylaldehyde 110i was used 

instead of an enone. Even though the conjugate addition and cyclodehydration worked 

smoothly, elimination of HCN was not possible with DBU. Nevertheless, using KOtBu on 
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the crude dihydroindolizine gave the desired 5,6,7-trisubstituted indolizine 116n in 39% 

yield. 

Finally, the one-pot procedure for the synthesis of indolizines was also applied to an 

exocyclic enone to increase the substrate scope. As an illustrative example, pyrrolonitrile 

109c was annulated with 2-(4-chlorobenzylidene)-6-methoxy-3,4-dihydronaphthalen-

1(2H)-one (110k) according to method B in one-pot fashion (Scheme 61). In other words, 

the nitrogen containing tetracyclic compound 117 was synthesized from pyrrole 109c in one-

pot by a conjugate addition/cyclodehydration/dehydrocyanation sequence. 

 

Scheme 61. One-pot synthesis of tetracyclic compound 117 

One important feature of the method is easy tracking the final compounds since most of the 

indolizines are fluorescent. One can easily track final compounds during the whole 

purification steps using a portable UV-lamp (Figure 14). Although no quantitative analysis 

was done, it is a useful tool to monitor indolizines. 

 

Figure 14. Tracking indolizines during the purification process 
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3.2 Pyrroles 

3,5-Disubstituted 3,4-dihydro-2H-pyrrole-2-carbonitriles 118 can be considered as a 

common intermediate to access pyrroles with different substituent patterns. The first 

synthesis of cyanopyrrolines 118 has been accomplished in two steps starting from 2-

(diphenylmethyleneamino) acetonitrile and enones by Tasheva in 2007 (Scheme 62).172 

Opatz and Meyer have been developed a new synthetic route to cyanopyrroline 118 by 

simply reacting aminonitriles with enones in the presence of pyridine.139,173 The latter 

method is superior in terms of the atom-economy and efficiency to the former. 

 

Scheme 62. Synthesis of cyanopyrrolines 118 

The proposed reaction mechanism139,173 starts with the condensation of enone 110 with 

aminoacetonitrile hydrochloride. Deprotonation of -(alkylideneamino)nitrile 119 gives 2-

azapentadienyl anion 120 which transforms into 1-azaallyl anion 121 via an [6]-

electrocyclization. Diastereomeric mixture of cyanopyrroline 118 forms after a re-

protonation of anion 121 (Scheme 63).

 

Scheme 63. Proposed reaction mechanism for the formation of cyanopyrroline 118 
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Different methods were used to convert cyanopyrrolines 118 into pyrroles and bipyrroles 

with varied substitution patterns. These methods are depicted in Scheme 64 and further 

details will be discussed in the following sections. 

 

Scheme 64. Diversity-oriented pyrrole synthesis 

3.2.1 Pyrrole-2-carbonitriles 

Pyrrole-2-carboxylates and 3-carboxylates could be obtained from the oxidation of 

pyrroline-3-carboxylates or pyrroline-2-carboxylates with chloranil174-176 or DDQ.177 

Similar to their analogues, cyanopyrrolines 118 were also oxidized to pyrrole-2-carbonitriles 

122. The initial findings and the optimization of the reaction conditions were carried out by 

Marcel Heinz at the University of Hamburg.149 The best result for the oxidation of 

cyanopyrrolines 118 to pyrrole-2-carbonitriles was obtained with DDQ in toluene under 

reflux. The optimized reaction conditions, which were developed by Heinz, were then 

applied to several enones to have a small library of pyrrole-2-carbonitriles 122. The results 

are depicted in Table 11. The DDQ oxidation of cyanopyrrolines 118 yielded pyrrole-2-

carbonitriles 122 in moderate to very high yield. 
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Table 11. Pyrrole-2-carbonitriles 

 

Entry Cyanopyrroline Product Yield 

1 

  

94% 

2 

  

59% 

3 

 

– n.d.b 

4 

  

65% 

5 

  

71% 

6 

  

47% 
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Entry Cyanopyrroline Product Yield 

7 

  

70% 

8 

  

77% 

9 

  

71% 

a Reaction conditions: Cyanopyrroline 118 (1.00 equiv), DDQ (1.15–1.20 equiv), toluene (0.05–0.07 M), 24 h. 
bNot detected. 

The method tolerates both EWG and EDG functional groups such as nitro, cyano, fluoro, 

chloro, bromo, and methoxy on the aromatic substituents. However, cyanopyrroline 118c 

which bears an alkyl substituent (entry 3) failed to give the desired pyrrole-2-carbonitrile. 

This can be explained by further oxidation of the product, 2-alkylpyrroles, since they can 

decompose via an autoxidation or oxidative dealkylation processes.178,179 

3.2.2 2,4-Disubstituted Pyrroles 

In principle, cyanopyrrolines 118 can also be converted to 2,4-disubstituted pyrroles via a 

base induced HCN elimination. However, this path is strongly dependent on the substituent 

pattern of cyanopyrrolines. When the cyanopyrrolines 118 possess an acidic proton, H-2, 

base-induced dehydrocyanation fails since the α-elimination of the deprotonated 

cyanopyrroline 118 is difficult (Scheme 65). Moreover, the anion 124 could be converted to 

pyrrolizidine 125 via a conjugate addition/reductive cyclization sequence.139 
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Scheme 65. Deprotonated cyanopyrrolines 118 

From the findings of the previous study, the dehydrocyanation of cyanopyrroline 118a was 

achieved in 21% yield by using NaH in hot pyridine.173 The use of stronger base did not 

improve the yield of pyrrole 123a. Therefore, it is possible to conclude that the base may not 

play any important role for the dehydrocyanation reaction and the most important parameter 

for the reaction might be the temperature. In other words, the thermal elimination of HCN 

might be feasible at higher temperatures. 

 

Scheme 66. Thermal dehydrocyanation of cyanopyrroline 123a 

Indeed, the product 123a was obtained in 50% yield when the neat cyanopyrroline 118a was 

heated with microwaves in the absence of a base at 150 °C. Since the reaction was performed 

without any solvent, it is important to set the temperature above the melting point of the 

cyanopyrrolines. When the reaction proceeds, the solid product forms and the rest of the 

starting material could be encapsulated inside the solid phase. This might explain the 

incomplete conversion. Therefore, the reaction temperatures were set by considering the 

melting point of the desired product so that full conversion can be obtained. A series of 

cyanopyrrolines 118 were then heated using microwave irradiation and the results are 

summarized in Table 12. The reactions were carried out in 0.50 mmol–1.00 mmol scale 

under argon atmosphere. 
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Table 12. 2,4-Disubstituted pyrroles 

 

Entry 
Cyano- 

pyrroline 
Product t(set) t(max) Yield 

1 118a 

 

250 °C 190 °C 81% 

2 118b 

 

250 °C 230 °C 83% 

3 118c 

 

250 °C 150 °C 43% 

4 118d 

 

250 °C 195 °C n.d.b 

5 118e 

 

250 °C 220 °C 66% 

6 118f 

 

250 °C 200 °C 28% 
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Entry 
Cyano- 

pyrroline 
Product t(set) t(max) Yield 

7 118g 

 

250 °C 230 °C 32% 

8 118h 

 

250 °C 180 °C 61% 

9 118i 

 

250 °C 160 °C 38% 

a Microwave reaction parameters: 180 W, 30 min under air cooling. b Not detected. 

These 2,4-disubstituted pyrroles can be used as a precursor for the preparation of 4,4-

difluoro-4-bora-3a,4a-diaza-s-indacene180,181 (known as BODIPY) dyes and their aza-

analogues,182 the 4,4-difluoro-4-bora-3a,4a,8-triaza-s-indacenes. Several multi-step 

synthetic procedures have been developed in the literature. For instance, 2,4-disubstituted 

pyrroles 123 can be obtained from conjugated unsaturated enones 110 in three steps. 1,4-

Addition of nitromethane to enones followed by a partial reduction and the cyclization 

resulted in pyrroline which can be oxidized with selenium or sulphur at high temperature to 

obtain pyrrole 123 in moderate yields.183,184 In addition, they can be synthesized in four steps 

(up to 50% overall yield) from enones through protected 1,4-dicarbonyl compounds obtained 

from the Nef reaction of nitromethane adducts.185 The 2,4-disubsituted pyrroles 123 could 

be also prepared by the use of stoichiometric zirconocene dichloride, or the reaction of  

carbonyl compounds with vinyl azides.186 Recently, a most practical route to these 

compound was reported by the use of carbohydrates as formaldehyde equivalents which are 

used for the microwave assisted Stetter reaction.187 Nevertheless, our two-step synthesis of 
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pyrrole 123a produces a higher overall yield starting from commercially available and 

inexpensive materials. 

3.2.3 2,3,5-Trisubstituted Pyrroles 

Further functionalization of 3,5-disubstituted 3,4-dihydro-2H-pyrrole-2-carbonitriles 118 is 

also possible by deprotonation of C-2 followed by an electrophilic addition. As mentioned 

before, Opatz and co-workers reported a conjugate addition of deprotonated cyanopyrrolines 

118 to a Michael acceptor followed by a reductive amination/cyclization sequence to furnish 

pyrrolizidines 125 (Scheme 65).139 Since the reaction works smoothly with DBU in THF at 

room temperature, the use of other electrophiles should also be possible to obtain more 

diverse pyrroles. However, Meyer reported that the reaction failed when benzyl chloride was 

used as an electrophile under identical condition due to a reaction between benzyl chloride 

and DBU.173 Thus, DBU is not a suitable base for alkylation. 

Based on this knowledge, a stronger base which can deprotonate cyanopyrrolines but not 

react with the alkylating agent has to be chosen. As a test reaction, cyanopyrroline 118b was 

deprotonated with KOtBu in DMF at 0 °C, followed by a C-2 alkylation with n-propyl 

bromide at room temperature. LC-MS and TLC analyses proved the complete conversion of 

the starting material 118b into the alkylated dihydropyrrole 126a. After an extractive work-

up, the crude product was transferred into a microwave vessel for the dehydrocyanation 

process to obtain pyrrole 127a in 58% yield based on the cyanopyrroline 118b. 

 

Scheme 67. Synthesis of pyrrole 127a 

Next, different alkyl halides were used to show the general applicability of the method. The 

results are summarized in Scheme 68. The reactions were carried out in 0.75–1.00 mmol 
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scale. In all cases, intermediates were not isolated and used immediately after an extractive 

work-up. For the dehydrocyanation step, an alternative method was used in some cases 

where KOtBu was used in DMF. 

 

Scheme 68. 2,3,5-Trisubstituted pyrroles 127 

Although the alkylation proceeds smoothly, an efficient method for the elimination of HCN 

could not be found, yet. Both dehydrocyanation methods were resulted in the decomposition 

of the intermediate. Methylation was succeeded by the use of methyl iodide whereas 

corresponding alkyl bromides were used for ethylation and propylation. In none of the 

experiments, N-alkylated pyrroles were detected. 

Furthermore, the method also allows to access dipyrroles that two pyrrole rings are 

connected with an alkyl chain. As an illustrative example, dipyrrole 129 was synthesized 

from cyanopyrroline 118a (Scheme 69). When cyanopyrroline was deprotonated with 

KOtBu and was reacted with half equivalent of 1,4-dibromobutane, dipyrrole 129 was 

obtained in 25% yield after a base assisted HCN elimination with microwave heating. 
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Scheme 69. Bis(pyrrol-2-yl)butane 129 

Later, application of the method was tried to expand for the synthesis of 2,3,4,5-

tetrasubstituted pyrroles using a sequential alkylation. Since the C-2 alkylation of 

cyanopyrrolines 118 works well, it was planned to alkylate the fourth position of a 

dihydropyrrole by deprotonating C-4 using a strong base. 

 

Scheme 70. Proposed double alkylation of cyanopyrrolines 

In order to apply the double alkylation method, several bases were used such as KOtBu, 

KHMDS and LDA. Neither KHMDS was able to deprotonate C-4 of the C-2 alkylated 

intermediate nor KOtBu. Since LDA is a stronger base than former bases, it deprotonated 

the C-4 however the C-alkylation did not proceed while a dehydrocyanation product was 

obtained in 62% yield (Scheme 71). It was not possible to trap the anion 132 using a primary 

halide even at low temperatures. Nevertheless, when LDA was used, the yield of pyrrole 

127c was higher than in the method shown in Scheme 68 (12% yield). LDA-assisted 

dehydrogenation of other C-2 alkylated cyanopyrrolines should also be investigated to 

increase the efficiency of 2,3,5-trisubstituted pyrroles. 
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Scheme 71. Failed double alkylation reaction 

3.2.4  Pyrrole-2-carboxamides 

Similar to the two-step synthesis of pyrrole-2-carbonitriles 122 (chapter 3.2.1), pyrrole-2-

carboxylates and -carboxamides can also be prepared from enones using glycine ester or 

amides instead of aminoacetonitrile (Scheme 72). The method optimization and the synthesis 

of pyrrole-2-carboxylates were performed by Imbri and Netz.188 Here, the preparation of 

glycine amides and pyrrole-2-carboxamides will be discussed in detail. 

 

Scheme 72. One-pot access to pyrrole-2-carboxylates and –carboxamides 

Although some of the glycine amides are commercially available, they were prepared on a 

gram-scale according to the literature with slight modifications. Haufe et al. reported an 

efficient racemization-free amidation of Boc protected amino acids via a mixed anhydride 

method using N-methyl morpholine (NMM) and isobutyl chloroformate (IBCF). The 

preparation of glycine amides 135 were achieved in two steps starting from Boc-Gly-OH via 

an amidation/deprotection sequence (Scheme 73).189 
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Scheme 73. Preparation of glycine amides 135 

After preparing glycine amides 135, they were converted into pyrrole-2-carboxamides 136 

by reacting with enones 110 in hot pyridine and oxidizing the corresponding dihydropyrroles 

with copper (II) acetate (1.2 or 2.0 equiv) in a one-pot fashion (Table 13). 

Table 13. Pyrrole-2-carboxamidesa 

 

Entry R1 R2 R’ R’’ Product Yield 

1 Ph Ph Me Me 136a 46%b 

2 Ph Ph Me Me 136a 55%c 

3 Ph Ph H iBu 136b 59%b 

4 4-MeO-C6H4 4-F-C6H4 H iBu 136c 43%c 

5 Ph Ph H Me – n.r. 

6 Ph Ph H H – n.r. 

a Reaction conditions: (i) enone 110 (1.00 mmol), glycine amide 135 (1.20 mmol), MS 3Å, pyridine (4 mL) at 

130 °C, microwave irradiation (ii) Cu(OAc)2 (1.20 or 2.00 mmol) at 130 °C, microwave irradiation. b Oxidation 

was performed with 1.20 equiv. Cu(OAc)2.c Oxidation was performed with 2.00 equiv. Cu(OAc)2. 

Tertiary amide 135a was reacted with chalcone (110a) smoothly and increasing the amount 

of the copper salt to 2.0 equiv improve the yield of pyrrole 136a slightly (entry 2 compared 

to entry 1). The method can also tolerate secondary amines when R’’ is isobutyl (entries 3 

and 4). Unfortunately, N-methyl glycine amide (135c) did not react with chalcone (entry 5). 

This activity difference can be explained by their solubilities in hot pyridine. It was observed 

that when a secondary amide has a small R-group (Me), it is either completely insoluble or 
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slightly soluble in this environment. A similar trend was observed with the primary amide 

(entry 6). The dimeric structure of pyrrole-2-carboxamide 136c was also unambiguously 

proved by X-ray analysis (Figure 15). 

 

Figure 15. X-ray structure of pyrrole-2-carboxamide 136c 

3.2.5 2,2’-Bipyrroles 

While the optimization of the dehydrocyanation reaction for the synthesis of 2,4-

disubstituted pyrrole 123 was attempted, several transition metal salts were tested. Since the 

nitrile can coordinate to a metal cation from the nitrogen atom, adding metal salts might 

weaken the C–CN bond that ease the removal of the nitrile. During our investigation, it was 

observed that microwave heating of cyanopyrroline 118a in the presence of copper (II) 

acetate monohydrate (3.0 equiv) resulted in a dimerized product 137a (Scheme 74). 

 

Scheme 74. Synthesis of 2,2’-bipyrrole 137a 
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In order to optimize the reaction conditions, several conditions were applied. While the 

increase in temperature from 100 °C to 120 °C did not affect the yield, it was diminished 

when the reaction was performed at 150 °C. The reaction also worked with 1.00 equiv of 

Cu(OAc)2·H2O, it ceased completely with a catalytic amount (10 mol%) of the copper 

source. No product was obtained when iron (III) chloride was used instead of copper salt. 

Unfortunately, the yield of bipyrroles 137a could not be improved. 

From the reaction mixture, pyrrole-2-carbonitrile 122a was obtained as a by-product. The 

structure of the by-product was also proved by X-ray analysis (Figure 16). The crystal 

structure of the compound 122a is disordered and below only one structure is shown for 

clarity. 

 

Figure 16. X-ray structure of pyrrole-2-carbonitrile 122a 

Moreover, bipyrrole 137b was also obtained in 31% yield from the homo-coupling reaction 

of cyanopyrroline 118b under identical conditions (Scheme 75). 

 

Scheme 75. Synthesis of 2,2’-bipyrrole 137b 
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Formation of 2,2’-bipyrroles can be explained by a single electron transfer from copper (II) 

to the deprotonated cyanopyrrolines. Homo-coupling of the resulting aza-allyl radicals 

followed by the removal of two equivalents HCN gives bipyrroles. As an alternative route, 

firstly, dehydrocyanation of cyanopyrrolines to form 2,4-disubstituted pyrroles can takes 

place. Later, 2,2’-bipyrroles might form by dimerization. 2,4-Disubstituted pyrroles can be 

treated with Cu(OAc)2 under identical condition and if 2,2’-bipyrroles do not form, the 

alternative route can be ruled out. In case of the formation of 2,2’-bipyrroles from directly 

2,4-disubstituted pyrroles, further experiments should be performed to understand the 

reaction mechanism.  
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4 Conclusion and Outlook 

Indolizine-3-carbonitriles 78 were prepared from pyridinium salts and nitroalkenes via a 

formal [3+2]-cycloaddition/oxidation sequence (Scheme 76). Silver (I) carbonate was 

chosen since it can be both used as an oxidant and a base. High yields were obtained from 

the reactions of -arylnitroalkenes. However, yields decreased when R3 is an alkyl 

substituent. 

 

Scheme 76. Indolizine-3-carbonitriles 

Furthermore, indolizines without any electron-deficient substituents were synthesized from 

pyridinium salts and nitroalkenes when R2 is different than a proton (Scheme 77). Since all 

reported indolizine syntheses via a 1,3-dipolar cycloaddition are limited to at least one EWG 

in the structure, our method overcome this severe limitation using removable electron-

withdrawing groups (REWG).  

 

Scheme 77. Indolizines without EWGs 

After the formal [3+2]-cycloaddition of pyridinium ylides 85 to nitroalkenes 76, double 

elimination of HCN and HNO2 yielded indolizines 86. Unlike the synthesis of indolizine-3-

carbonitriles 78, the reaction requires an excess amount base and there is no need to use an 

oxidant. While pyridinium salts 85 were prepared from the corresponding pyridines and 

cyanohydrin triflates which were synthesized in two steps from aldehydes via a Strecker 

reaction followed by triflylation, nitroalkenes were obtained via a nitroaldol condensation of 

nitroalkanes with aldehydes. Overall, the indolizine core was constructed from two different 

aldehydes, a nitroalkane, and a pyridine. This method was then also applied to different 
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nitrogen-containing aromatic compounds such as isoquinolines, phthalazines, imidazoles, 

and benzothiazoles to access pyrroloisoquinolines, pyrrolophthalazines, pyrroloimidazoles 

and pyrrolobenzothiazoles, respectively. 

While exploring the [3+2]-cycloaddition of pyridinium ylides to unactivated alkynes, the 

formation of an unexpected product was observed and it was identified as 2-aminoindolizine 

97. Mechanistically, the reaction is an analogue of Tschitschibabin’s approach to indolizines 

which form via an intramolecular cyclization of carbonyl-stabilized 2-alkylpyridinium 

ylides. In the same manner, 2-aminoindolizines 97 were obtained via an intramolecular 5-

exo-dig cyclization of nitrile-stabilized 2-alkylpyridinium ylides that were prepared by N-

alkylation of 2-picolines 94 with cyanohydrin triflates 84. It was found that the products 97 

were unstable against light and moisture, the isolation of the free amines failed due to their 

high electron density. In a long term storage, the 2-aminoindolizine 97a was decomposed to 

give -amino-,-unsaturated ketone 101 (Scheme 49, p. 42). The isolation problem was 

overcome by storing 2-aminoindolizines as their acetylated forms (Scheme 78). The 

protection was performed in situ after cyclization. The structure was unambiguously proven 

by X-ray analysis (Figure 12, p. 46). The method also tolerates ester substituents and works 

with isoquinolinium salts. The substrate scope is limited to 6-unsubstituted 2-alkylpyridines.  

 

Scheme 78. Acetylated 2-aminoindolizines 102 

When 2,6-disubstituted pyridines were used, the N-alkylation failed and elimination of 

triflate was observed. Although other azinium salts from 2-methylpyrimidine, 2-

methylbenzothiazole and 3-methylisoquinoline were prepared using triflate 84a, the 

cyclization did not work in these cases (Figure 13, p. 48). Further transformation of N-acetyl-

1-arylsubstituted 2-aminoindolizine 102d to indolizino[2,1-c]isoquinoline 107 by a 

Bischler-Napieralski reaction also failed (Scheme 53, p.48). 

The method was applied to harmine (103) and furnished the tetracyclic indoloindolizine 105 

(Scheme 51, p. 47). In the reaction, the N–H proton of indole was also tolerated and the 
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annulation of harmine was achieved without prior N-protection. In this case, the free amine 

form was stable enough to isolate it without converting it into an amide. 

In contrast to the synthesis of indolizines from pyridines, the annulation of pyrroles is rare. 

Few methods allow to prepare indolizines carrying various substituents in positions 5–8. In 

this context, a novel method was developed to synthesize 5,6,7,8-tetrasubstituted indolizines 

116 from 1-(1-cyanoalkyl)pyrroles 109 in a one-pot strategy (Scheme 79). This method 

allows to prepare indolizines up to four substituents on the pyridine unit. 

 

Scheme 79. Decoration of the pyridine ring of indolizines in a one-pot procedure 

Pyrrolonitriles 109 were annulated with enones as three-carbon units via a conjugate 

addition/cyclodehydration/dehydrocyanation sequence. Each step was optimized separately 

and then the reaction was performed in a one-pot fashion. The Michael addition of the 

deprotonated aminonitriles to enones followed by acid-catalyzed cyclization and 

simultaneous dehydration produces 5,6-dihydroindolizines 115. From these stable 

intermediates, the substituted indolizines 116 were obtained via base-induced 

dehydrocyanation in good yields. In other words, pyrrolonitriles 109 can be annulated by a 

consecutive addition of a base, acid, and base. Two different reagent systems were 

developed. The first method is the KOtBu/BF3·OEt2+AcOH/DBU in THF. The second 

method which is KOtBu/TfOH/DBU in DMF was used where the first one failed. DMF was 

preferred instead of THF since the latter polymerizes in the presence of TfOH. Exocyclic 

enones were also found to be suitable substrates for the annulation of pyrrolonitriles. As an 

illustrative example, pyrrolonitrile 109c was annulated using exocyclic enone 110k to 

furnish tetracyclic product 117 (Scheme 61, p. 59). 

3,4-Dihydro-2H-pyrrole-2-carbonitriles 118 can be considered as a common precursor for 

the preparation of pyrroles bearing various substituents (Scheme 80). The optimization of 
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the DDQ oxidation of 3,4-dihydro-2H-pyrrole-2-carbonitriles which were prepared from 

enones and aminoacetonitrile hydrochloride in boiling pyridine139,173 to obtain pyrrole-2-

carbonitriles 122 was carried out by Heinz.149 The optimized conditions were then applied 

to different cyanopyrrolines to get a small library of pyrrole-2-carbonitriles 122. Moreover, 

the low yielding base-assisted dehydrocyanation of cyanopyrrolines 118 was improved and 

optimized by using microwave heating. The products, 2,4-disubstituted pyrroles 123 were 

obtained in moderate to high yields. 

 

Scheme 80. Pyrroles with different substituent patterns 

The diversity of products can be increased by further manipulations such as C-alkylation 

followed by dehydrocyanation. Cyanopyrrolines 118 were deprotonated with KOtBu at 0 °C 

and were then alkylated using primary alkyl halides to obtain 2,3,5-trisubstituted 

cyanopyrrolines 126. Subsequent elimination of HCN by microwave heating either neat or 

in the presence of KOtBu gave 2,3,5-trisubstituted pyrroles 127. The synthesis of similar 

products from the reaction of enones and -aminonitriles which could be prepared from 

aldehydes via a Strecker reaction were previously reported by our group.139 However, the 

alkylation/dehydrocyanation method allows to access different pyrroles in a modular fashion 
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in which the R3 substituent on pyrrole ring can be inserted at a late stage. ,-Dihaloalkanes 

were also used in order to obtain dipyrroles 129 which are connected by alkyl linkers. 

Finally, 3,3’,5,5’-tetrasubstituted 2,2’-bipyrroles 137 were synthesized from the same 

precursors 118 in the presence of superstoichiometric amounts of Cu(OAc)2 under 

microwave heating. Two different mechanisms can be considered and further investigations 

should be done in order to rule out one of them. The reaction might proceed through the 

oxidative dimerization of 2,4-disubstituted pyrroles. The other possibility is the oxidative 

coupling of the deprotonated cyanopyrrolines followed by elimination of two equivalents 

HCN.  

Similarly, the DDQ-oxidation of 3,4-dihydro-2H-pyrrole-2-carboxylates  gave pyrrole-

2carboxylates. The two steps can be performed in a one-pot procedure. This method was 

developed in the research group of Opatz by Imbri and Netz.188 Later, it was observed that 

DDQ can also be replaced with Cu2+ and it is even possible to use catalytic amount of copper 

in some cases. As a part of this project, the substrate scope was increased by using glycine 

amides as well. Hydrochloride salts of glycine amides 135 were prepared from Boc-Gly-OH 

in two steps without using chromatographic separation. The one-pot synthesis of pyrrole-2-

carboxamides 136 from glycine amides 135 were successfully achieved via an 

electrocyclization/oxidation sequence (Scheme 81).  

 

Scheme 81. Pyrrole-2-carboxamides 
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5 Experimental Section 

5.1 General Experimental Methods 

 

Solvents and Chemicals 

All reactions were carried out in dried glassware and in an inert atmosphere (argon) in 

anhydrous solvents using standard syringe and septa techniques. Anhydrous THF was 

distilled from potassium under argon. Diethyl ether and toluene were distilled from sodium 

and benzophenone under argon atmosphere. The solvents used for chromatography were 

distilled prior to use. All other solvents and reagents were purchased from commercial 

suppliers and were used without further purification. Anhydrous DMF and acetonitrile over 

molecular sieves were purchased from commercial suppliers. All the optically active 

compounds were prepared as a racemic mixture unless otherwise stated. 

Chromatography 

TLC experiments were carried out on aluminum sheets coated with silica gel 60 F254 (Merck) 

and spots were visualized with UV-light (254 nm or 360 nm) and developed with KMnO4, 

Seebach’s reagent, phosphomolybdic acid reagent or ninhydrin and heating if necessary. 

Column chromatography was carried out on silica gel purchased from Acros Organics 

(particle size: 32–63 μm, pore diameter: 60 Å) or Macherey-Nagel (particle size: 25–40 μm, 

pore diameter: 60 Å). 

Melting Point Determination and Elemental Analysis 

Melting point ranges were determined with a Krüss digital melting point apparatus or with 

a Dr. Tottoli apparatus from Büchi and are uncorrected. Elemental analysis of compounds 

was determined with a CHN-O-Rapid instrument (Heraeus). 

NMR 

NMR spectra were recorded with Bruker AC300, AV2-400, ARX400 and AV3-600 

spectrometers. The spectra were measured in CDCl3, DMSO-d6, CD3CN, or methanol-d4 at 

ambient temperature and the chemical shifts were referenced to the residual solvent signal 

(CDCl3: H 7.26 ppm,  C  77.16 ppm; DMSO-d6:  H2.50 ppm, C  39.52 ppm, 

CD3CN H 1.94 ppm,  C  1.32 ppm).190 1H NMR data are reported as follows: chemical 
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shift (parts per million, ppm), multiplicity (s = singlet, d = doublet, t = triplet, q = quartet, 

sep = septet, dd = doublet of doublets, ddd = doublet of doublet of doublets dt = doublet of 

triplets, m = multiplet, br = broad, app = apparent), coupling constant (Hz), integration and 

assignment. The numbering is made according to the IUPAC name of the compounds. 

Infrared Spectroscopy 

IR spectra were recorded on routine FTIR spectrometer (Bruker Optics Tensor 27) using a 

diamond ATR unit. 

Mass Spectroscopy 

MS spectra were recorded on a linear ion trap LC/MSD detector (ESI-MS). ESI-HRMS 

spectra were recorded on Waters Q-TOF- Ultima III instrument with a dual source and a 

suitable external calibrant. 

Microwave experiments 

The Microwave experiments were carried out in a CEM Discover monomode apparatus at 

the indicated maximum temperature and power using air cooling. 

5.2 Annulation of pyridines 

5.2.1 Synthesis of Indolizines from Pyridinium Ylides 

General procedure-I for indolizine-3-carbonitriles 78 

Pyridinium bromide 74 (1.00 equiv.) and the nitroolefin 76 (1.00 equiv.) were dissolved in 

freshly distilled THF (20 mL/mmol nitroolefin) at room temperature. Ag2CO3 (2.00 equiv.) 

was added in one portion and the reaction mixture was heated to reflux under argon 

atmosphere for 2 h. The solvent was removed in vacuo and the remaining solid was extracted 

with ethyl acetate. The solution was decanted and washed with water. The crude product 

was extracted with ethyl acetate and the combined organic layers were dried over MgSO4 

and the solvent was removed in vacuo. 
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2-(4-Chlorophenyl)-1-methylindolizine-3-carbonitrile (78a) 

The title compound was prepared according to the general 

procedure-I from 74a (1.00 mmol) and (E)-1-chloro-4-(2-

nitroprop-1-enyl)benzene (76a, 1.00 mmol). The crude product was purified by column 

chromatography (ethyl acetate/cyclohexane 1:5). 

Yield: 216 mg (0.81 mmol, 81%), colorless solid. 

Mp: 156–159 °C. 

Rf = 0.44 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 3094, 2922, 2195, 1382, 1096, 828, 740, 725 cm–1. 

1H NMR, COSY (400 MHz, CDCl3) = 8.22 (dt, J = 6.8, 0.9 Hz, 1H, H-5), 7.50–7.44 (m, 

5H, H-8, 4 HAr), 7.01 (ddd, J = 9.0, 6.8, 0.9 Hz, 1H, H-7), 6.80 (td, J = 6.8, 1.2 Hz, 1H, H-

6), 2.33 (s, 3H, CH3) ppm. 

13C NMR, HSQC, HMBC (75 MHz, CDCl3) = 135.3 (C2), 135.2 (C9), 134.2 (Cq), 131.0 

(Cq), 130.8 (2C, CHAr), 129.1 (2C, CHAr), 125.3 (C5), 121.6 (C7), 118.0 (C8), 114.7 (CN), 

113.3 (C6), 108.4 (C1), 93.1 (C3), 9.3 (CH3) ppm. 

Elemental Analysis: Calcd: C: 72.05% H: 4.16% N: 10.50% 

C16H11ClN2  Found: C: 71.94% H: 4.26% N: 10.51% 

MS (ESI): m/z = 288.9 (34) [M + Na]+, 266.9 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C16H11NCl]+ 266.0611, found 266.0621. 

 

1-Ethyl-2-(naphthalen-2-yl)indolizine-3-carbonitrile (78b) 

The title compound was prepared according to the general 

procedure-I from 74a (100 mg, 0.50 mmol) and (E)-2-(2-nitrobut-

1-enyl)naphthalene (76b, 114 mg, 0.50 mmol). The crude product was purified by column 

chromatography (ethyl acetate/cyclohexane 1:5). 
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Yield: 121 mg (0.41 mmol, 82%), yellow solid. 

Mp: 113–116 °C. 

Rf = 0.50 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 3054, 2964, 2928, 2194, 1427, 1216, 1130, 859, 814, 751, 728 cm–1. 

1H NMR (300 MHz, CDCl3) = 8.28 (dt, J = 6.9, 1.0 Hz, 1H, H-5), 8.00 (br s, 1H, H-1’), 

7.99–7.88 (m, 3H, HNapht), 7.66 (dt, J = 8.4, 1.7 Hz, 1H, H-8), 7.59–7.48 (m, 3H, HNapht), 

7.01 (ddd, J = 9.0, 6.7, 1.0 Hz, 1H, H-7), 6.81 (td, J = 6.9, 1.2 Hz, 1H, H-6), 2.88 (q, J = 

7.5 Hz, 2H, CH2), 1.21 (q, J = 7.5 Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, CDCl3) = 136.3 (Cq), 134.7 (Cq), 133.5 (Cq), 133.0 (Cq), 130.1 (Cq), 

128.7 (CHNapht), 128.5 (CHNapht), 128.4 (CHNapht), 127.9 (CHNapht), 127.2 (CHNapht), 126.5 

(CHNapht), 126.5 (CHNapht), 125.4 (C5), 121.5 (C7), 118.0 (C8), 115.7 (Cq), 114.8 (Cq), 113.1 

(C6), 93.7 (C3), 17.3 (CH2), 15.9 (CH3) ppm. 

MS (ESI): m/z = 319.2 (21) [M + Na]+, 297.2 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C21H16N2 + Na]+ 319.1211, found 319.1211. 

 

2-(4-Cyanophenyl)-1-ethylindolizine-3-carbonitrile (78c) 

The title compound was prepared according to the general 

procedure-I from 74a (100 mg, 0.50 mmol) and (E)-4-(2-nitrobut-

1-enyl)benzonitrile (76c, 101 mg, 0.50 mmol). The crude product was purified by column 

chromatography (ethyl acetate/cyclohexane 1:5). 

Yield: 95 mg (0.35 mmol, 70%), colorless solid. 

Mp: 147–149 °C. 

Rf = 0.32 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 2965, 2926, 2227, 2196, 1534, 1453, 1356, 1224, 859, 754, 732 cm–1. 
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1H NMR (300 MHz, CDCl3) = 8.27 (dt, J = 6.9, 1.0 Hz, 1H, H-5), 7.82–7.76 (AA’-part of 

AA’BB’ system, 2H, H-3’,5’), 7.67–7.61 (BB’-part of AA’BB’ system, 2H, H-2’,6’), 7.54 

(dt, J = 9.0, 1.1 Hz, 1H, H-8), 7.06 (ddd, J = 9.0, 6.7, 1.0 Hz, 1H, H-7), 6.87 (td, J = 6.8, 1.2 

Hz, 1H, H-6), 2.80 (q, J = 7.6 Hz, 2H, CH2), 1.18 (q, J = 7.6 Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, CDCl3)  = 137.6 (C4’), 134.7 (C2), 134.0 (C9), 132.7 (2C, C2’,6’), 

130.1 (2C, C3’,5’), 125.5 (C5), 122.0 (C7), 118.8 (Cq), 118.2 (C8), 115.7 (Cq), 114.2 (CN), 

113.9 (C6), 111.9 (C1), 93.3 (C3), 17.2 (CH2), 15.9 (CH3) ppm. 

Elemental Analysis: Calcd: C: 79.68% H: 4.83% N: 15.49% 

C18H13N3  Found: C: 79.28% H: 4.77% N: 15.75% 

MS (ESI): m/z = 294.0 (94) [M + Na]+, 288.0 (37) [M + O + H]+, 272.0 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C18H13N3]
+ 271.1109, found 271.1109. 

 

2-(4-Fluorophenyl)-1-methylindolizine-3-carbonitrile (78d)  

The title compound was prepared according to the general 

procedure-I from 74a (100 mg, 0.50 mmol) and (E)-1-fluoro-4-(2-

nitroprop-1-enyl)benzene (76d, 91 mg, 0.50 mmol). The crude product was purified by 

column chromatography (ethyl acetate/cyclohexane 1:5). 

Yield: 102 mg (0.41 mmol, 81%), colorless solid. 

Mp: 162–164 °C. 

Rf = 0.44 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 3070, 2914, 2191, 1536, 1384, 1156, 859, 736, 726 cm–1. 

1H NMR (300 MHz, CDCl3)  = 8.24 (dt, J = 6.8, 1.1 Hz, 1H, H-5), 7.55–7.49 (AA’-part 

of AA’BB’ system, 2H, H-3’,5’), 7.47 (dt, J = 9.0, 1.2 Hz, 1H, H-8), 7.24–7.14 (BB’-part of 

AA’BB’ system, 2H, H2’,6’), 7.01 (ddd, J = 9.0, 6.8, 1.1 Hz, 1H, H-7), 6.81 (td, J = 6.8, 1.2 

Hz, 1H, H-6), 2.34 (s, 3H, CH3) ppm. 
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13C NMR (75 MHz, CDCl3)  = 162.2 (d, 1JC,F = 247.8 Hz, C4’), 135.6 (C2), 135.1 (C9), 

131.2 (d, 3JC,F = 8.1 Hz, 2C, C2’,6’), 128.5 (d, 4JC,F = 3.6 Hz, C1’), 125.3 (C5), 121.5 (C7), 

117.9 (C8), 116.0 (d, 2JC,F = 21.6 Hz, 2C, C3’,5’) ,114.8 (CN), 113.2 (C6), 108.3 (C1) , 93.2 

(C3), 9.3 (CH3) ppm. 

MS (ESI): m/z = 273.1 (3) [M + Na]+, 251.1 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C16H11N2F + H]+ 251.0985, found 251.0993. 

 

2-Isopropyl-1-methylindolizine-3-carbonitrile (78e) 

The title compound was prepared according to the general procedure-I 

from 74a (400 mg, 2.00 mmol) and (E)-4-methyl-2-nitropent-2-ene 

(76e, 298 mg, 2.00 mmol). The crude product was purified by column chromatography (ethyl 

acetate/hexanes 1:5). 

Yield: 210 mg (1.06 mmol, 53%), colorless solid. 

Mp: 68–69 °C. 

Rf = 0.47 (ethyl acetate/hexanes 1:5). 

IR (ATR) ṽ = 2965, 2923, 2867, 2196, 1461, 1389, 1320, 1249, 741 cm–1. 

1H NMR (300 MHz, CD3OD) = 8.17 (dt, J = 6.8, 1.1 Hz, 1H, H-5) 7.46 (dt, J = 9.0, 1.2 

Hz, 1H, H-8), 6.99 (ddd, J = 9.0, 6.8, 1.1 Hz, 1H, H-7), 6.78 (td, J = 6.8, 1.2 Hz, 1H, H-6), 

3.23 (d, J = 7.0 Hz, 1H, CH(CH3)2), 2.25 (s, 3H, 1-CH3), 1.40 (d, 6H, J = 7.0 Hz, CH(CH3)2) 

ppm. 

13C NMR (75 MHz, CD3OD)  = 144.2 (C2), 136.2 (C9), 126.0 (C8), 122.3 (C5), 118.2 

(C7), 115.9 (CN), 113.6 (C6), 108.6 (C1), 92.5 (C3), 27.4 (CH(CH3)2), 23.0 (2C, (CH3)2CH), 

8.4 (1-CH3) ppm. 

MS (ESI): m/z = 199.0 (100) [M + H]+, 198.0 (8) [M]+. 
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2-Isopropyl-1-methyl-7-phenylindolizine-3-carbonitrile (78f) 

The title compound was prepared according to the general 

procedure-I from 74b (550 mg, 2.00 mmol) and (E)-4-methyl-

2-nitropent-2-ene (76e, 258 mg, 2.00 mmol, 1.00 equiv). The 

crude product was purified by column chromatography (ethyl acetate/hexanes 1:5). 

Yield: 378 mg (1.38 mmol, 69%), yellow solid. 

Mp: 97–100 °C. 

Rf = 0.53 (ethyl acetate/hexanes 1:5). 

IR (ATR) ṽ = 2965, 2925, 2870, 2194, 1534, 1485, 1461, 1387, 1375, 1253, 868, 792, 756, 

696 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 8.33 (dd, J = 7.2, 0.9 Hz, 1H, H-5), 7.93 (dd, J 

= 2.0, 0.9 Hz, 1H, H-8), 7.86–7.78 (m, 2H, H-2’,6’), 7.52–7.47 (m, 2H, H-3’,5’), 7.44–7.35 

(m, 1H, H-4’), 7.24 (dd, J = 7.2, 2.0 Hz, 1H, H-6), 3.21 (sept, J = 7.0 Hz, 1H, CH(CH3)2), 

2.31 (s, 3H, 1-CH3), 1.36 (d, J = 7.0 Hz, 6H, (CH3)2CH) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6)  = 143.0 (C2), 137.7 (C1’), 134.5 (C9), 

132.9 (C7), 129.0 (2C, C3’,5’), 128.1 (C4’), 126.3 (2C, C2’,6’), 125.4 (C5), 114.7 (CN), 

113.9 (C8), 111.8 (C6), 108.3 (C1), 90.7 (C3), 25.6 (CH(CH3)2), 22.5 (2C, (CH3)2CH), 8.3 

(1-CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C19H18N2]
+ 274.1470, found 274.1461. 

 

2-Isopropyl-1-methylindolizine-3,7-dicarbonitrile (78g) 

The title compound was prepared according to the general 

procedure-I from 74c (448 mg, 2.00 mmol) and (E)-4-methyl-2-

nitropent-2-ene (76e, 258 mg, 2.00 mmol). The crude product was purified by column 

chromatography (ethyl acetate/hexanes 1:5). 

Yield: 149 mg (0.67 mmol, 34%), colorless solid. 

Mp: 134–136 °C. 
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Rf = 0.36 (ethyl acetate/hexanes 1:5). 

IR (ATR) ṽ = 3057, 2967, 2928, 2870, 2208, 1479, 1459, 1383, 1364, 1331, 1252, 1142, 

871, 783 cm–1. 

1H NMR (400 MHz, DMSO-d6) = 8.39–8.37 (m, 2H, H-5, H-8), 7.03 (dd, J = 6.9, 1.9 Hz, 

1H, H-6), 3.21 (sept, J = 7.0 Hz, 1H, CH(CH3)2), 2.30 (s, 3H, 1-CH3), 1.34 (d, J = 7.0 Hz, 

6H, (CH3)2CH) ppm. 

13C NMR (101 MHz, DMSO-d6)  = 143.4 (C2), 132.0 (C9), 126.0 (C8), 124.7 (C5), 118.2 

(C7), 113.3 (CN), 112.4 (C1), 111.8 (C6), 102.7 (CN), 94.7 (C3), 25.5 (CH(CH3)2), 22.2 

(2C, (CH3)2CH), 8.2 (1-CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C17H13N3 + H]+ 224.1188, found 224.1177. 

 

2-(4-Chlorophenyl)-1-methylpyrrolo[2,1-a]isoquinoline-3-

carbonitrile (80a) 

The title compound was prepared according to the general procedure-I 

from 2-(cyanomethyl)isoquinolinium bromide (79, 249 mg, 1.00 

mmol) and (E)-1-chloro-4-(2-nitroprop-1-enyl)benzene (76a, 198 mg, 1.00 mmol). The 

crude product was purified by chromatography over silica (ethyl acetate/cyclohexane 1:10). 

Yield: 150 mg (0.49 mmol, 49%), yellow solid. 

Mp: 198–200 °C. 

Rf = 0.48 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3090, 2917, 2196, 1516, 1366, 1224, 1095, 820 cm–1. 

1H NMR (400 MHz, DMSO-d6) = 8.39 (d, J = 8.1 Hz, 1H, H-10), 8.24 (d, J = 7.3 Hz, 1H, 

H-5), 7.89 (dd, J = 7.7, 0.9 Hz, 1H, H-7), 7.71–7.67 (m, 1H, H-9), 7.67–7.64 (AA’ part of 

AA’-BB’ system, 2H, H-3’,5’), 7.64–7.59 (m, 1H, H-8), 7.59–7.53 (BB’ part of AA’-BB’ 

system, 2H, H-2’,6’), 7.30 (d, J = 7.3 Hz, 1H, H-6), 2.58 (s, 3H, CH3) ppm. 



5.2 ANNULATION OF PYRIDINES 

89 

13C NMR (101 MHz, DMSO-d6) = 135.1 (C2), 133.2 (C1’), 131.5 (2C, C2’,6’), 130.5 

(C4’), 129.8 (C10b), 129.0 (2C, C3’,5’), 128.5 (C9), 128.4 (C10a), 127.7 (C7), 127.6 (C8), 

125.6 (C6a), 123.5 (C10), 123.1 (C5), 113.9 (C6), 113.6 (CN), 112.1 (C1), 94.7 (C3), 12.5 

(CH3) ppm. 

Elemental Analysis: Calcd: C: 75.83% H: 4.14% N: 8.84% 

C20H13ClN2  Found: C: 75.46% H: 3.87% N: 8.74% 

MS (ESI): m/z = 339.4 (100) [M + Na]+, 317.5 (22) [M + H]+. 

 

2-Isopropyl-1-methylpyrrolo[2,1-a]isoquinoline-3-carbonitrile 

(80b) 

The title compound was prepared according to the general procedure-

I from 2-(cyanomethyl)isoquinolinium bromide (79, 498 mg, 2.00 

mmol) and (E)-4-methyl-2-nitropent-2-ene (76e, 258 mg, 2.00 mmol). The crude product 

was purified by chromatography over silica (ethyl acetate/hexanes 1:5). 

Yield: 179 mg (0.72 mmol, 36%), yellow solid. 

Mp: 89–92 °C. 

Rf = 0.49 (ethyl acetate/hexanes 1:5). 

IR (ATR) ṽ = 3083, 3060, 2962, 2193, 1523, 1479, 1463, 1451, 1409, 1365, 1327, 1285, 

1243, 1083, 782, 766, 740 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 8.34 (d, J = 8.2 Hz, 1H, H-10), 8.11 (d, J = 7.3 

Hz, 1H, H-5), 7.83 (d, J = 7.9 Hz, 1H, H-7), 7.67–7.62 (m, 1H, H-9), 7.59–7.54 (m, 1H, H-

8), 7.18 (d, J = 7.3 Hz, 1H, H-6), 3.35–3.26 (m, 1H, CH(CH3)2), 2.55 (s, 3H, CH3), 1.38 (d, 

J = 7.0 Hz, 6H, (CH3)2CH) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 142.3 (C2), 129.2 (C10b), 128.4 (C6a), 

128.2 (C9), 127.4 (C7), 127.2 (C8), 125.5 (C10a), 123.3 (C10), 122.8 (C5), 114.3 (CN), 

112.8 (C6), 111.7 (C1), 93.1 (C3), 24.9 (CH(CH3)2), 22.7 (2C, (CH3)2CH), 11.6 (CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C17H16N2 + H]+ 249.1392, found 249.1400. 
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General procedure-II for cyanohydrin triflates 84 191 

General procedure-IIA: 1-Cyanoethyl trifluoromethanesulfonate (84a) and 1-cyano-2-

methylpropyltrifluoromethane-sulfonate (84b) were prepared from corresponding 

cyanohydrin192-195 and trifluoromethanesulfonic anhydride. To a solution of cyanohydrin 

(1.00 equiv.) and distilled pyridine (1.2 equiv.) in freshly distilled CH2Cl2 was slowly added 

trifluoromethanesulfonic anhydride (1.2 equiv.) at 0 °C. After stirring for 15 min., the solvent 

was evaporated in vacuo. The residue was dissolved in diethyl ether and was filtered to 

remove pyridinium triflate and the filtrate was evaporated to obtain the crude cyanohydrin 

triflate. 

2-Chloro-2-(4-chlorophenyl)acetonitrile157 (84c), 1-cyano-3-phenylpropyl trifluorometh-

anesulfonate196 (84d) and cyano(cyclohexyl)methyl trifluoromethanesulfonate196 (84f) was 

prepared according to the literature procedures. 

 

1-Cyanoethyl trifluoromethanesulfonate (84a) 

The title compound was synthesized according to the general procedure-IIA 

from acetaldehyde cyanohydrin (3.00 g, 42.2 mmol), Tf2O (14.11 g, 50.0 mmol) and 

pyridine (3.95 g, 50.0 mmol) in CH2Cl2 (200 mL). The crude product was further purified 

by filtering through neutral Al2O3 to yield the triflate of acetaldehyde cyanohydrin. 

Yield: 7.00 g (34.6 mmol, 82%), slightly pink oil. 

IR (ATR): ṽ = 2981, 1423, 1213, 1141, 926 cm–1. 

1H NMR (400 MHz, CDCl3) = 5.44 (q, J =6.9 Hz, 1H, CH), 1.83 (d, J = 6.9 Hz, 3H, CH3) 

ppm. 

13C NMR (101 MHz, CDCl3) = 118.3 (q, 1JC,F = 320 Hz, CF3), 114.6 (CN), 68.8 (CH), 

20.1 (CH3) ppm. 

Elemental Analysis: Calcd.: C: 23.65% H: 1.98% N: 6.90%  

C4H4F3NO3S   Found: C: 23.96% H: 1.94% N: 6.88%  

MS (ESI): The compound was decomposed during the ESI-MS measurement. 
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1-Cyano-2-methylpropyl trifluoromethanesulfonate (84b)191 

The title compound was synthesized according to the general procedure-IIA 

from 2-hydroxy-3-methylbutanenitrile (1.98 g, 20.0 mmol), Tf2O (6.77 g, 

24.0 mmol) and pyridine (1.90 g, 24.0 mmol) in CH2Cl2 (100 mL). The crude product was 

further purified by filtering through neutral Al2O3 to yield 1-cyano-2-methylpropyl 

trifluoromethanesulfonate. 

Yield: 3.40 g (74%), colorless oil. 

1H NMR (300 MHz, CDCl3) = 5.16 (d, J =5.6 Hz, 1H, CH-CN), 2.35 (m, 1H, CH), 1.19 

(overlapping doublets, 6H, 2CH3) ppm. 

General procedure-IIB: To a solution of cyanohydrin (1.00 equiv) and 2,6-lutidine (1.20 

equiv) in freshly distilled DCM (0.10 M) was slowly added trifluoromethanesulfonic 

anhydride (1.20 equiv) at 0 oC. After stirring 15 min., the solvent was evaporated in vacuo. 

The residue was dissolved in diethyl ether and was filtered to remove pyridinium triflate and 

the filtrate was evaporated in vacuo followed by a filtration through a pad of silica to obtain 

cyanohydrin triflates. 

 

1-Cyanopentyl trifluoromethanesulfonate (84e) 

The title compound was prepared according to the general procedure-IIB 

described above from 2-hydroxyhexanenitrile (4.30 g, 38.0 mmol). 

Yield: 7.30 g (29.8 mmol, 78%), light yellow oil. 

IR (ATR) ṽ = 2972, 2937, 2878, 1423, 1213, 1142, 1047, 917 cm–1. 

1H NMR (400 MHz, CDCl3) = 5.33 (t, J = 6.6 Hz, 1H, H-1), 2.15–2.06 (m, 2H, H-2), 

1.61–1.50 (m, 2H, H-3), 1.48–1.38 (m, 2H, H-4), 0.97 (t, J = 7.3 Hz, 3H, H-5) ppm. 

13C NMR, HSQC (101 MHz, CDCl3) = 118.4 (q, 1JC,F = 319.8 Hz, CF3), 114.0 (CN), 72.3 

(C1), 33.6 (C2), 26.2 (C3), 21.8 (C4), 13.7 (C5) ppm. 

Elemental Analysis: Calcd: C: 34.29% H: 4.11% N: 5.71% S: 13.08% 
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C7H10F3NO3S  Found: C: 34.75% H: 4.05% N: 5.90% S: 13.02% 

 

1-Cyanopropyl trifluoromethanesulfonate (84g) 

The title compound was prepared according to the general procedure-IIB 

described above from 2-hydroxybutanenitrile (5.03 g, 59.1 mmol). 

Yield: 7.65 g (35.2 mmol, 59%), light orange oil. 

IR (ATR) ṽ = 2988, 2951, 2892, 1421, 1245, 1207, 1138, 924 cm–1. 

1H NMR (400 MHz, CDCl3) = 5.31 (t, J = 6.4 Hz, 1H, H-1), 2.22–2.10 (m, 2H, H-2), 1.22 

(t, J = 7.4 Hz, 3H, H-3) ppm. 

13C NMR (101 MHz, CDCl3) = 118.4 (q, 1JC,F = 319.9 Hz, CF3), 113.8 (CN), 73.2 (C1), 

27.7 (C2), 8.7 (C3) ppm. 

Elemental Analysis: Calcd: C: 27.65% N: 6.45% 

C5H6F3NO3S  Found: C: 27.41% N: 6.52% 

 

General procedure-III for pyridinium salts (85) 

Cyanohydrin triflate or 2-chloro-2-(4-chlorophenyl) acetonitrile 84 (1.00 equiv.) and the 

corresponding heterocyclic compound (1.00 equiv.) were dissolved in anhydrous diethyl 

ether (1 mL/1 mmol) and the reaction mixture was stirred at room temperature for 2 h. The 

product was collected via filtration and the salt was washed with diethyl ether. In some cases 

where the removal of the excess N-heterocycle was not complicated, excess amount of the 

azine was used. 
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1-(1-Cyanoethyl)pyridinium triflate (85a) 

The title compound was prepared according to the general procedure-III 

from pyridine (2.69 g, 34.0 mmol) and 84a (6.90 g, 34.0 mmol). The crude 

product was further purified via recrystallization from EtOAc. 

Yield: 9.11 g (32.0 mmol, 95%), colorless solid. 

Mp: 65–67 °C. 

IR (ATR): ṽ = 3136, 2970, 1255, 1149, 756 cm–1. 

1H NMR (300 MHz, DMSO-d6) = 9.30 (dd, J = 6.8, 1.3 Hz, 2H, H-2,6), 8.74 (tt, J = 7.8, 

1.3 Hz, 1H, H-4), 8.28 (dd, J = 7.8, 6.8 Hz, 2H, H-3,5), 6.31 (q, J = 7.1 Hz, 1H, CH), 2.03 

(d, J = 7.1 Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, DMSO-d6) = 147.8 (C4), 144.1 (2C, C2,6), 128.8 (2C, C3,5), 120.7 

(q, 1JC,F = 322 Hz, CF3), 116.5 (C≡N), 56.3 (CH), 20.3 (CH3) ppm. 

Elemental Analysis: Calcd.: C: 38.30% H: 3.21% N: 9.93% S: 11.36% 

C9H9F3N2O3S  Found: C: 38.09% H: 3.24% N: 9.87% S: 11.45% 

MS (ESI): m/z = 133.1 (100) [M]+. 

 

1-(1-Cyano-2-methylpropyl)pyridinium triflate (85b) 

The title compound was prepared according to the general procedure-III from 

excess pyridine (1.98 g, 25 mmol) and 84b (1.20 g, 5.19 mmol). The crude 

product was recrystallized from EtOAc-ether mixture. 

Yield: 1.54 g (5.07 mmol, 98%), colorless solid. 

Mp: 99–102 °C. 

IR (ATR): ṽ = 2968, 1259, 1028, 741 cm–1. 
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1H NMR (300 MHz, DMSO-d6) = 9.24 (d, J = 6.3 Hz, 2H, H-2,6), 8.79 (t, J = 7.4 Hz, 1H, 

H-4), 8.31 (t, J = 6.8 Hz, 2H, H-3,5), 6.19 (d, J = 8.0 Hz, 1H, H-1’), 2.65 (m, 1H, H-2’), 1.10 

(d, J = 6.5 Hz, 3H, CH3), 0.89 (d, J = 6.6 Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, DMSO-d6) = 148.1 (C4), 144.2 (2C, C2,6), 129.0 (2C, C3,5), 120.7 

(q, 1JC,F = 322 Hz, CF3), 114.7 (C≡N), 65.8 (CHCN), 33.5 (CH(CH3)2), 17.7 (CH3), 17.6 

(CH3) ppm. 

Elemental Analysis:  Calcd: C: 42.54% H: 4.22% N: 9.03% S: 10.33%  

C11H13F3N2O3S Found: C: 42.39% H: 3.98% N: 9.07% S: 11.40% 

MS (ESI) m/z = 161.1 (100) [M]+. 

 

1-((4-Chlorophenyl)(cyano)methyl)pyridinium chloride (85c) 

2-Chloro-2-(4-chlorophenyl)acetonitrile (84c, 1.24 g, 6.67 mmol) was 

added to freshly distilled pyridine (4.91 g, 62.1 mmol) and the reaction 

mixture was stirred at room temperature for 2 days. Diethyl ether (20 

mL) was added to the reaction vessel and crude product was collected via filtration after 

washing several times with diethyl ether, and then dried. 

Yield: 1.70 g (6.41 mmol, 96%), yellow solid. 

Mp: The melting point range could not be determined due to the high hygroscopicity of the 

material. 

IR (ATR): ṽ = 2952, 1487, 1094, 799 cm–1. 

1H NMR (300 MHz, DMSO-d6) = 9.61 (d, J = 5.7 Hz, 2H, H-2,6), 8.77 (t, J = 7.8 Hz, 1H, 

H-4), 8.59 (s, 1H, CH), 8.35–8.24 (m, 2H, H-3,5), 7.89 (AA’-part of AA’BB’ system, 2H, 

H-3’’,5’’), 7.70–7.64 (BB’-part of AA’BB’ system, 2H, H-2’’,6’’) ppm. 

13C NMR (75 MHz, DMSO-d6) = 148.3 (C4), 144.2 (2C, C2,6), 136.3 (C4’), 130.4 (2C, 

CHAr), 129.9 (2C, CHAr), 129.3 (2C, CHAr), 126.8 (Cq), 114.6 (C≡N), 60.9 (CH) ppm. 

MS (ESI) m/z = 229 (100) [M]+. 
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HRMS (ESI-TOF): Calcd for [C13H10ClN2]
+ 229.0533, found 229.0530. 

 

1-(1-Cyanoethyl)-4-phenylpyridinium triflate (85d) 

The title compound was prepared according to the general procedure-III 

from 4-phenylpyridine (1.15 g, 7.40 mmol) and 84a (1.50 g, 7.40 mmol). 

The crude product was recrystallized from DCM. 

Yield: 2.08 g (5.85 mmol, 79%), colorless solid. 

Mp: 135–137 °C. 

IR (ATR): v= 3051, 1258, 1152, 994, 854 cm–1. 

1H NMR (300 MHz, DMSO-d6) = 9.31 (d, J = 6.9 Hz, 2H, H-2,6), 8.64 (d, J = 6.8 Hz, 2H, 

H-3,5), 8.16–8.11 (m, 2H, H-Ph), 7.75–7.62 (m, 3H, HPh), 6.28 (q, J = 7.1 Hz, 1H, CH), 2.05 

(d, J = 7.1 Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, DMSO-d6) = 156.7(C4), 144.0 (2C, C2,6), 133.2 (C1’),132.7 (C4’), 

129.8 (2C, CHAr), 125.0 (2C, CHAr), 120.7 (2C, CHAr), 116.6 (C≡N), 55.4 (CH), 20.0 (CH3) 

ppm. 

Elemental Analysis: Calcd: C: 50.28% H: 3.66% N: 7.82% S: 8.95% 

C15H13F3N2O3S Found: C: 50.34% H: 3.73% N: 7.78% S: 8.95% 

MS (ESI): m/z = 209.1 (100) [M]+. 

 

4-tert-Butyl-1-(1-cyanoethyl)pyridinium triflate (85e) 

The title compound was prepared according to the general procedure-III 

from 4-tert-butylpyridine (676 mg, 5.0 mmol) and 84a (1.02 g, 5.0 mmol). 

The crude product was recrystallized from EtOAc. 

Yield: 1.08 g (3.2 mmol, 64%), colorless solid. 

Mp: 137–140 °C. 
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IR (ATR): v= 3081, 3056, 2968, 1463, 1253, 1029 cm–1. 

1H NMR (300 MHz, DMSO-d6) = 9.19 (d, J = 7.0 Hz, 2H, H-2,6), 8.30 (d, J = 7.0 Hz, 2H, 

H-3,5), 6.26 (q, J = 7.1 Hz, 1H, CH), 2.01 (d, J = 7.1 Hz, 3H, CH3), 1.38 (s, 9H, C(CH3)3) 

ppm. 

13C NMR (101 MHz, DMSO-d6) = 172.4 (C4), 143.4 (2C, C2,6), 125.8 (2C, C3,5), 120.7 

(q, 1JC,F = 322 Hz, CF3), 116.6 (C≡N), 55.4 (CH), 36.6 (C(CH3)3), 29.4 (3C, C(CH3)3), 20.1 

(CH3) ppm. 

Elemental Analysis: Calcd: C: 46.15% H: 5.06% N: 8.28% S: 9.48% 

C13H17F3N2O3S Found: C: 46.00% H: 4.97% N: 8.27% S: 9.46% 

MS (ESI): m/z = 189.1 (100) [M]+. 

 

1-(1-Cyanoethyl)-2-methylpyridinium triflate (85f) 

The title compound was prepared according to the general procedure-III 

from 2-picoline (466 mg, 5.0 mmol) and 84a (1.02 g, 5.0 mmol). The 

solid was recrystallized from chloroform. 

Yield: 1.05 g (3.55 mmol, 71%), colorless solid. 

Mp: 150–151 °C. 

IR (ATR): v= 2957, 2925, 1261, 1150, 994 cm–1. 

1H NMR (300 MHz, DMSO-d6) = 9.31 (dd, J = 6.4, 1.4 Hz, 1H, H-6), 8.59 (td, J = 7.9, 

1.4 Hz, 1H, H-4), 8.16–8.07 (m, 2H, H-3, H-4), 6.37 (q, J = 7.0 Hz, 1H, CH), 2.90 (s, 3H, 

2-CH3), 1.97 (d, J = 7.0 Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, DMSO-d6) = 156.1 (C2), 147.0 (C4), 142.9 (C6), 130.6 (C3), 126.6 

(C5), 120.7 (q, 1JC,F = 322 Hz, CF3), 116.7 (C≡N), 52.2 (CH), 20.2 (CH3), 19.7 (CH3) ppm. 

Elemental Analysis: Calcd: C: 40.54% H: 3.74% N: 9.46% S: 11.32% 

C10H11F3N2O3S Found: C: 40.45% H: 3.40% N: 9.49% S: 10.64% 
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MS (ESI): m/z = 147.1 (100) [M]+. 

 

1-(1-Cyano-3-phenylpropyl)pyridinium triflate (85g) 

The title compound was prepared according to the general procedure-III 

from pyridine (79 mg, 1.0 mmol) and triflate 84d (293 mg, 1.0 mmol). 

The crude product was recrystallized from DCM/ether mixture. 

Yield: 276 mg, (0.74 mmol, 74%), light yellow solid. 

Mp: 82–84 °C. 

IR (ATR): v= 3062, 2950, 1255, 1157, 1029 cm–1. 

1H NMR (300 MHz, DMSO-d6) = 9.30 (dd, J = 6.8, 1.2 Hz, 2H, H-2,6), 8.74 (tt, J = 7.8, 

1.2 Hz, 1H, H-4), 8.28 (dd, J = 7.7, 6.8 Hz, 2H, H-3,5), 7.33–7.27 (m, 2H, HPh), 7.25–7.18 

(m, 3H, HPh), 6.32 (t, J = 7.1 Hz, 1H, H-1’), 2.87–2.61 (m, 4H, H-2’, H-3’) ppm. 

13C NMR (75 MHz, DMSO-d6) = 147.9, 144.3, 138.7, 128.9, 128.6, 128.3, 126.6, 115.5 

(CN), 60.2 (CH), 34.9 (CH2), 30.6 (CH2) ppm. 

Elemental Analysis: Calcd: C: 51.61% H: 4.06% N: 7.52% S: 8.61% 

C16H15F3N2O3S Found: C: 51.77% H: 3.83% N: 7.38% S: 8.72% 

MS (ESI): m/z = 223.1 (100) [M]+. 

 

General Procedure-IV for Indolizines 86 

A solution of KOtBu (4 mmol) in dry DMF (5.0 mL) was slowly added to a stirred solution 

of pyridinium salt 85 (1.00 mmol) and nitroolefin 76 (1.00 mmol) in dry DMF (10 mL) at 0 

oC under argon. The mixture was stirred at 0 °C and the reaction was monitored by TLC. 

When the reaction was completed, the solvent was evaporated in vacuo. The residue was 

dissolved in ethyl acetate and washed with water. The aqueous phase was extracted twice 

with ethyl acetate. The combined organic layers were washed with brine, dried over MgSO4 

and the solvent was removed in vacuo. 
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2-(4-Chlorophenyl)-1,3-dimethylindolizine (86a) 

The title compound was prepared according to the general 

procedure-IV from 85a (282 mg, 1.0 mmol) and (E)-1-

chloro-4-(2-nitroprop-1-enyl)benzene (76a, 198 mg, 1.0 

mmol). The crude product was purified by filtration over silica (ethyl acetate/cyclohexane 

1:10). 

Yield: 196 mg (0.77 mmol, 77%), yellow solid. 

Mp: 138–140 °C. 

Rf = 0.74 (ethyl acetate/cyclohexane 1:10). 

IR (ATR): v= 3076, 3041, 2924, 2856, 1454, 1317, 842, 721 cm–1. 

1H NMR, COSY (400 MHz, CDCl3) = 7.66 (dt, J = 7.1, 1.2 Hz, 1H, H-5), 7.45–7.41 (AA’-

part of AA’BB’ system, 2H, H-3’,5’), 7.36 (dt, J = 9.0, 1.3 Hz, 1H, H-8), 7.32–7.27 (BB’-

part of AA’BB’ system, 2H, H-2’,6’), 6.63 (ddd, J = 9.0, 6.4, 1.1 Hz, 1H, H-7), 6.53 (ddd, J 

= 7.1, 6.4, 1.3 Hz, 1H, H-6), 2.42 (s, 3H, 3-CH3), 2.32 (s, 3H, 1-CH3) ppm. 

13C NMR, HSQC, HMBC (75 MHz, CDCl3) = 134.6 (C4’), 132.3 (C1’), 131.8 (2C, 

C2’,6’), 129.3 (C9), 128.5 (2C, C3’,5’), 126.3 (C2), 121.6 (C5), 117.5 (C8), 116.3 (C3), 

114.6 (C7), 110.2(C6), 105.6 (C1), 10.2 (3-CH3), 9.4 (1-CH3) ppm. 

MS (ESI): m/z = 288.0 (9) [M + 2O + H]+, 271.9 (22) [M + O + H]+, 256.0 (100) [M + H]+.  

HRMS (ESI-TOF): Calcd for [C16H14ClN]+ 255.0815, found 255.0819. 

 

1-Ethyl-3-methyl-2-(naphthalene-2-yl)indolizine (86b) 

The title compound was prepared according to the general 

procedure-IV from 85a (282 mg, 1.0 mmol) and (E)-2-(2-nitrobut-

1-enyl)naphthalene (76b , 227 mg, 1.0 mmol). The crude product was purified by filtration 

over silica (ethyl acetate/cyclohexane 1:10). 



5.2 ANNULATION OF PYRIDINES 

99 

Yield: 154 mg (0.54 mmol, 54%), yellow oil. 

Rf = 0.67 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3053, 2965, 1460, 1016, 947, 860, 820, 736 cm–1. 

1H NMR (300 MHz, CDCl3) = 7.96–7.88 (m, 3H, HNapht.), 7.83 (d, 1H, J = 1.6 Hz, HNapht.), 

7.70 (dt, J = 7.0, 1.0 Hz, 1H, H-5), 7.58–7.50 (m, 3H, HNapht.), 7.45 (dt, J = 9.0, 1.2 Hz, 1H, 

H-8), 6.66 (ddd, J = 8.9, 6.4, 1.4 Hz, 1H, H-7), 6.56 (ddd, J = 6.9, 6.4, 1.4 Hz, 1H, H-6), 

2.87 (q, J =7.5 Hz, 2H, CH2), 2.45 (s, 3H, 3-CH3), 1.16 (t, J = 7.5 Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, CDCl3) = 133.9 (Cq,Napht.), 133.6 (Cq,Napht.), 132.2 (Cq,Napht.), 129.1 

(CHNapht.), 129.0 (CHNapht.), 128.7 (C9), 128.0 (CHNapht.), 127.8 (CHNapht.), 127.7 (CHNapht.), 

127.0 (C2), 126.1 (CHNapht.), 125.7 (CHNapht.), 121.7 (C5), 117.6 (C8), 116.6 (C3), 114.5 

(C7), 113.4 (C1), 110.2 (C6), 17.6 (CH2), 16.6 (CH3), 10.2 (CH3) ppm. 

MS (ESI): m/z = 318.1 (30) [M + 2O + H]+, 302.1 (47) [M + O + H]+, 286.1 (100) [M + H]+, 

285.0 (33) [M]+. 

HRMS (ESI-TOF): Calcd for [C21H19N]+ 285.1517, found 285.1515. 

 

2-(4-Cyanophenyl)-1-ethyl-3-methylindolizine (86c) 

The title compound was prepared according to the general 

procedure-IV from 85a (282 mg, 1.0 mmol) and (E)-4-(2-

nitrobut-1-enyl)benzonitrile (76c, 202 mg, 1.0 mmol). The crude product was purified by 

filtration over silica (ethyl acetate/cyclohexane 1:10). 

Yield: 161 mg (0.62 mmol, 62%), yellow solid. 

Mp: 98–100 °C. 

Rf = 0.65 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3067, 2970, 2931, 2227, 1360, 855, 795 cm–1. 

1H NMR (300 MHz, CDCl3) = 7.76–7.70 (AA’-part of AA’BB’ system, 2H, H-3’,5’), 7.67 

(dt, J = 7.0, 1.3 Hz, 1H, H-5), 7.49–7.43 (BB’-part of AA’BB’ system, 2H, H-2’,6’), 7.40 
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(dt, J = 9.0, 1.3 Hz, 1H, H-8), 6.65 (ddd, J = 9.0, 6.4, 1.2 Hz, 1H, H-7), 6.56 (td, J = 6.7, 1.3 

Hz, 1H, H-6), 2.78 (q, J = 7.5 Hz, 3H, CH2), 2.39 (s, 3H, 3-CH3), 1.11 (t, J = 7.5 Hz, 3H, 

CH3) ppm. 

13C NMR (75 MHz, CDCl3) = 141.7, 132.1, 131.0, 129.0, 125.3, 121.7, 119.4, 117.7, 

116.4, 115.1, 112.9, 110.7, 110.0, 17.4, 16.5, 10.1 ppm. 

MS (ESI): m/z = 293.1 (36) [M + 2O + H]+, 277.0 (100) [M + O + H]+, 261.0 (87) [M + H]+, 

260.1 (95) [M]+. 

HRMS (ESI-TOF): Calcd for [C18H16N2 ]
+ 260.1313, found 260.1303. 

 

2-(4-Fluorophenyl)-1,3-dimethylindolizine (86d) 

The title compound was prepared according to the general 

procedure-IV from 85a (282 mg, 1.0 mmol) and (E)-1-fluoro-4-(2-

nitroprop-1-enyl)benzene (76d, 181 mg, 1.0 mmol). The crude product was purified by 

filtration over silica (ethyl acetate/cyclohexane 1:10). 

Yield: 165 mg (0.65 mmol, 65%), yellow solid. 

Mp: 118–119 °C. 

Rf = 0.76 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3067, 2992, 1505, 1470, 843, 784 cm–1. 

1H NMR (300 MHz, CDCl3) = 7.65 (br d, J = 7.0 Hz, 1H, H-5), 7.36–7.27 (m, 3H, H-

3’,5’, H-8), 7.18–7.07 (BB’-part of AA’BB’ system, 2H, H-2’,6’), 6.61 (br dd, J = 8.9, 6.4 

Hz, 1H, H-7), 6.51 (ddd, J = 7.2, 6.4, 1.4 Hz, 1H, H-6), 2.39 (s, 3H, 3-CH3), 2.29 (s, 3H, 1-

CH3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 161.0 (d, 1JC,F = 243.1 Hz, C4’), 131.8 

(d, 3JC,F = 8.0 Hz, 2C, C2’,6’), 131.7 (d, 4JC,F = 3.1 Hz, C1’), 128.5 (C9), 125.5 (C2), 122.2 

(C5), 117.1 (C8), 116.0 (C3), 115.2 (d, 2JC,F = 21.1 Hz, 2C, C3’,5’), 114.5 (C7), 109.9 (C6), 

104.6 (C1), 9.8 (3-CH3), 9.2 (1-CH3) ppm. 
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MS (ESI): m/z = 272.1 (52) [M + 2O + H]+, 256.1 (63) [M + O + H]+, 240.1 (100) [M + H]+, 

239.2 (73) [M]+. 

HRMS (ESI-TOF): Calcd for [C16H14FN]+ 239.1110, found 239.1119. 

 

6-Methyl-7,8,9,10-tetrahydropyrido[2,1-a]isoindole (86e) 

The title compound was prepared according to the general procedure-IV 

from 85a (282 mg, 1.0 mmol) and 1-nitrocyclohex-1-ene (76f, 127 mg, 113 

µL, 1.0 mmol). The crude product was purified by filtration over silica (ethyl 

acetate/cyclohexane 1:10). 

Yield: 72 mg (0.39 mmol, 39%), light yellow oil. 

Rf = 0.72 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 2923, 1590, 1465 cm–1. 

1H NMR (300 MHz, CDCl3) = 7.59 (d, J = 7.0 Hz, 1H, H-5), 7.24 (dd, J = 8.7, 1.2 Hz, 

1H, H-1), 6.56-6.50 (m, 1H, H-2), 6.45 (td, J = 6.7, 1.2 Hz, 1H, H-3), 2.86–2.77 (m, 2H, 

CH2), 2.77-2.68 (m, 2H, CH2), 2.35 (s, 3H, CH3), 1.90-1.84 (m, 4H, H-8, H-9) ppm. 

13C NMR (75 MHz, CDCl3) = 127.6 (C10b), 122.7 (C6a), 121.0 (C4), 116.6 (C1), 114.4 

(C10a), 113.3 (C2), 109.5 (C3), 108.4 (C6), 24.2 (CH2), 24.0 (CH2), 22.1 (CH2), 21.2 (CH2), 

9.2 (CH3) ppm. 

MS (ESI): m/z = 218.1 (14) [M + 2O + H]+, 202.1 (100) [M + O + H]+, 186.1 (2) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C13H15N]+ 185.1214, found 185.1204. 

 

1-Methyl-2-phenyl-3-(2-phenylethyl)indolizine (86f) 

The title compound was prepared according to the general procedure-IV 

from 85g (186 mg, 0.50 mmol) and (E)-(2-nitroprop-1-enyl)benzene (76g, 

82 mg, 0.50 mmol). The crude product was purified by filtration over silica 

(ethyl acetate/cyclohexane 1:10). 
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Yield: 50 mg (0.16 mmol, 32%), yellow oil. 

Rf = 0.78 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3063, 2923, 1453, 762, 731, 700 cm–1. 

1H NMR (300 MHz, (CD3)2CO) = 8.04 (d, J = 7.0 Hz, 1H, H-5), 7.47–7.09 (m, 11H, HPh, 

H-8), 6.64 (ddd, J = 8.8, 6.3, 0.8 Hz, 1H, H-7), 6.57–6.51 (m, 1H, H-6), 3.20–3.12 (m, 2H 

CH2), 2.94–2.87 (m, 2H, CH2), 2.23 (s, 3H, CH3) ppm. 

13C NMR (75 MHz, (CD3)2CO) = 142.2, 137.6, 136.8, 130.9, 129.6, 129.1, 129.0, 128.8, 

127.0, 126.7, 122.7, 120.6, 118.1, 115.2, 110.6, 106.2, 34.6, 27.2, 9.2 ppm. 

MS (ESI): m/z = 384.2 (77) [M + 2O + H]+, 328.3 (100) [M + O + H]+, 312.2 (12) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C23H21N + H]+ 312.1752, found 312.1762. 

 

7-tert-Butyl-2-(4-chlorophenyl)-1,3-dimethylindolizine (86g) 

The title compound was prepared according to the general 

procedure-IV from 85e (338 mg, 1.0 mmol) and (E)-1-

chloro-4-(2-nitroprop-1-enyl)benzene (76a, 198 mg, 1.0 

mmol). The crude product was purified by filtration over silica (ethyl acetate/cyclohexane 

1:10). 

Yield: 221 mg (0.71 mmol, 71%), yellow solid. 

Mp: 136–138 °C. 

Rf = 0.84 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 2964, 2869, 1592, 1488, 1090, 811, 740 cm–1. 

1H NMR (300 MHz, CDCl3) = 7.62 (br d, J = 7.4 Hz, 1H, H-5), 7.45–7.39 (AA’-part of 

AA’BB’ system, 2H, H-3’,5’), 7.32–7.26 (BB’-part of AA’BB’ system, 2H, H-2’,6’), 7.21 

(d, J = 1.0 Hz, 1H, H-8), 6.61 (dd, J = 7.4, 2.0 Hz, 1H, H-6), 2.40 (s, 3H, 3-CH3), 2.31 (s, 

3H, 1-CH3), 1.35 (s, 9H, C(CH3)3) ppm. 
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13C NMR (75 MHz, CDCl3) =138.0 (C7), 134.9 (C4’), 132.2 (C1’), 131.8 (2C, C2’,6’), 

130.6 (C9), 128.4 (2C, C3’,5’), 126.3 (C2), 121.3 (C5), 115.3 (C3), 111.2 (C8), 109.7 (C6), 

104.7 (C1), 34.4 (C(CH3)3), 30.7 (3C, (CH3)3C), 10.1 (3-CH3), 9.4 (1-CH3) ppm. 

MS (ESI): m/z = 344.2 (28) [M + 2O + H]+, 328.3 (100) [M + O + H]+, 312.3 (28) [M + H]+, 

311.3 (32) [M]+. 

HRMS (ESI-TOF): Calcd for [C20H22NCl]+ 311.1441, found 311.1452. 

 

7-Phenyl-2-(4-chlorophenyl)-1,3-dimethylindolizine (86h) 

The title compound was prepared according to the general 

procedure-IV from 85d (358 mg, 1.0 mmol) and (E)-1-chloro-

4-(2-nitroprop-1-enyl)benzene (76a, 198 mg, 1.0 mmol). The crude product was purified by 

filtration over silica (ethyl acetate/cyclohexane 1:10). 

Yield: 240 mg (0.72 mmol, 72%), light green solid. 

Mp: 194–195 °C. 

Rf = 0.74 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3025, 2924, 1489, 1091, 832, 796, 728 cm–1. 

1H NMR, COSY, (300 MHz, CDCl3) = 7.72 (dd, J = 7.4, 1.0 Hz, 1H, H-5), 7.69–7.65 (m, 

2H, H-2’’,6’’), 7.59 (dd, J = 1.9, 1.0 Hz, 1H, H-8), 7.48–7.41 (m, 4H, H-3’’,5’’, H-3’,5’), 

7.35–7.27 (m, 3H, H-2’,6’, H-4’’), 6.86 (dd, J = 7.3, 1.9 Hz, 1H, H-6), 2.44 (s, 3H, 3-CH3), 

2.35 (s, 3H, 1-CH3) ppm. 

13C NMR, HSQC, HMBC (75 MHz, DMSO-d6) = 138.9 (C1’’), 134.2 (C4’), 131.7 (2C, 

C2’,6’), 131.2 (C1’), 128.9 (3C, C8a,3’’,5’’), 128.4 (2C, C3’,5’), 126.8 (C4’’), 126.1 (C2), 

126.0 (C7), 125.6 (2C, C2’’,6’’), 122.6 (C5), 116.6 (C3), 113.7 (C8), 109.1 (C6), 106.3 (C1), 

9.9 (3-CH3), 9.3 (1-CH3) ppm. 

MS (ESI): m/z = 364.0 (33) [M + 2O + H]+, 348.1 (100) [M + O + H]+, 332.1 (17) [M + H]+, 

331.1 (31) [M]+. 

HRMS (ESI-TOF): Calcd for [C22H18NCl]+ 331.1128, found 311.1118. 



5 EXPERIMENTAL SECTION 

104 

 

2-(4-Chlorophenyl)-1-isopropyl-3-methylindolizine (86i) 

The title compound was prepared according to the general 

procedure-IV from 85b (310 mg, 1.0 mmol) and (E)-1-chloro-4-

(2-nitroprop-1-enyl)benzene (76a, 198 mg, 1.0 mmol). The crude 

product was purified by filtration over silica (ethyl acetate/cyclohexane 1:10). 

Yield: 157 mg (0.55 mmol, 55%), yellow solid. 

Mp: 140–142 °C. 

Rf = 0.78 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3073, 2965, 1480, 1092, 843, 731, 703 cm–1. 

1H NMR (300 MHz, CDCl3) = 7.88 (dt, J = 7.2, 1.0 Hz, 1H, H-5), 7.42–7.36 (AA’-part of 

AA’BB’ system, 2H, H-3’,5’), 7.33 (dt, J = 9.0, 1.2 Hz, 1H, H-8), 7.26–7.20 (BB’-part of 

AA’BB’ system, 2H, H-2’,6’), 6.59 (ddd, J = 9.0, 6.4, 1.0 Hz, 1H, H-7), 6.46 (ddd, J = 7.2, 

6.4, 1.2 Hz, 1H, H-6), 3.38 (sept, J = 7.2 Hz, 1H, 3-CH), 2.17 (s, 3H, 1-CH3), 1.31 (d, J = 

7.3 Hz, 6H, (CH3)2CH) ppm. 

13C NMR (75 MHz, CDCl3) = 135.5 (C4’), 132.6 (C1’), 132.1 (2C, C2’,6’), 129.2 (C9), 

128.2 (2C, C3’,5’), 125.9 (C2), 125.6 (C3), 122.8 (C5), 117.9 (C8), 114.5 (C7), 109.9 (C6), 

106.5 (C1), 25.8 (3-CH), 20.4 (2C, (CH3)2CH), 9.13 (1-CH3) ppm. 

MS (ESI): m/z = 316 (10) [M+ 2O + H]+, 300.0 (6) [M + O + H]+, 284.0 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C18H18NCl + H]+ 284.1206, found 284.1219. 

 

2,3-Bis(4-chlorophenyl)-1-methylindolizine (86j) 

The title compound was prepared according to the general 

procedure-IV from 85c (265 mg, 1.0 mmol) and (E)-1-chloro-4-

(2-nitroprop-1-enyl)benzene (76a, 198 mg, 1.0 mmol). The crude 

product was purified by filtration over silica (ethyl 

acetate/cyclohexane 1:10). 
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Yield: 110 mg (0.39 mmol, 39%), yellow solid. 

Mp: 169–171 °C. 

Rf = 0.68 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3070, 3051, 2922, 1396, 1091, 833, 826, 737 cm–1. 

1H NMR (300 MHz, CDCl3) = 7.99 (bd, J = 7.1 Hz, 1H, H-5), 7.39 (dt, J = 9.0, 1.2 Hz, 

1H, H-8), 7.36–7.30 (m, 2H, HAr), 7.29–7.17 (m, 2H, HAr), 7.14–7.08 (m, 2H, HAr), 6.74–

6.64 (m, 1H, H-7), 6.45 (t, J = 7.0 Hz, 1H, H-6), 2.33 (s, 3H, CH3) ppm. 

13C NMR (75 MHz, CDCl3) = 133.9 (Cq), 133.2 (Cq), 132.4 (Cq), 132.0 (CHAr), 131.7 

(CHAr), 130.8 (Cq), 129.9 (Cq), 129.3 (CHAr), 128.5 (CHAr), 127.1 (Cq), 121.9 (C5), 120.3 

(C3), 117.8 (C8), 116.6 (C7), 111.0 (C6), 107.3 (C1), 9.4 (CH3) ppm. 

MS (ESI): m/z = 384.1 (46) [M + 2O + H]+, 368.2 (67) [M + O + H]+, 352.2 (36) [M + H]+, 

351.2 (100) [M]+. 

HRMS (ESI-TOF): Calcd for [C21H15NCl2]
+ 351.0582, found 351.0582. 

 

2-(4-Chlorophenyl)-1,3,5-trimethylindolizine (86k) 

The title compound was prepared according to the general 

procedure-IV from 85f (296 mg, 1.0 mmol) and (E)-1-chloro-4-(2-

nitroprop-1-enyl)benzene (76a, 198 mg, 1.0 mmol). The crude 

product was purified by filtration over silica (ethyl acetate/cyclohexane 1:10). 

Yield: 56 mg (0.21 mmol, 21%), yellow solid. 

Mp: 105–107 °C. 

Rf = 0.75 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 2923, 1488, 1376, 1090, 830, 795, 725 cm–1. 

1H NMR (300 MHz, CDCl3) = 7.42–7.37 (AA’-part of AA’BB’ system, 2H, H-3’,5’), 

7.24–7.19 (BB’-part of AA’BB’ system, 2H, H-2’,6’), 7.15 (ddd, J = 9.0, 1.3, 0.6 Hz, 1H, 
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H-8), 6.44 (dd, J = 9.0, 6.4 Hz, 1H, H-7), 6.13-6.10 (m, 1H, H-6), 2.83 (s, 3H, 5-CH3), 2.73 

(s, 3H, 3-CH3), 2.18 (s, 3H, 1-CH3) ppm. 

13C NMR (101 MHz, DMSO-d6) =134.7 (C4’), 134.4 (C5), 132.2 (2C, C2’,6’), 131.2 

(C1’), 130.6 (C9), 128.2 (2C, C3’,5’), 127.2 (C2), 118.2 (C3), 115.6 (C8), 115.1 (C7), 111.4 

(C6), 105.1 (C1), 21.3 (5-CH3), 14.1 (3-CH3), 9.2 (1-CH3) ppm. 

MS (ESI): m/z = 286.0 (60) [M + O + H]+, 270.0 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C17H16NCl + H]+ 270.1050, found 270.1037. 

 

2-Isopropyl-1,3-dimethyl-7-phenylindolizine (86l) 

The title compound was prepared according to the general 

procedure-IV from 85d (358 mg, 1.0 mmol) and (E)-4-methyl-2-

nitropent-2-ene (76e, 129 mg, 1.0 mmol). The crude product was purified by filtration over 

silica (ethyl acetate/cyclohexane 1:10). 

Yield: 97 mg (0.37 mmol, 37%), yellow solid. 

Mp: 84–85 °C. 

Rf = 0.75 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 2959, 2925, 1390, 1362, 1259, 750 cm–1. 

1H NMR, COSY, (300 MHz, CD3OD) = 7.75 (d, J = 7.3 Hz, 1H, H-5), 7.64 (d, J = 7.4 

Hz, 2H, H-2’,6’), 7.51 (br s, 1H, H-8), 7.42–7.37 (m, 2H, H-3’,5’), 7.25 (t, J = 7.4 Hz, 1H, 

H-4’), 6.79 (dd, J = 7.3, 1.7 Hz, 1H, H-6), 3.18 (sept., J = 7.1 Hz, 1H, 2-CH), 2.42 (s, 3H, 

3-CH3), 2.37 (s, 3H, 1-CH3), 1.36 (d, J = 7.1 Hz, 6H, (CH3)2CH) ppm. 

13C NMR, HSQC, HMBC (101 MHz, CD3OD) = 141.6 (C1’), 132.5 (C2), 130.7 (C9), 

129.8 (2C, C3’,5’), 127.4 (C4’), 127.2 (C7), 126.8 (2C, C2’,6’), 122.4 (C5), 116.1 (C3), 

114.1 (C8), 109.5 (C6), 107.1 (C1), 27.3 (CH), 23.3(2C, (CH3)2CH), 10.0 (CH3), 9.9 (CH3) 

ppm. 

MS (ESI): m/z = 296.1 (17) [M + 2O + H]+, 280.1 (16) [M + O + H]+, 264.1 (100) [M + H]+, 

263.1 (21) [M]+. 
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HRMS (ESI-TOF): Calcd for [C19H21N]+ 264.1752, found 264.1750. 

 

2-(1-Cyanoethyl)isoquinolinium triflate (87a) 

The title compound was prepared according to the general procedure-III 

from isoquinoline (646 mg, 5.0 mmol) and 1-cyanoethyl 

trifluoromethanesulfonate (84a, 1.22 g, 6.0 mmol). The colorless solid was filtered, washed 

with cold diethyl ether and recrystallized from diethyl ether. 

Yield: 1.55 g (4.66 mmol, 93%), colorless solid. 

Mp: 155–156 °C. 

IR (ATR) ṽ = 3066, 1644, 1403, 1264, 1167 cm–1. 

1H NMR (300 MHz, DMSO-d6)  = 10.26 (s, 1H, H-1), 9.03 (d, J = 6.8 Hz, 1H, H-3), 8.72 

(d, J = 6.8 Hz, 1H, H-4), 8.60 (d, J = 8.0 Hz, 1H, H-8), 8.38–8.32 (m, 2H, H-6, H-7), 8.15 

(d, J = 8.0 Hz, 1H, H-5), 6.41 (q, J = 7.0 Hz, 1H, CH), 2.11 (d, J = 7.0 Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, DMSO-d6)  = 150.5 (C1), 138.1 (C6), 137.7 (C4a), 133.0 (C3), 131.7 

(C7), 131.2 (C8), 127.4 (C5), 127.2 (C8a), 126.7 (C4), 120.7 (q, 1JC,F = 322 Hz, CF3), 116.6 

(C≡N), 56.1 (CH), 20.1 (CH3) ppm. 

Elemental Analysis: Calcd: C: 46.99% H: 3.34% N: 8.43% S: 9.65% 

C13H11F3N2O3S Found: C: 46.84% H: 3.18% N: 8.10% S: 9.73% 

MS (ESI): m/z = 183.1 (100) [M]+, 158.1 (22). 

 

2-(1-Cyano-2-methylpropyl)phthalazin-2-ium triflate (87b) 

The title compound was prepared according to the general procedure-

III from phthalazine (1.30 g, 10.0 mmol) and 84b (2.31 g, 10.0 mmol). 

The solid was filtered, washed with diethyl ether and recrystallized from EtOAc. 

Yield: 2.79 g (7.7 mmol, 77%), colorless solid. 
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Mp: 122–123 °C. 

IR (ATR) ṽ = 3010, 2976, 1484, 1225, 1153, 1027 cm–1. 

1H NMR (300 MHz, DMSO-d6)  = 10.72 (s, 1H, H-1), 10.21 (s, 1H, H-4), 8.75 (d, J = 8.0 

Hz, 1H, H-8), 8.68–8.59 (m, 2H, H5, H-7), 8.49 (ddd, J = 8.3, 6.4, 2.1 Hz, H-6), 6.41 (d, J 

= 7.1 Hz, 1H, H-1’), 2.83–2.65 (m, 1H, H-2’), 1.18 (d, J = 6.7 Hz, 3H, CH3), 1.04 (d, J = 6.7 

Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, DMSO-d6) = 155.4 (CH), 153.3 (CH), 140.4 (CH), 136.7 (CH), 131.4 

(CH), 128.7 (CH), 128.1 (Cq), 127.6 (Cq), 120.6 (q, 1JC,F = 322 Hz, CF3), 114.4 (CN), 68.2 

(C1’), 33.3 (C2’), 18.2 (CH3), 17.7 (CH3) ppm. 

Elemental Analysis: Calcd: C: 46.54% H: 3.91% N: 11.63% S: 8.87% 

C14H14F3N3O3S Found: C: 46.60% H: 3.90% N: 11.81% S: 8.92% 

MS (ESI): m/z = 212.1 (100) [M + H]+. 

 

3-(1-Cyanoethyl)-1,3-benzothiazol-3-ium triflate (87c) 

The title compound was prepared according to the general procedure-III 

from benzothiazole (541 mg, 4.00 mmol) and 84a (1.22 g, 6.0 mmol). 

The solid was filtered, washed with diethyl ether and recrystallized from DCM. 

Yield: 1.12 g (3.31 mmol, 83%). 

Mp: 94–96 °C. 

IR (ATR) ṽ = 3081, 1582, 1504, 1255, 1160, 1125 cm–1. 

1H NMR (300 MHz, DMSO-d6) = 10.75 (s, 1H, H-2), 8.58 (d, J = 8.2 Hz, 1H, H-7), 8.48 

(d, J = 8.4 Hz, 1H, H-4), 8.03 (pseudo t, J = 7.9 Hz, 1H, H-5), 7.92 (pseudo t, J = 7.7 Hz, 

1H, H-6), 6.72 (q, J = 7.0 Hz, 1H, CH), 2.14 (d, J = 7.1 Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, DMSO-d6) = 168.4 (C2), 164.4 (CH), 140.4 (C3a), 131.0 (C7a), 130.0 

(CH), 128.8 (CH), 125.6 (CH), 120.7 (q, 1JC,F = 322 Hz, CF3), 116.6 (C≡N), 60.7 (CH), 17.2 

(CH3) ppm. 
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Elemental Analysis: Calcd: C: 39.05% H: 2.68% N: 8.28% S: 18.96% 

C11H9F3N2O3S2 Found: C: 39.17% H: 2.72% N: 8.27% S: 19.07% 

MS (ESI): m/z = 207.0 (100) [M + NH4]
+, 189.0 (64) [M]+, 164.1 (39). 

 

3-(1-Cyanoethyl)-1-methyl-1H-imidazol-3-ium triflate (87d)  

The title compound was prepared according to the general procedure-

III from 1-methyl-imidazole (328 mg, 4.0 mmol) and 84a (813 mg, 4.0 

mmol). The solid was filtered, washed with diethyl ether and recrystallized from DCM. 

Yield: 938 mg (3.29 mmol, 82%), colorless solid. 

Mp: 52–54 °C. 

IR (ATR) ṽ = 3155, 3110, 2962, 1583, 1557, 1250, 1157, 1028, 733 cm–1. 

1H NMR (300 MHz, DMSO-d6) = 9.35 (s, 1H, H-2), 8.07 (d, J = 1.4 Hz, 1H, H-4), 7.82 

(d, J = 1.4 Hz, 1H, H-5), 5.98 (q, J = 7.1 Hz, 1H, H-1’), 3.88 (s, 3H, N-CH3), 1.88 (d, J = 

7.1 Hz, 3H, H-2’) ppm. 

13C NMR (75 MHz, DMSO-d6) = 137.0 (C2), 124.6 (C5), 120.9 (C4), 117.1 (CN), 45.3 

(CH), 36.2 (NCH3), 19.0 (CH3) ppm. 

Elemental Analysis: Calcd: C: 33.69% H: 3.53% N: 14.73% S: 11.24% 

C8H10F3N3O3S  Found: C: 33.50% H: 3.56% N: 14.85% S: 11.31% 

MS (ESI): m/z = 136.2 (100) [M + H]+. 

 

Synthesis of N-fused pyrrole containing heterocycles 88 and 89 

Method A: To a solution of azinium salt 87 (1.00 equiv.) and nitroolefin 76 (1.00 equiv.) in 

dry DMF (10 mL/mmol azine) was slowly added the solution of KOtBu (4 equiv.) in dry 

DMF (5.0 mL/mmol azine) at 0 oC. The mixture was stirred at this temperature and the 

reaction was monitored by TLC. When the reaction was completed, the solvent was 
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evaporated in vacuo. The residue was dissolved in ethyl acetate and washed with water. The 

aqueous phase was extracted twice with ethyl acetate. The combined organic layers were 

washed with brine, dried over MgSO4 and the solvent was removed in vacuo. For Table 5, 

entry 5, Ag2CO3 (2 equiv.) was used instead of KOtBu. 

Method B: A solution of KOtBu (4 equiv.) in dry DMF (5.0 mL/mmol azine) was slowly 

added to a stirred solution of azinium salt (1.00 equiv.) and DEAD (1.00 equiv.) in dry DMF 

(10 mL/mmol azine) at 0 oC. The mixture was stirred at 0 °C and the reaction was monitored 

by TLC. When the reaction was completed, the solvent was evaporated in vacuo. The residue 

was dissolved in ethyl acetate and washed with water. The aqueous phase was extracted 

twice with ethyl acetate. The combined organic layers were washed with brine, dried over 

MgSO4 and the solvent was removed in vacuo. 

 

Diethyl 3-(propan-2-yl)pyrrolo[2,1-a]phthalazine-1,2-dicarboxylate (88a) 

The title compound was prepared according to method B from 

87b (361 mg, 1.00 mmol) and diethyl acetylenedicarboxylate 

(170 mg, 1.00 mmol). The crude product was purified by flash 

chromatography over silica (ethyl acetate/cyclohexane 1:5). 

Yield: 180 mg (0.51 mmol, 51%), colorless solid. 

Mp: 68–69 °C. 

Rf = 0.31 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 2979, 2937, 1704, 1621, 1456, 1173, 757 cm–1. 

1H NMR, COSY (400 MHz, CDCl3) = 8.88 (br d, J = 8.7 Hz, 1H, H-10), 8.44 (s, 1H, H-

6), 7.75–7.68 (m, 2H, H-7, H-9), 7.54 (td, J = 7.5, 1.0 Hz, 1H, H-8), 4.42 (q, J = 7.2 Hz, 2H, 

H-2’), 4.37 (q, J = 7.2 Hz, 2H, H-2’’), 4.01 (sept, J = 7.1 Hz, 1H, H-1’’’), 1.46 (d, J = 7.1 

Hz, 6H, ((CH3)2CH), 1.40 (t, J = 7.2 Hz, 3H, H-3’), 1.39 (t, J = 7.2 Hz, 3H, H-3’’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, CDCl3) = 166.3 (C1’’), 166.1 (C1’), 145.1 (C6), 

137.3 (C3), 132.7 (C7), 127.9 (C8), 127.8 (C9), 127.5 (C10a), 124.5 (C10), 122.9 (C10b), 
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120.8 (C6a), 114.9 (C2), 106.6 (C1), 61.2 (C2’), 61.1 (C2’’), 25.6 (C1’’’), 20.1 (2C, 

(CH3)2CH), 14.4 (C3’’), 14.3 (C3’) ppm. 

MS (ESI): m/z = 377.2 (100) [M + Na]+, 355.3 (30) [M + H]+, 309.3 (71) [M-OC2H5]+. 

HRMS (ESI-TOF): Calcd for [C20H22N2O4 + Na]+ 377.1477, found 377.1477. 

 

Diethyl 1,5-dimethyl-1H-pyrrolo[1,2-a]imidazole-6,7-dicarboxylate (88b) 

The title compound was prepared according to method B from 87d 

(157 mg, 0.55 mmol) and DEAD (94 mg, 0.55 mmol). The crude 

product was purified by flash chromatography over silica (ethyl 

acetate/cyclohexane 1:3). 

Yield: 89 mg, (0.32 mmol, 58%), yellow solid. 

Mp: 118–120 °C. 

Rf = 0.22 (ethyl acetate/cyclohexane 1:3). 

IR (ATR) ṽ = 2980, 1670, 1589, 1454, 1189, 1083, 1048 cm–1. 

1H NMR, COSY (400 MHz, CDCl3) = 6.80 (d, J = 2.2 Hz, 1H, H-3), 6.67 (d, J = 2.2 Hz, 

1H, H-2), 4.31 (q, J = 7.1 Hz, 2H, H-2’), 4.21 (q, J = 7.1 Hz, 2H, H-2’’), 3.96 (s, 3H, N-

CH3), 2.33 (s, 3H, 5-CH3), 1.35 (t, J = 7.1 Hz, 3H, H-3’), 1.29 (t, J = 7.1 Hz, 3H, H-3’’) 

ppm. 

13C NMR, HSQC, HMBC (101 MHz, CDCl3) = 166.7 (C1’), 163.8 (C1’’), 139.0 (C7a), 

123.8 (C2), 117.9 (C6), 115.5 (C5), 104.1 (C3), 85.1 (C7), 60.7 (C2’), 59.3 (C2’’), 35.8 

(NCH3), 14.6 (C3’’), 14.4 (C3’), 10.3 (5-CH3) ppm. 

MS (ESI): m/z = 301.3 (100) [M  +Na]+, 279.3 (51) [M + H]+, 233.2 (49) [M-OC2H5]
+. 

HRMS (ESI-TOF): Calcd for [C14H18N2O4 + H]+ 279.1345, found 279.1346. 
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Diethyl 3-methylindolizine-1,2-dicarboxylate (88c)  

The title compound was prepared according to method B from 85a (282 

mg, 1.00 mmol) and DEAD (170 mg, 1.00 mmol). The crude product 

was purified by flash chromatography over silica (ethyl acetate/cyclohexane 1:10). 

Yield: 210 mg (0.76 mmol, 76%), yellow waxy oil. 

Rf = 0.18 (ethyl acetate/cyclohexane 1:4). 

IR (ATR) ṽ = 2982, 1734, 1689, 1527, 1236, 1200, 1088, 1041, 782, 739 cm–1. 

1H NMR (300 MHz, CDCl3) = 8.15 (dd, J = 9.0, 0.9 Hz, 1H, H-5), 7.78 (dd, J = 6.6, 0.9 

Hz, 1H, H-8), 7.06 (ddd, J = 9.0, 6.6, 1.0 Hz, 1H, H-6), 6.79 (td, J = 6.6, 1.3 Hz, H-7), 4.40 

(q, J = 7.2 Hz, 2H, OCH2), 4.34 (q, J = 7.2 Hz, 2H, OCH2), 2.50 (s, 3H, 3-CH3), 1.40 (t, J = 

7.2 Hz, 3H, CH3), 1.35 (t, J = 7.2 Hz, 3H, CH3) ppm. 

13C NMR (75 MHz, CDCl3) = 166.7 (CO2Et), 164.1 (CO2Et), 135.1 (Cq), 122.8, 122.5, 

122.1 (Cq), 120.6 (Cq), 120.4, 113.4 (CN), 101.7 (Cq), 61.3 (OCH2), 59.9 (OCH2), 14.6 

(CH3), 14.4 (CH3), 10.1 (CH3) ppm. 

MS (ESI): m/z = 298.2 (100) [M + Na]+, 276.2 (29) [M + H]+, 230.1 (28) [M-OC2H5]
+. 

HRMS (ESI-TOF): Calcd for [C15H17NO4 + Na]+ 298.1055, found 298.1056. 

 

2-(4-Chlorophenyl)-1,3-dimethylpyrrolo[2,1-a]isoquinoline 

(89a) 

The title compound was prepared according to method A from 

87a (332 mg, 1.0 mmol) and (E)-1-chloro-4-(2-nitroprop-1-

enyl)benzene (76a, 198 mg, 1.0 mmol). The crude product was purified by column 

chromatography over silica (ethyl acetate/cyclohexane 1:10). 

Yield: 150 mg (0.49 mmol, 49%), yellow solid. 

Mp: 148–149 °C. 

Rf = 0.54 (ethyl acetate/cyclohexane 1:10). 
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IR (ATR) ṽ = 2960, 2923, 1547, 1480, 1359, 1087, 848, 779, 757 cm–1. 

1H NMR (300 MHz, CDCl3) = 8.23 (d, J = 8.1 Hz, 1H, H-5), 7.59 (pseudo-t, J = 8.1 Hz, 

2H, H-9, H-10), 7.52–7.42 (m, 3H, H-8 or H-7, H-3’,5’), 7.37–7.26 (m, 3H, H-7 or H-8, H-

2’,6’), 6.75 (d, J = 7.4 Hz, 1H, H-6), 2.57 (s, 3H, CH3), 2.42 (s, 3H, CH3) ppm. 

13C NMR (75 MHz, CDCl3) =134.3, 132.4, 132.3, 131.7, 128.5, 128.0, 127.24, 127.20, 

126.9, 125.9, 124.5, 122.5, 121.5, 118.5, 110.7, 110.4, 13.1, 10.3 ppm. 

MS (ESI): m/z = 338.2 (92) [M + 2O + H]+, 322.2 (100) [M + O + H]+, 306.2 (56) [M + H]+, 

305.2 (65) [M]+. 

HRMS (ESI-TOF): Calcd for [C20H16NCl]+ 305.0971, found 305.0980. 

 

2-(4-Chlorophenyl)-1-methyl-3-(propan-2-yl)pyrrolo[2,1-

a]phthalazine (89b) 

The title compound was prepared according to method B from 87b 

(361 mg, 1.00 mmol) and nitroolefin 76a (198 mg, 1.00 mmol). The 

crude product was purified by filtration over silica (ethyl 

acetate/cyclohexane 1:10). 

Yield: 114 mg (0.34 mmol, 34%), yellow solid. 

Mp: 136–138 °C. 

Rf = 0.50 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 2962, 2932, 1357, 1202, 1016, 840, 752 cm–1. 

1H NMR, COSY (600 MHz, (CD3)2CO) = 8.47 (s, 1H, H-6), 8.15 (dd, J = 8.2, 1.1 Hz, 1H, 

H-10), 7.87 (dd, J = 7.9, 1.4 Hz, 1H, H-7), 7.75 (ddd, J = 8.1, 7.3, 1.0 Hz, 1H, H-9), 7.52–

7.50 (AA’-part of AA’BB’ system, 2H, H-3’,5’), 7.46 (ddd, J = 7.9, 7.5, 0.7 Hz, 1H, H-8), 

7.37–7.34 (BB’-part of AA’BB’ system, 2H, H-2’,6’), 3.48 (sept, J = 7.2 Hz, 1H, 3-CH), 

2.41 (s, 3H, 1-CH3), 1.38 (d, J = 7.1 Hz, 6H, (CH3)2CH) ppm. 
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13C NMR, HSQC, HMBC (151 MHz, (CD3)2CO) = 143.2 (C6), 135.6 (C4’), 133.5 (2C, 

C2’,6’), 133.1 (C1’), 133.0 (C9), 131.8 (C3), 130.2 (C6a), 129.0 (2C, C3’,5’), 128.8 (C7), 

125.8 (C8), 123.7 (C2), 122.2 (C10), 120.5 (C10a), 118.5 (C10b), 109.9 (C1), 26.8 (3-CH), 

20.9 (2C, (CH3)2CH), 12.3 (1-CH3). ppm. 

MS (ESI): m/z = 367.3 (39) [M + 2O + H]+, 351.4 (100) [M + O + H]+, 335.5 (34) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C21H19N2Cl + H]+ 335.1315, found 335.1312. 

2-(4-Chlorophenyl)-1,3-dimethylpyrrolo[2,1-

b][1,3]benzothiazole (89c) 

The title compound was prepared according to method A from 

87c (338 mg, 1.00 mmol) and nitroolefin 76a (198 mg, 1.00 

mmol). The crude product was purified by chromatography over silica (ethyl 

acetate/cyclohexane 1:10). 

Yield: 80 mg (0.26 mmol, 26%), slightly brown solid. 

Mp: 134–137 °C. 

Rf = 0.60 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3058, 3033, 2920, 1476, 1028, 763, 742 cm–1. 

1H NMR, COSY (400 MHz, CDCl3) = 7.75 (dd, J = 8.2, 0.6 Hz, 1H, H-5), 7.61 (dd, J = 

7.9, 1.0 Hz, 1H, H-8), 7.44–7.39 (AA’-part of AA’BB’ system, 2H, H-3’,5’), 7.31 (td, J = 

7.9, 1.2 Hz, 1H, H-6), 7.28–7.24 (BB’-part of AA’BB’ system, 2H, H-2’,6’), 7.19 (ddd 

overlapped, J = 7.8, 7.6, 1.0 Hz, 1H, H-7), 2.67 (s, 3H, 1-CH3), 2.12 (s, 3H, 3-CH3) ppm. 

13C NMR, HSQC, HMBC (75 MHz, CDCl3) = 136.4 (C8a), 134.2 (C4’), 132.2 (C1’), 

131.7 (C4a), 131.6 (2C, C2’,6’), 128.5 (2C, C3’,5’), 127.2 (C2), 125.3 (C6), 124.0 (C8), 

123.4 (C3a), 123.0 (C7), 120.1 (C1), 112.8 (C5), 106.3 (C3), 12.7 (1-CH3), 10.8 (3-CH3) 

ppm. 

MS (ESI): m/z = 344.2 (23) [M + 2O + H]+, 328.2 (100) [M + O + H]+, 312.2 (28) [M + H]+, 

311.2 (46) [M]+. 

HRMS (ESI-TOF): Calcd for [C18H14NClS]+ 311.0535, found 311.0545. 
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5.2.2 Synthesis of 2-Aminoindolizines 

The preparation of cyanohydrin triflates 84 has been described in the chapter 5.2.1. 

 

General procedure-V for Pyridinium Salts 95 

To a solution of pyridines or other heterocycles in diethyl ether (1.0 M) was added 

cyanohydrin triflates (1.00 equiv) at ambient temperature and the reaction mixture was 

stirred overnight or for 48 h. The products were collected via filtration and were washed with 

appropriate solvents. 

 

1-(1-Cyanopentyl)-2-methylpyridinium triflate (95a) 

The title compound was prepared according to the general procedure-V 

described above from 2-methylpyridine (94a, 0.931 g, 10.0 mmol) and 

triflate 84e (2.45 g, 10.0 mmol). After stirring overnight, the precipitate was collected and 

was washed with diethyl ether. 

Yield: 3.11 g (9.2 mmol, 92%), colorless solid. 

Mp: 76–77 °C. 

IR (ATR) ṽ = 3105, 2938, 1637, 1507, 1261, 1145, 1029, 772 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.29 (dd, J = 6.5, 1.8 Hz, 1H, H-6), 8.60 (ddd, 

J = 9.3, 6.7, 1.8 Hz, 1H, H-4), 8.17–8.05 (m, 2H, H-3, H-5), 6.30 (dd, J = 9.0, 6.1 Hz, 1H, 

H-1’), 2.91 (s, 3H, 2-CH3), 2.38–2.21 (m, 2H, H-2’), 1.53–1.40 (m, 2H, H-3’), 1.40–1.29 

(m, 2H, H-4’), 0.90 (t, J = 7.2 Hz, 3H, H-5’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 156.2 (C2), 147.0 (C4), 143.2 (C6), 

130.8 (C3), 126.6 (C5), 120.7 (q, 1JC,F = 322.4 Hz, CF3), 115.9 (CN), 56.3 (C1’), 33.0 (C2’), 

26.7 (C3’), 21.4 (C4’), 20.4 (2-CH3), 13.6 (C5’) ppm. 

Elemental Analysis: Calcd: C: 46.15% H: 5.06% N: 8.28% S: 9.48% 



5 EXPERIMENTAL SECTION 

116 

C13H17F3N2O3S Found: C: 46.20% H: 4.77% N: 8.36% S: 9.81% 

 

1-(1-Cyanoethyl)-2-ethylpyridinium triflate (95b) 

The title compound was prepared according to the general procedure-V 

described above from 2-ethylpyridine (94b, 121 mg, 1.13 mmol) and 

84a (229 mg, 1.13 mmol). After stirring overnight, the precipitate was 

collected and was washed with diethyl ether and chloroform. 

Yield: 315 mg (0.90 mmol, 90%), colorless solid. 

Mp: 146–148 °C. 

IR (ATR) ṽ = 3113, 3012, 2997, 1634, 1504, 1262, 1154, 1033, 809, 777 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.35 (dd, J = 6.9, 1.4 Hz, 1H, H-6), 8.64 (td, J 

= 7.8, 1.4 Hz, 1H, H-4), 8.17–8.10 (m, 2H, H-3, H-5), 6.47 (q, J = 6.8 Hz, 1H, H-1’), 3.30–

3.11 (m, 2H, H-1’’), 1.99 (d, J = 7.1 Hz, 3H, H-2’), 1.35 (t, J = 7.4 Hz, 3H, H-2’’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 160.0 (C2), 147.3 (C4), 143.2 (C6), 

128.5 (C3), 126.5 (C5), 120.7 (q, 1JC,F = 322.3 Hz, CF3), 116.9 (CN), 51.4 (C1’), 25.7 (C1’’), 

20.1 (C2’), 11.9 (C2’’) ppm. 

Elemental Analysis: Calcd: C: 42.58% H: 4.22% N: 9.03% S: 10.33% 

C11H13F3N2O3S Found: C: 42.52% H: 4.14% N: 9.07% S: 10.53% 

 

2-Benzyl-1-(1-cyanoethyl)pyridinium triflate (95c) 

The title compound was prepared according to the general procedure-V 

described above from 2-benzylpyridine (94c, 583 mg, 3.45 mmol) and 

84a (700 mg, 3.45 mmol). After stirring overnight, the precipitate was collected and was 

washed with DCM. 

Yield: 1173 mg (3.15 mmol, 91%), colorless solid. 
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Mp: 120–121 °C. 

IR (ATR) ṽ = 3081, 3019, 2927, 1627, 1577, 1499, 1273, 1255, 1167, 1030, 741, 699 cm–

1. 

1H NMR, COSY (300 MHz, DMSO-d6) = 9.46 (dd, J = 6.5, 1.6 Hz, 1H, H-6), 8.63 (td, J 

= 7.8, 1.6 Hz, 1H, H-4), 8.19 (ddd, J = 7.8, 6.5, 1.7 Hz, 1H, H-5), 7.80 (dd, J = 7.8, 1.7 Hz, 

1H, H-3), 7.50–7.28 (m, 5H, HPh), 6.51 (q, J = 6.9 Hz, 1H, H-1’), 4.73 (d, J = 17.0 Hz, 1H, 

CH2-a), 4.60 (d, J = 17.0 Hz, 1H, CH2-b), 1.87 (d, J = 6.9 Hz, 3H, H-2’) ppm. 

13C NMR, HSQC, HMBC (75 MHz, DMSO-d6) = 157.5 (C2), 147.6 (C4), 143.8 (C6), 

134.1 (C1’’), 129.8 (C3), 129.6 (2C, C2’’,5’’), 129.3 (2C, C3’’,5’’), 127.9 (C4’’), 127.1 

(C5), 120.7 (q, 1JC,F = 322.3 Hz, CF3), 116.7 (CN), 51.8 (C1’), 37.8 (CH2), 20.2 (C2’) ppm. 

Elemental Analysis: Calcd: C: 51.61% H: 4.06% N: 7.52% S: 8.61% 

C16H15F3N2O3S Found: C: 51.66% H: 3.72% N: 7.57% S: 8.70% 

 

1-(1-Cyano-2-methylpropyl)-2-methylpyridinium triflate (95d) 

The title compound was prepared according to the general procedure-V 

described above from 94a (0.466 g, 5.00 mmol) and 1-cyano-2-

methylpropyl trifluoromethanesulfonate (84b, 1.16 g, 5.00 mmol). After stirring overnight, 

the precipitate was collected and was washed with diethyl ether. 

Yield: 1.25 g (3.85 mmol, 77%), colorless solid. 

Mp: 89–90 °C. 

IR (ATR) ṽ = 3087, 3059, 2979, 1632, 1507, 1471, 1263, 1225, 1159, 1031, 778 cm–1. 

1H NMR (400 MHz, DMSO-d6) = 9.26 (dd, J = 6.5, 1.3 Hz, 1H, H-6), 8.62 (td, J = 7.8, 

1.3 Hz, 1H, H-4), 8.17 (dd, J = 7.8, 1.6 Hz, 1H, H-3), 8.11 (ddd, J = 7.8, 6.5, 1.6 Hz, 1H, H-

5), 6.25 (d, J = 7.6 Hz, 1H, H-1’), 2.92 (s, 3H, 2-CH3), 2.72–2.57 (m, 1H, H-2’), 1.14 (d, J 

= 6.6 Hz, 3H, H-3’), 0.96 (d, J = 6.7 Hz, 3H, 2’-CH3) ppm. 
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13C NMR, HSQC (101 MHz, DMSO-d6) = 156.6 (C2), 147.2 (C4), 143.5 (C6), 131.0 (C3), 

126.5 (C5), 120.7 (q, 1JC,F = 322.5 Hz, CF3), 115.0 (CN), 61.6 (C1’), 32.7 (C2’), 20.6 (2-

CH3), 17.9 (C3’), 17.4 (2’-CH3) ppm. 

Elemental Analysis: Calcd: C: 44.44% H: 4.66% N: 8.64% S: 9.89% 

C12H15F3N2O3S Found: C: 44.01% H: 4.50% N: 8.58% S: 10.05% 

 

1-(Cyano(cyclohexyl)methyl)-2-methylpyridinium triflate (95e) 

The title compound was prepared according to the general procedure-V 

described above from 94a (171 mg, 1.84 mmol) and 

cyano(cyclohexyl)methyl trifluoromethanesulfonate (84f, 500 mg, 1.84 

mmol). After stirring overnight, the precipitate was collected and was washed with diethyl 

ether and THF. 

Yield: 374 mg (1.03 mmol, 56%), colorless solid. 

Mp: 125–126 °C. 

IR (ATR) ṽ = 3091, 2932, 2855, 1625, 1500, 1471, 1264, 1224, 1166, 1028 cm–1. 

1H NMR (300 MHz, DMSO-d6) = 9.23 (dd, J = 6.5, 1.6 Hz, 1H, H-6), 8.61 (td, J = 7.9, 

1.3 Hz, 1H, H-4), 8.16 (dd, J = 7.9, 1.7 Hz, 1H, H-3), 8.11 (ddd, J = 7.9, 6.5, 1.7 Hz 1H, H-

5), 6.24 (d, J = 7.9 Hz, 1H, H-1’), 2.91 (s, 3H, 2-CH3), 2.42–2.31 (m, 1H, 1’-HCy), 1.84–

1.73 (m, 2H, HCy), 1.73–1.58 (m, 2H, HCy), 1.46–1.29 (m, 2H, HCy), 1.27–1.06 (m, 4H, HCy) 

ppm. 

13C NMR, HMBC (75 MHz, DMSO-d6) = 156.6 (C2), 147.1 (C4), 143.5 (C6), 131.0 (C3), 

126.5 (C5), 120.7 (q, 1JC,F = 322.5 Hz, CF3), 115.0 (CN), 60.9 (C1’), 40.9 (1’-CCy), 28.0 

(CCy), 27.5 (CCy), 25.0 (CCy), 24.72 (CCy), 24.68 (CCy), 20.7 (2-CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C14H19N2]
+ 215.1548, found 215.1558. 
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1-(1-Cyanoethyl)-2,3-dimethylpyridinium triflate (95f) 

The title compound was prepared according to the general procedure-V 

described above from 2,3-dimethylpyridine (94d, 246 mg, 2.30 mmol) 

and 84a (467 mg, 2.30 mmol). After stirring for 48 h, the precipitate 

was collected and was washed with diethyl ether and DCM. 

Yield: 639 mg (2.06 mmol, 90%), colorless solid. 

Mp: 116–118 °C. 

IR (ATR) ṽ = 3089, 3021, 1618, 1489, 1253, 1152, 1029 cm–1. 

1H NMR (400 MHz, DMSO-d6) = 9.15 (dd, J = 6.4, 1.5 Hz, 1H, H-6), 8.48 (d, J = 7.8 Hz, 

1H, H-4), 8.01 (dd, J = 7.8, 6.4 Hz, 1H, H-5), 6.48 (q, J = 7.0 Hz, 1H, H-1’), 2.79 (s, 3H, 2-

CH3), 2.51 (s, 3H, 3-CH3), 1.96 (d, J = 7.0 Hz, 3H, H-2’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 154.4 (C2), 146.9 (C4), 140.6 (C6), 

139.2 (C3), 125.4 (C5), 120.7 (q, 1JC,F = 322.3 Hz, CF3), 116.8 (CN), 52.7 (C1’), 19.8 (C2’), 

19.6 (3-CH3), 17.1 (2-CH3) ppm. 

Elemental Analysis: Calcd: C: 42.58% H: 4.22% N: 9.03% S: 10.33% 

C11H13F3N2O3S Found: C: 42.61% H: 4.05% N: 9.04% S: 10.46% 

 

1-(1-Cyanoethyl)-2,4-dimethylpyridinium triflate (95g) 

The title compound was prepared according to the general 

procedure-V described above from 2,4-dimethylpyridine (94e, 

477 mg, 4.45 mmol) and 84a (904 mg, 4.45 mmol). After stirring for 48 h, the precipitate 

was collected and was washed with diethyl ether. 

Yield: 1.170 g (3.77 mmol, 85%), colorless solid. 

Mp: 96–97 °C. 

IR (ATR) ṽ = 3097, 3009, 2996, 1645, 1260, 1149, 1031 cm–1. 
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1H NMR (400 MHz, DMSO-d6) = 9.15 (d, J = 6.6 Hz, 1H, H-6), 7.98 (d, J = 2.4 Hz, 1H, 

H-3), 7.95 (dd, J = 6.6, 2.4 Hz, 1H, H-5), 6.30 (q, J = 6.7 Hz, 1H, H-1’), 2.84 (s, 3H, CH3-

2), 2.60 (s, 3H, CH3-4), 1.95 (d, J = 6.7 Hz, 3H, H-2’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 160.6 (C4), 154.6 (C2), 141.8 (C6), 

130.5 (C3), 127.1 (C5), 116.8 (CN), 51.3 (C1’), 21.3 (CH3-4), 19.9 (CH3-2), 19.6 (C2’) ppm. 

Elemental Analysis: Calcd: C: 42.58% H: 4.22% N: 9.03% S: 10.33% 

C11H13F3N2O3S Found: C: 42.39% H: 3.69% N: 9.16% S: 10.72% 

 

1-(1-Cyanoethyl)-5-ethyl-2-methylpyridinium triflate (95h) 

The title compound was prepared according to the general 

procedure-V described above from 5-ethyl-2-methylpyridine (94f, 

596 mg, 4.92 mmol) and 84a (1.00 g, 4.92 mmol). After stirring for 24 h, the precipitate was 

collected and was washed with diethyl ether, DCM and acetonitrile. 

Yield: 1.20 g (3.70 mmol, 75%), yellow solid. 

Mp: 50–51 °C. 

IR (ATR) ṽ = 3079, 2986, 1638, 1524, 1252, 1223, 1150, 1027, 852 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.17 (d, J = 1.6 Hz, 1H, H-6), 8.52 (dd, J = 8.2, 

1.6 Hz, 1H, H-4), 8.06 (d, J = 8.2 Hz, 1H, H-3), 6.34 (q, J = 7.0 Hz, 1H, H-1’), 2.90–2.81 

(m, 2H, H-1’’), 2.86 (s, 3H, 2-CH3), 1.99 (d, J = 7.0 Hz, 3H, H-2’), 1.26 (t, J = 7.6 Hz, 3H, 

H-2’’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 153.5 (C2), 146.7 (C4), 142.9 (C5), 

141.2 (C6), 130.1 (C3), 120.7 (q, 1JC,F = 322.4 Hz, CF3), 116.7 (CN), 52.0 (C1’), 24.7 (C1’’), 

19.7 (2-CH3), 19.6 (C2’), 14.6 (C2’’) ppm. 

HRMS (ESI-TOF): Calcd for [C11H15N2] 175.1235, found 175.1244. 
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1-(1-Cyanoethyl)-2,3,5-trimethylpyridinium triflate (95i) 

The title compound was prepared according to the general 

procedure-V described above from 2,3,5-trimethylpyridine (94g, 

484 mg, 4.00 mmol) and 84a (812 mg, 4.00 mmol). After stirring for 48 h, the precipitate 

was collected and was washed with diethyl ether, and ethyl acetate. 

Yield: 1.18 g (3.65 mmol, 91%), colorless solid. 

Mp: 103–104 °C. 

IR (ATR) ṽ = 3068, 3024, 2996, 1635, 1505, 1255, 1223, 1149, 1030 cm–1. 

1H NMR, (400 MHz, DMSO-d6) = 9.03 (s, 1H, H-6), 8.36 (s, 1H, H-4), 6.44 (q, J = 6.9 

Hz, 1H, H-1’), 2.74 (s, 3H, 2-CH3), 2.47 (br s, 6H, 3-CH3, 5-CH3), 1.96 (d, J = 6.9 Hz, 3H, 

H-2’’) ppm. 

13C NMR, HMBC (101 MHz, DMSO-d6) = 152.5 (C2), 147.9 (C4), 139.4 (C6), 138.3 

(C3), 136.0 (C5), 120.7 (q, 1JC,F = 322.2 Hz, CF3), 116.8 (CN), 52.4 (C1’), 19.8 (C2’), 19.5 

(3-CH3), 17.3 (5-CH3), 16.6 (2-CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C11H14N2 + H]+ 175.1235, found 175.1244. 

 

1-(1-Cyanopropyl)-3-(ethoxycarbonyl)-2-methylpyridinium triflate (95j) 

The title compound was prepared according to the general procedure-V 

described above from ethyl 2-methylnicotinate (94h, 496 mg, 

3.00 mmol) and 1-cyanopropyl trifluoromethanesulfonate (84g, 652 mg, 

3.00 mmol). After stirring for 48 h, the precipitate was collected and was washed with diethyl 

ether, and ethyl acetate. 

Yield: 861 mg (2.25 mmol, 75%), colorless solid. 

Mp: 140–141 °C. 

IR (ATR) ṽ = 3126, 3097, 3041, 2999, 1734, 1627, 1269, 1249, 1158, 1028, 831 cm–1. 



5 EXPERIMENTAL SECTION 

122 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.47 (dd, J = 6.5, 1.6 Hz, 1H, H-6), 8.93 (dd, J 

= 8.0, 1.6 Hz, 1H, H-4), 8.22 (dd, J = 8.0, 6.5 Hz, 1H, H-5), 6.46 (t, J = 7.5 Hz, 1H, H-1’), 

4.43 (q, J = 7.1 Hz, 2H, OCH2), 3.01 (s, 3H, 2-CH3), 2.38–2.28 (m, 2H, H-2’), 1.36 (t, J = 

7.1 Hz, 3H, OCH2CH3), 1.11 (t, J = 7.4 Hz, 3H, H-3’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 163.4 (CO2Et), 156.8 (C2), 147.3 (C4), 

145.9 (C6), 132.6 (C3), 126.2 (C5), 115.6 (CN), 63.0 (OCH2), 58.0 (C1’), 27.0 (C2’), 18.1 

(2-CH3), 13.8 (OCH2CH3), 9.4 (C3’) ppm. 

Elemental Analysis: Calcd: C: 43.98% H: 4.48% N: 7.73% S: 8.39% 

C14H17F3N2O5S Found: C: 43.91% H: 4.68% N: 7.31% S: 8.57% 

 

2-(1-Cyanoethyl)-1-methylisoquinolinium triflate (95k) 

The title compound was prepared according to the general procedure-V 

described above from 1-methylisoquinoline (716 mg, 5.00 mmol) and 

84a (1.016 g, 5.00 mmol). After stirring for 24 h, the precipitate was collected and was 

washed with diethyl ether. 

Yield: 1.690 g (4.88 mmol, 98%), colorless solid. 

Mp: 106–107 °C. 

IR (ATR) ṽ = 3092, 3008, 2959, 1635, 1388, 1259, 1155, 1029 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.02 (d, J = 7.0 Hz, 1H, H-3), 8.84 (d, J = 8.7 

Hz, 1H, H-8), 8.56 (d, J = 7.0 Hz, 1H, H-4), 8.36 (dd, J = 8.4, 1.7 Hz, H-5), 8.32–8.27 (m, 

1H, H-6), 8.10 (ddd, J = 8.7, 7.1, 1.7 Hz, H-7), 6.70 (q, J = 6.9 Hz, 1H, H-1’), 3.34 (s, 3H, 

1-CH3), 2.03 (d, J = 6.9 Hz, 3H, H-2’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 161.9 (C1), 132.1 (C3), 136.8 (C4a), 

132.1 (C3), 131.5 (C7), 129.5 (C8), 128.1 (C5), 127.5 (C8a), 124.9 (C4), 120.7 (q, 1JC,F = 

322.2 Hz, CF3), 117.0 (CN), 52.5 (C1’), 19.8 (C2’), 17.3 (1-CH3) ppm. 

Elemental Analysis: Calcd: C: 48.55% H: 3.78% N: 8.09% S: 9.26% 
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C14H13F3N2O3S Found: C: 48.40% H: 3.66% N: 8.01% S: 9.38% 

 

1-(1-Cyanoethyl)-2-methylpyrimidin-1-ium triflate (106a) 

The title compound was prepared according to the general procedure-V 

described above from 2-methylpyrimidine (282 mg, 3.00 mmol) and 84a 

(610 mg, 3.00 mmol). After stirring for 24 h, the precipitate was collected and was washed 

with diethyl ether. Since the compound was quickly decomposed in solution, NMR 

measurements were carried out immediately after preparing the NMR sample. 

Yield: 695 mg (2.34 mmol, 78%), colorless solid. 

Mp: 143–144 °C. 

IR (ATR) ṽ = 2956, 2925, 2854, 1626, 1454, 1258, 1174, 1149, 1029 cm–1. 

1H NMR (600 MHz, DMSO-d6) = 9.68 (dd, J = 6.2, 1.7 Hz, 1H, H-6), 9.45 (dd, J = 4.8, 

1.7 Hz, 1H, H-4), 8.27 (dd, J = 6.2, 4.8 Hz, 1H, H-5), 6.42 (q, J = 7.0 Hz, 1H, H-1’), 3.05 

(s, 3H, 2-CH3), 1.98 (d, J = 7.0 Hz, 3H, H-2’) ppm. 

13C NMR, HSQC (151 MHz, DMSO-d6) = 165.9 (C4), 164.0 (C2), 151.0 (C6), 122.4 (C5), 

120.7 (q, 1JC,F = 322.2 Hz, CF3), 116.2 (CN), 52.6 (C1’), 23.3 (2-CH3), 19.1 (C2’) ppm. 

Elemental Analysis: Calcd: C: 36.36% H: 3.39% N: 14.14% S: 10.79% 

C9H10F3N3O3S  Found: C: 36.30% H: 3.16% N: 14.26% S: 11.04% 

 

3-(1-Cyanoethyl)-2-methylbenzo[d]thiazol-3-iumtriflate (106b) 

The title compound was prepared according to the general procedure-V 

described above from 2-methylbenzo[d]thiazole (0.73 g, 4.92 mmol) and 

84a (1.00 g, 4.92 mmol). After stirring for 24 h, the precipitate was collected and was washed 

with diethyl ether and chloroform. 

Yield: 1.06 g (3.00 mmol, 61%), yellow solid. 
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Mp: 124–126 °C. 

IR (ATR) ṽ = 2985, 1372, 1261, 1147, 1030, 792 cm–1. 

1H NMR (400 MHz, DMSO-d6) = 8.52 (dd, J = 8.2, 1.0 Hz, 1H, H-4), 8.48 (dd, J = 8.6, 

1.0 Hz, 1H, H-7), 7.96 (ddd, J = 8.6, 7.3, 1.0 Hz, 1H, H-6), 7.86 (ddd, J = 8.2, 7.3, 1.0 Hz, 

1H, H-5), 6.68 (q, J = 7.2 Hz, 1H, H-1’), 3.28 (s, 3H, 2-CH3), 2.04 (d, J = 7.2 Hz, 3H, H-2’) 

ppm. 

13C NMR, HSQC (101 MHz, DMSO-d6) = 180.8 (C2), 138.6 (C3a), 129.8 (C6), 129.2 

(C7a), 128.3 (C5), 125.3 (C4), 120.7 (q, 1JC,F = 322.3 Hz, CF3), 116.7 (C7), 115.6 (CN), 46.4 

(C1’), 17.7 (2-CH3), 17.6 (C2’) ppm. 

Elemental Analysis: Calcd: C: 40.90% H: 3.15% N: 7.95% 

C12H11F3N2O3S2 Found: C: 40.86% H: 2.83% N: 7.85% 

 

2-(1-Cyanoethyl)-3-methylisoquinolinium triflate (106c) 

The title compound was prepared according to the general procedure-

V described above from 3-methylisoquinoline (500 mg, 3.49 mmol) 

and 84a (709 mg, 3.49 mmol). After stirring for 24 h, the precipitate was collected and was 

washed with diethyl ether. 

Yield: 1.104 g (3.19 mmol, 91%), colorless solid. 

Mp: 132–133 °C. 

IR (ATR) ṽ = 3057, 2996, 1647, 1258, 1226, 1153, 1030, 766 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 10.38 (s, 1H, H-1), 8.60 (d, J = 8.2 Hz, 1H, H-

8), 8.55 (s, 1H, H-4), 8.32–8.22 (m, 2H, H-5, H-6), 8.05 (ddd, J = 8.2, 6.4, 1.2 Hz, H-7), 

6.51 (q, J = 6.9 Hz, 1H, H-1’), 2.95 (s, 3H, 3-CH3), 2.10 (d, J = 6.9 Hz, 3H, H-2’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 149.2 (C1), 144.0 (C3), 138.4 (C4a), 

138.2 (C6), 130.8 (C7), 130.6 (C8), 126.7 (C4), 126.6 (C8a), 126.4 (C5), 120.7 (q, 1JC,F = 

322.3 Hz, CF3), 116.9 (CN), 52.1 (C1’), 20.0 (C2’), 19.3 (3-CH3) ppm. 
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Elemental Analysis: Calcd: C: 48.55% H: 3.78% N: 8.09% S: 9.26% 

C14H13F3N2O3S Found: C: 48.62% H: 4.01% N: 8.14% S: 9.30% 

 

2-(1-Cyanoethyl)-7-methoxy-1-methyl-9H-pyrido[3,4-

b]indol-2-ium triflate (104) 

The title compound was prepared according to the general 

procedure-V described above from harmine (1.00 g, 4.71 mmol) and 84a (0.96 g, 4.71 mmol) 

in acetonitrile (5 mL). After stirring for 24 h, the precipitate was collected and was washed 

with acetonitrile. 

Yield: 1.39 g (3.35 mmol, 71%), colorless solid. 

Mp: 237–242 °C (dec.). 

IR (ATR) ṽ = 3221, 3096, 3068, 2941, 1630, 1271, 1244, 1221, 1163, 1023, 802 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 12.87 (s, 1H, NH), 8.90 (d, J = 6.8 Hz, 1H, H-

3), 8.63 (d, J = 6.8 Hz, 1H, H-4), 8.39 (d, J = 8.8 Hz, 1H, H-5), 7.12 (d, J = 2.0 Hz, 1H, H-

8), 7.09 (dd, J = 8.8, 2.0 Hz, 1H, H-6), 6.47 (q, J = 6.9 Hz, 1H, H-1’), 3.97 (s, 3H, OCH3), 

3.13 (s, 3H, 1-CH3), 2.02 (d, J = 6.9 Hz, 3H, H-2’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 163.5 (C7), 146.5 (C8a), 139.5 (C1), 

134.7 (C9a), 131.7 (C4a), 130.8 (C3), 125.1 (C5), 120.7 (q, 1JC,F = 322.3 Hz, CF3) 117.5 

(CN), 115.2 (C4), 113.6 (C4b), 113.5 (C6), 94.2 (C8), 55.9 (OCH3), 50.6 (C1’), 20.3 (C2’), 

15.5 (1-CH3) ppm. 

Elemental Analysis: Calcd: C: 49.15% H: 3.88% N: 10.12% S: 7.72% 

C17H16F3N3O4S Found: C: 49.40% H: 3.51% N: 10.10% S: 7.70% 

 

General procedure-VI for N-Acetyl 2-Aminoindolizines 102 

To a solution of pyridinium salt 3 in freshly distilled THF (0.1 M) was added a solution of 

KOtBu (1.10 equiv) in THF (1.0 M) under argon at 0 °C. After 2h stirring at the same 
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temperature, the reaction mixture was quenched with water (1.0 mL) and all volatiles were 

removed in vacuo. The residue was re-dissolved in 2.5 (w/v)% aqueous solution of NaHCO3 

(10.0 mL/1.00 mmol 3). Acetic anhydride (2.0 mL/1.00 mmol 3) was added and the reaction 

mixture was stirred about 1 h at ambient temperature. The resulting solution was neutralized 

with Na2CO3. In case of precipitation, product was collected by filtration and the solid was 

washed with water and cold ethanol, and was recrystallized from ethanol. In the absence of 

precipitation, the product was extracted three times with ethyl acetate (20 mL/1.00 mmol 3) 

after the neutralization. The product was purified by column chromatography. 

 

N-(3-Butylindolizin-2-yl)acetamide (102a) 

The title compound was prepared according to the general procedure-VI 

described above from the salt 95a (338 mg, 1.00 mmol). The crude product was purified by 

column chromatography (ethyl acetate/cyclohexane, 1:1). 

Yield: 219 mg (0.95 mmol, 95%), yellow solid. 

Mp: 130–131 °C. 

Rf = 0.51 (ethyl acetate/cyclohexane, 1:1). 

IR (ATR) ṽ = 3272, 3051, 2956, 2930, 2860, 1652, 1577, 1453, 1364, 1310, 1266, 731 cm–

1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.39 (s, 1H, NH), 7.94 (dd, J = 6.8, 0.9 Hz, 1H, 

H-5’), 7.31 (dt, J = 8.8, 1.2 Hz, 1H, H-8’), 6.70 (s, 1H, H-1’), 6.61 (ddd, J = 8.8, 6.8, 0.9 Hz, 

1H, H-7’), 6.53 (td, J = 6.8, 1.2 Hz, 1H, H-6’), 2.91 (t, J = 7.4 Hz, 2H, H-1’’), 2.05 (s, 3H, 

H-2), 1.50–1.40 (m, 2H, H-2’’), 1.36–1.26 (m, 2H, H-3’’), 0.89 (t, J = 7.3 Hz, 3H, H-4’’) 

ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 167.8 (C1), 129.3 (C8a’), 124.9 (C2’), 

121.9 (C5’), 118.1 (C8’), 115.4 (C7’), 114.0 (C3’), 109.6 (C6’), 93.4 (C1’), 29.0 (C2’’), 23.3 

(C2), 22.0 (C1’’), 21.9 (C3’’), 13.8 (C4’’) ppm. 

MS (ESI): m/z = 253.1 (24) [M + Na]+, 231.1 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C14H18N2O + H]+ 231.1497, found 231.1493. 
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N-(3-Methylindolizin-2-yl)acetamide (102b) 

The title compound was prepared according to the general procedure-

VI described above from the salt 85f (148 mg, 0.500 mmol). The product was collected by 

filtration and recrystallized from ethanol. 

Yield: 72 mg (0.383 mmol, 77%), colorless solid. 

Mp: 132–133 °C. 

IR (ATR) ṽ = 3273, 3258, 3075, 3051, 2936, 1655, 1636, 1583, 1455, 1355, 1274, 763, 

724 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.49 (s, 1H, NH), 7.87 (dd, J = 6.8, 1.1 Hz, 1H, 

H-5’), 7.32 (dd, J = 8.8, 1.3 Hz, 1H, H-8’), 6.70 (s, 1H, H-1’), 6.67–6.61 (m, 1H, H-7’), 6.56 

(td, J = 6.8, 1.3 Hz, 1H, H-6’), 2.37 (s, 3H, 3’-CH3), 2.05 (s, 3H, H-2) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 167.7 (C1), 129.3 (C8a’), 125.1 (C2’), 

121.9 (C5’), 117.9 (C8’), 115.4 (C7’), 109.6 (C6’), 109.4 (C3’), 93.2 (C1’), 23.3 (C2), 8.7 

(3’-CH3) ppm. 

MS (ESI): m/z = 211.0 (50) [M + Na]+, 189.0 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C11H12N2O + Na]+ 211.0847, found 211.0847. 

 

N-(1,3-Dimethylindolizin-2-yl)acetamide (102c) 

The title compound was prepared according to the general procedure-VI 

described above from the salt 95b (270 mg, 0.87 mmol). The crude 

product was purified by column chromatography (ethyl acetate). 

Yield: 118 mg (0.58 mmol, 67%), yellow solid. 

Mp: 214–215 °C. 

Rf = 0.45 (ethyl acetate). 

IR (ATR) ṽ = 3222, 3055, 2923, 2853, 1646, 1571, 1318, 729, 713 cm–1. 
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1H NMR, COSY (300 MHz, DMSO-d6) = 9.29 (s, 1H, NH), 7.82 (dt, J = 6.8, 1.3 Hz, 1H, 

H-5’), 7.32 (dt, J = 8.8, 1.3 Hz, 1H, H-8’), 6.61–6.64 (m, 1H, H-7’), 6.51 (td, J = 6.8, 1.3 

Hz, 1H, H-6’), 2.23 (s, 3H, 3’-CH3), 2.10 (s, 3H, 1’-CH3), 2.04 (s, 3H, H-2) ppm. 

13C NMR, HSQC, HMBC (75 MHz, DMSO-d6) = 168.4 (C1), 126.7 (C8a’), 123.4 (C2’), 

121.9 (C5’), 116.7 (C8’), 113.9 (C7’), 113.5 (C3’), 109.4 (C6’), 102.9 (C1’), 22.8 (C2), 9.1 

(3’-CH3), 8.2 (1’-CH3) ppm. 

MS (ESI): m/z = 225.0 (38) [M + Na]+, 203.0 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C12H14N2O + Na]+ 225.1004, found 225.1010. 

 

N-(3-Methyl-1-phenylindolizin-2-yl)acetamide (102d) 

The title compound was prepared according to the general procedure-VI 

described above from the salt 95c (372 mg, 1.00 mmol). The crude 

product was purified by column chromatography (ethyl acetate/cyclohexane 1:1). 

Yield: 226 mg (0.86 mmol, 86%), yellow solid. 

Mp: 186–187 °C. 

Rf = 0.12 (ethyl acetate/cyclohexane, 1:1). 

IR (ATR) ṽ = 3243, 3028, 2903, 1650, 1510, 1435, 1354, 733, 700 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.35 (s, 1H, NH), 8.00 (dt, J = 7.0, 1.2 Hz, 1H, 

H-5’), 7.51 (dt, J = 9.0, 1.2 Hz, 1H, H-8’), 7.44–7.40 (m, 4H, H-2’’,6’’, H-3’’,5’’), 7.26–

7.21 (m, 1H, H-4’’), 6.76 (ddd, J = 9.0, 7.0, 1.2 Hz, 1H, H-7’), 6.68 (td, J = 7.0, 1.2 Hz, 1H, 

H-6’), 2.27 (s, 3H, 3’-CH3), 2.00 (s, 3H, H-2) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 169.4 (C1), 134.1 (C1’’), 128.5 (2C, 

CPh), 128.3 (2C, CPh), 126.8 (C8a’), 125.4 (C4’’), 122.7 (C5’), 121.6 (C2’), 117.1 (C7’), 

116.9 (C8’), 116.7 (C3’), 110.7 (C6’), 109.4 (C1’), 22.7 (C2), 9.0 (3’-CH3) ppm. 

MS (ESI): m/z = 287.1 (41) [M + Na]+, 265.1 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C17H16N2O + H]+ 265.1341, found 265.1340. 
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N-(3-Isopropylindolizin-2-yl)acetamide (102e) 

The title compound was prepared according to the general procedure-

VI described above from the salt 95d (300 mg, 0.93 mmol). The crude product was purified 

by column chromatography (ethyl acetate). 

Yield: 84 mg (0.39 mmol, 42%), brown oil. 

Rf = 0.50 (ethyl acetate). 

IR (ATR) ṽ = 3269, 3056, 2917, 2850, 1628, 1535, 1375, 1243, 1162, 1031, 738 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.28 (s, 1H, NH), 8.07 (ddd, J = 6.8, 1.2, 1.1 

Hz, 1H, H-5’), 7.32 (dt, J = 8.8, 1.1 Hz, 1H, H-8’), 6.61 (ddd, J = 8.8, 6.6, 1.2 Hz, 1H, H-

7’), 6.54–6.49 (m, 1H, H-6’), 6.47 (s, 1H, H-1’), 3.51–3.42 (m, 1H, CH(CH3)2), 2.03 (s, 3H, 

H-2), 1.33 (d, J = 7.2 Hz, 6H, (CH3)2CH) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 168.4 (C1), 129.4 (C8a’), 123.3 (C2’), 

123.0 (C5’), 120.2 (C3’), 118.5 (C8’), 115.3 (C7’), 109.6 (C6’), 95.6 (C1’), 23.9 

(CH(CH3)2), 23.2 (C2), 19.0 (2C, (CH3)2CH) ppm. 

MS (ESI): m/z = 239.1 (28) [M + Na]+, 217.1 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C13H16N2O + H]+ 217.1341, found 217.1341. 

 

N-(3-Cyclohexylindolizin-2-yl)acetamide (102f) 

The title compound was prepared according to the general procedure-VI 

described above from the salt 95e (233 mg, 0.64 mmol). The product 

was collected by filtration and recrystallized from ethanol. 

Yield: 77 mg (0.30 mmol, 47%), orange solid. 

Mp: 141–142 °C. 

Rf = 0.33 (ethyl acetate/cyclohexane, 2:1). 
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IR (ATR) ṽ = 3258, 3049, 2927, 2852, 1655, 1566, 1447, 1277, 722 cm–1. 

1H NMR, COSY (300 MHz, DMSO-d6) = 9.25 (s, 1H, NH), 8.12 (dt, J = 6.9, 1.2 Hz, 1H, 

H-5’), 7.30 (dt, J = 8.9, 1.2 Hz, 1H, H-8’), 6.60 (ddd, J = 8.9, 6.5, 1.0 Hz, 1H, H-7’), 6.50 

(ddd, J = 6.9, 6.5, 1.2 Hz, 1H, H-6’), 6.46 (s, 1H, H-1’), 3.05 (tt, J = 12.3, 3.6 Hz, H-1’’), 

2.03 (s, 3H, H-2), 1.94–1.62 (m, 7H, HCy), 1.48–1.29 (m, 3H, HCy) ppm. 

13C NMR, HSQC, HMBC (75 MHz, DMSO-d6) = 168.4 (C1), 129.4 (C8a’), 123.5 (C2’), 

123.1 (C5’), 120.0 (C3’), 118.5 (C8’), 115.3 (C7’), 109.5 (C6’), 95.9 (C1’), 34.3 (C1’’), 28.6 

(2C, CCy), 26.5 (2C, CCy), 25.4 (C4’’), 23.2 (C2) ppm. 

MS (ESI): m/z = 279.1 (4) [M + Na]+, 257.1 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C16H20N2O + Na]+ 279.1473, found 279.1487. 

 

N-(3,8-Dimethylindolizin-2-yl)acetamide (102g) 

The title compound was prepared according to the general procedure-VI 

described above from the salt 95f (155 mg, 0.500 mmol). The product 

was collected by filtration and recrystallized from ethanol. 

Yield: 84 mg (0.415 mmol, 83%), colorless solid. 

Mp: 183–184 °C. 

Rf = 0.53 (ethyl acetate). 

IR (ATR) ṽ = 3284, 2905, 1651, 1634, 1580, 1270, 747, 706 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.49 (s, 1H, NH), 7.76 (d, J = 6.6 Hz, 1H, H-

5’), 6.67 (s, 1H, H-1’), 6.55–6.45 (m, 2H, H-6’, H-7’), 2.36 (s, 3H, 3’-CH3), 2.30 (s, 3H, 8’-

CH3), 2.06 (s, 3H, H-2) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 167.7 (C1), 129.9 (C8a’), 126.3 (C8’), 

124.7 (C2’), 120.0 (C5’), 114.9 (C7’), 109.9 (C3’), 109.6 (C6’), 91.9 (C1’), 23.3 (C2), 17.6 

(8’-CH3), 8.9 (3’-CH3) ppm. 

MS (ESI): m/z = 225.0 (38) [M + Na]+, 203.1 (100) [M + H]+. 
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HRMS (ESI-TOF): Calcd for [C12H14N2O + Na]+ 225.1004, found 225.1005. 

 

N-(3,7-Dimethylindolizin-2-yl)acetamide (102h) 

The title compound was prepared according to the general 

procedure-VI described above from the salt 95g (310 mg, 1.00 

mmol). The crude product was purified by column chromatography (ethyl acetate). 

Yield: 79 mg (0.39 mmol, 39%), orange solid. 

Mp: 133–135 °C. 

Rf = 0.48 (ethyl acetate). 

IR (ATR) ṽ = 3273, 3168, 3048, 2912, 1647, 1589, 1457, 1357, 1276, 763, 734 cm–1. 

1H NMR (400 MHz, DMSO-d6) = 9.43 (s, 1H, NH), 7.78 (d, J = 6.9 Hz, 1H, H-5’), 7.07 

(dd, J = 2.2, 1.0 Hz, 1H, H-8’), 6.52 (s, 1H, H-1’), 6.40 (dd, J = 6.9, 2.2 Hz, 1H, H-6’), 2.33 

(s, 3H, 3’-CH3), 2.22 (s, 3H, 7’-CH3), 2.05 (s, 3H, H-2) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 167.6 (C1), 129.5 (C8a’), 124.9 (2C, 

C2’,C7’), 121.6 (C5’), 116.0 (C8’), 112.1 (C6’), 108.5 (C3’), 91.8 (C1’), 23.3 (C2), 20.5 

(7’-CH3), 8.7 (3’-CH3) ppm. 

MS (ESI): m/z = 225.0 (9) [M + Na]+; 203.0 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C12H14N2O + H]+ 203.1184, found 203.1186. 

 

N-(6-Ethyl-3-methylindolizin-2-yl)acetamide (102i) 

The title compound was prepared according to the general 

procedure-VI described above from the salt 95h (259 mg, 0.80 

mmol). The crude product was purified by column chromatography (ethyl acetate). 

Yield: 143 mg (0.66 mmol, 83%), brown oil. 

Rf = 0.34 (ethyl acetate). 
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IR (ATR) ṽ = 3275, 3045, 3051, 2976, 1661, 1634, 1548, 1506, 1261, 763 cm–1. 

1H NMR, COSY (300 MHz, DMSO-d6) = 9.44 (s, 1H, NH), 7.66 (d, J = 1.1 Hz, 1H, H-

5’), 7.27 (d, J = 9.0 Hz, 1H, H-8’), 6.62 (s, 1H, H-1’), 6.57 (dd, J = 9.0, 1.1 Hz, 1H, H-7’), 

2.54 (q, J = 7.5 Hz, 2H, 6’-CH2), 2.35 (s, 3H, 3’-CH3), 2.04 (s, 3H, H-2), 1.19 (t, J = 7.5 Hz, 

3H, CH3CH2) ppm. 

13C NMR, HSQC, HMBC (75 MHz, DMSO-d6) = 167.6 (C1), 128.3 (C8a’), 124.9 (C6’), 

124.8 (C2’), 118.6 (C5’), 117.7 (C8’), 117.4 (C7’), 109.4 (C3’), 92.9 (C1’), 25.5 (6’-CH2), 

23.3 (C2), 15.4 (CH3CH2), 8.8 (3’-CH3) ppm. 

MS (ESI): m/z = 239.1 (6) [M + Na]+; 217.1 (100) [M + H]+.  

HRMS (ESI-TOF): Calcd for [C13H16N2O + H]+ 217.1341, found 217.1343. 

 

N-(3,6,8-Trimethylindolizin-2-yl)acetamide (102j) 

The title compound was prepared according to the general 

procedure-VI described above from the salt 95i (324 mg, 1.00 

mmol). The product was collected by filtration and recrystallized from ethanol. 

Yield: 163 mg (0.75 mmol, 75%), colorless solid. 

Mp: 219–221 °C (dec.). 

IR (ATR) ṽ = 3296, 2913, 1653, 1584, 1412, 1272, 814, 758 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.42 (s, 1H, NH), 7.57 (s, 1H, H-5’), 6.59 (s, 

1H, H-1’), 6.36 (s, 1H, H-7’), 2.33 (s, 3H, 3’-CH3), 2.27 (s, 3H, 8’-CH3), 2.19 (s, 3H, 6’-

CH3), 2.04 (s, 3H, H-2) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 167.6 (C1), 128.8 (C8a’), 125.9 (C8’), 

124.3 (C2’), 118.4 (C6’), 118.2 (C7’), 117.4 (C5’), 109.7 (C3’), 91.7 (C1’), 23.3 (C2), 18.1 

(6’-CH3), 17.5 (8’-CH3), 8.9 (3’-CH3) ppm. 

MS (ESI): m/z = 239.1 (14) [M + Na]+, 217.1 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C13H16N2O + H]+ 217.1341, found 217.1335. 
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Ethyl 2-acetamido-3-ethylindolizine-8-carboxylate (102k) 

The title compound was prepared according to the general procedure-

VI described above from the salt 95j (191 mg, 0.500 mmol). The crude 

product was purified by column chromatography (ethyl acetate/cyclohexane 1:1). 

Yield: 48 mg (0.175 mmol, 35%), orange solid. 

Mp: 171–172 °C. 

Rf = 0.20 (ethyl acetate/cyclohexane 1:1). 

IR (ATR) ṽ = 3252, 2930, 1705, 1647, 1575, 1446, 1266, 749 cm–1. 

1H NMR, COSY (400 MHz, CD3CN) = 8.08 (dd, J = 7.0, 0.8 Hz, 1H, H-5), 8.05 (s, 1H, 

NH), 7.34 (s, 1H, H-1), 7.52 (dd, J = 7.0, 0.8 Hz, 1H, H-7), 6.63 (t, J = 7.0 Hz, 1H, H-6), 

4.46 (q, J = 7.1 Hz, OCH2), 2.93 (q, J = 7.5 Hz, CH2-3), 2.10 (s, 3H, CH3CO), 1.38 (t, J = 

7.1 Hz, CH3CH2O), 1.16 (t, J = 7.5 Hz, 3-CH3CH2) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 169.3 (NHCO), 166.3 (CO2CH2), 

128.1 (C9), 127.1 (C5), 126.6 (C2), 122.7 (C7), 120.7 (C8), 117.4 (C3), 109.2 (C6), 96.9 

(C1), 61.9 (OCH2), 23.7 (CH3CO), 16.9 (CH2-3), 14.6 (CH3CH2O), 11.9 (CH3CH2-3) ppm. 

MS (ESI): m/z = 297.1 (100) [M + Na]+, 275.1 (96) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C15H18N2O3 + H]+ 275.1396, found 275.1387. 

 

N-(3-Methylpyrrolo[2,1-a]isoquinolin-2-yl)acetamide (102l) 

The title compound was prepared according to the general procedure-

VI described above from the salt 95k (346 mg, 1.00 mmol). The 

product was collected by filtration and recrystallized from ethanol. 

Yield: 188 mg (0.79 mmol, 79%), colorless solid. 

Mp: 238–239 °C. 

Rf = 0.38 (ethyl acetate). 
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IR (ATR) ṽ = 3262, 3056, 2916, 1643, 1541, 1364, 1281, 794, 739 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 9.50 (s, 1H, NH), 8.00 (d, J = 8.0 Hz, 1H, H-

10’), 7.87 (d, J = 7.4 Hz, 1H, H-5’), 7.63 (d, J = 8.1 Hz, 1H, H-7’), 7.44–7.40 (m, 1H, H-

9’), 7.34–7.30 (m, 1H, H-8’), 7.24 (s, 1H, H-1’), 6.88 (d, J = 7.4 Hz, 1H, H-6’), 2.39 (s, 3H, 

CH3-3’), 2.07 (s, 3H, H-2) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 167.8 (C1),127.2 (C9’), 126.8 (C7’), 

125.73 (C6a’), 125.70 (C10b’), 125.2 (C10a’), 125.0 (C8’), 123.3 (C2’), 122.0 (C5’), 121.4 

(C10’), 112.8 (C3’), 109.6 (C6’), 95.4 (C1’), 23.2 (C2), 8.8 (CH3-3’) ppm. 

MS (ESI): m/z = 261.1 (54) [M + Na]+, 239.1 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C15H14N2O + H]+ 239.1184, found 239.1184. 

 

9-Methoxy-3-methyl-11H-indolizino[8,7-b]indol-2-

amine (105) 

The title compound was prepared according to the general 

procedure-VI described above excluding the acetylation step from the salt 104 (415 mg, 1.00 

mmol). H2O (25 mL) was added to the reaction mixture. The product was collected by 

filtration and recrystallized from ethanol. 

Yield: 242 mg (0.91 mmol, 91%), yellow solid. 

Mp: 175–179 °C. 

IR (ATR) ṽ = 3396, 3326, 3184, 3104, 1625, 1464, 1159, 1030, 819, 809, 767, 739 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 11.38 (s, 1H, H-11), 7.72 (d, J = 8.6 Hz, 1H, 

H-7), 7.49 (d, J = 6.9 Hz, 1H, H-5), 7.04 (d, J = 6.9 Hz, 1H, H-6), 6.94 (d, J = 2.4 Hz, 1H, 

H-10), 6.74 (dd, J = 8.6, 2.4 Hz, 1H, H-8), 6.15 (s, 1H, H-1), 4.27 (s, 2H, NH2), 3.82 (s, 3H, 

OCH3), 2.31 (s, 3H, CH3-3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 156.5 (C9), 139.0 (C10a), 133.9 (C2), 

128.4 (C11a), 120.4 (C11b), 119.1 (C7), 117.9 (C6b), 115.1 (C5), 108.01 (C6a), 107.99 

(C8), 104.5 (C3), 101.7 (C6), 95.0 (C10), 86.5 (C1), 55.3 (OCH3), 8.7 (CH3-3) ppm. 
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MS (ESI): m/z = 298.2 (100) [M + 2O + H]+, 282.2 (22) [M + O + H]+, 266.1 (28) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C16H15N3O + H]+ 266.1293, found 266.1302. 

 

(Z)-2-Amino-1-(pyridin-2-yl)hept-1-en-3-one (101) 

The title compound was obtained by storing 2-aminoindolizine 

4a at ambient temperature for about three weeks in an open flask. The product was purified 

by column chromatography (ethyl acetate/cyclohexane 1:1) 

Yield: quantitative, yellow oil. 

Rf = 0.45 (ethyl acetate/cyclohexane 1:1). 

1H NMR, COSY, NOESY (400 MHz, DMSO-d6) = 8.53 (ddd, J = 4.9, 2.0, 0.9 Hz, 1H, 

H-6’), 7.71 (ddd, J = 8.0, 7.5, 2.0 Hz, 1H, H-4’), 7.37 (dt, J = 8.0, 0.9 Hz, 1H, H-3’), 7.10 

(ddd, J = 7.5, 4.9, 0.9 Hz, 1H, H-5’), 7.07 (br s, 2H, NH2), 6.22 (s, 1H, H-1), 2.86 (t, J = 7.3 

Hz, 2H, H-4), 1.61–1.51 (m, 2H, H-5), 1.38–1.27 (m, 2H, H-6), 0.90 (t, J = 7.3 Hz, 3H, H-

7) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 198.5 (C3), 158.0 (C2’), 148.0 (C6’), 

143.6 (C2), 136.2 (C4’), 124.1 (C3’), 119.6 (C5’), 100.7 (C1), 35.7 (C4), 26.6 (C5), 21.8 

(C6), 13.9 (C7) ppm. 

HRMS (ESI-TOF): Calcd for [C12H16N2O + H]+ 205.1341, found 205.1344. 

 

5.3 Annulation of Pyrroles 

5.3.1 Synthesis of Indolizines from Pyrroles 

General procedure-VII for pyrrolonitriles 109 

Pyrrolonitriles were prepared according to the literature with slight modifications.169 The 

solution of 2,5-dimethoxytetrahydrofuran (1.00 equiv) in deionized water was refluxed for 

2 h. The mixture was allowed to cool down before adding CH2Cl2, the corresponding α-

aminonitrile (1.00–1.20 equiv) and sodium acetate (2.4 equiv). The reaction mixture was 
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further stirred overnight at ambient temperature. It was made alkaline with 2 M Na2CO3 

solution and the crude product was extracted three times with CH2Cl2. The combined 

extracts were dried over MgSO4, filtered and then concentrated under reduced pressure. 

Further purification was either performed by filtration through a pad of silica or by vacuum 

distillation. 

 

2-(1H-Pyrrol-1-yl)propanenitrile (109a)197,198 

The title compound was prepared according to the general procedure-VII 

described above from 2-aminopropanenitrile hydrochloride171 (5.33 g, 

50.0 mmol) and 2,5-dimethoxytetrahydrofuran (5.49 g, 41.5 mmol). The product was 

purified by vacuum distillation. 

Yield: 4.47 g (37.2 mmol, 90%), colorless oil. 

Bp 68–70 °C, 1 mmHg (lit. bp 72–74 °C, 1.5 mmHg).198 

Rf = 0.21 (ethyl acetate/petroleum ether 1:8). 

IR (ATR) ṽ = 3104, 2993, 2946, 2248, 1488, 1277, 1100, 1053, 723, 698 cm−1. 

1H NMR,198 COSY (400 MHz, CDCl3) = 6.79–6.78 (AA’ part of AA’BB’ system, 2H, H-

2’,5’), 6.26–6.22 (BB’ part of AA’BB’ system, 2H, H-3’,4’), 5.03 (q, J = 7.2 Hz, 1H, H-2), 

1.86 (d, J = 7.2 Hz, 3H, H-3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, CDCl3) = 119.2 (2C, C2’,5’), 118.1 (CN), 110.3 

(2C, C3’,4’), 45.2 (C2), 21.4 (C3) ppm. 

MS (ESI): m/z = 121.1 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C7H8N2 + H]+ 121.0766, found 121.0763. 

 

3-Phenyl-2-(1H-pyrrol-1-yl)propanenitrile (109b)  

The title compound was prepared according to the general procedure-VII 

described above from 2-amino-3-phenylpropanenitrile170 (877 mg, 
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6.00 mmol) and 2,5-dimethoxytetrahydrofuran (661 mg, 5.00 mmol). The crude product was 

further purified by column chromatography (ethyl acetate/petroleum ether 1:5). 

Yield: 744 mg (3.79 mmol, 76%), yellow solid. 

Mp: 57–59 °C. 

Rf = 0.24 (ethyl acetate/petroleum ether 1:5). 

IR (ATR) ṽ = 3056, 3033, 2933, 2248, 1305, 1278, 1092, 727, 700 cm−1. 

1H NMR, COSY (400 MHz, CDCl3) = 7.35–7.30 (m, 3H, H-3’’,5’’, H-4’’), 7.11–7.07 (m, 

2H, H-2’’,6’’), 6.70 (AA’ part of AA’BB’ system, 2H, H-2’,5’), 6.23 (BB’ part of AA’BB’ 

system, 2H, H-3’,4’), 5.03 (t, J = 7.3 Hz, 1H, H-2), 3.37 (dd, J = 13.8, 7.3 Hz, 1H, CH2-a), 

3.32 (dd, J = 13.8, 7.3 Hz, 1H, CH2-b) ppm. 

13C NMR, HSQC, HMBC (101 MHz, CDCl3) = 133.9 (C1’’), 129.3 (2C, C2’’,6’’), 128.9 

(2C, C3’’,6’’), 128.0 (C5’’), 119.7 (2C, C2’,5’), 117.0 (CN), 110.1 (2C, C3’,4’), 52.0 (C2), 

42.1 (C3) ppm. 

MS (ESI): m/z = 393.3 (100) [2M + H]+, 235.1 (76) [M + K]+, 197.1 (90) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C13H12N2 + H]+ 197.1079, found 197.1071. 

 

3-Methyl-2-(1H-pyrrol-1-yl)butanenitrile (109c) 

The title compound was synthesized according to the general procedure-VII 

described above from 2-amino-3-methylbutanenitrile hydrochloride171 

(2.670 g, 19.8 mmol) and 2,5-dimethoxytetrahydrofuran (2.18 g, 16.5 mmol). The crude 

product was further purified by column chromatography (ethyl acetate/petroleum ether 1:5). 

Yield: 2.259 g (15.2 mmol, 92%), light yellow oil. 

Rf = 0.34 (ethyl acetate/petroleum ether 1:5). 

IR (ATR) ṽ = 3107, 2969, 2248, 1487, 1278, 1089, 721 cm−1. 
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1H NMR, COSY (300 MHz, CDCl3) = 6.76 (AA’ part of AA’BB’ system, 2H, H-2’,5’), 

6.23 (BB’ part of AA’BB’ system, 2H, H-3’,4’), 4.60 (d, J = 8.0 Hz, 1H, H-2), 2.40–2.23 

(m, 1H, H-3), 1.13 (d, J = 6.8 Hz, 3H, CH3), 0.95 (d, J = 6.8 Hz, 3H, CH3) ppm. 

13C NMR, HSQC, HMBC (75 MHz, CDCl3) = 120.0 (2C, C2’,5’), 116.7 (CN), 109.8 (2C, 

C3’,4’), 57.1 (C2), 34.6 (C3), 18.7 (CH3), 18.6 (CH3) ppm. 

MS (ESI): m/z = 189.1 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C9H12N2 + H]+ 149.1079, found 149.1074. 

 

2-Phenyl-2-(1H-pyrrol-1-yl)acetonitrile (109d)199 

The title compound199 was prepared according to the general procedure-VII 

described above from 2-amino-2-phenylacetonitrile170 (1.15 g, 8.7 mmol) 

and 2,5-dimethoxytetrahydrofuran (1.15 g, 8.7 mmol). The crude product was further 

purified by column chromatography (ethyl acetate/petroleum ether 1:5). 

Yield: 1.21 g (6.7 mmol, 76%), orange solid. 

Mp:50–51 °C. 

Rf = 0.29 (ethyl acetate/petroleum ether 1:5). 

IR (ATR) ṽ = 3105, 2917, 2253, 1484, 1267, 1089, 772, 695 cm−1. 

1H NMR, COSY (400 MHz, CDCl3) = 7.48–7.42 (m, 3H, H-3’’,5’’, H-4’’), 7.42–7.32 (m, 

2H, H-2’’,6’’), 6.80 (AA’ part of AA’BB’ system, 2H, H-2’,5’), 6.30 (BB’ part of AA’BB’ 

system, 2H, H-3’,4’), 6.15 (s, 1H, H-2) ppm. 

13C NMR, HSQC, HMBC (101 MHz, CDCl3) = 133.2 (C1’’), 129.8 (C4’’), 129.4 (2C, 

C3’’,5’’), 126.8 (2C, C2’’,6’’), 120.3 (2C, C2’,5’), 116.5 (CN), 110.4 (2C, C3’,4’), 53.5 

(C2) ppm. 

MS (ESI): m/z = 365.2 (100) [2M + H]+, 183.1 (7) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C12H10N2 + H]+ 183.0922, found 183.0917. 
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2-Cyclohexyl-2-(1H-pyrrol-1-yl)acetonitrile (109e)  

The title compound was prepared according to the general procedure-VII 

described above from 2-amino-2-cyclohexylacetonitrile170 (829 mg, 

6.00 mmol) and 2,5-dimethoxytetrahydrofuran (661 mg, 5.00 mmol). The crude product was 

further purified by column chromatography (ethyl acetate/petroleum ether 1:10). 

Yield: 591 mg (3.14 mmol, 63%), colorless solid. 

Mp:39–40 °C. 

Rf = 0.35 (ethyl acetate/petroleum ether 1:10). 

IR (ATR) ṽ = 2930, 2855, 2246, 1487, 1277, 1093, 720 cm−1. 

1H NMR (300 MHz, CDCl3) = 6.73 (AA’ part of AA’BB’ system, 2H, H-2’,5’), 6.21 (BB’ 

part of AA’BB’ system, 2H, H-3’,5’), 4.59 (d, J = 8.1 Hz, 1H, H-2), 2.01–1.90 (m, 2H), 

1.86–1.66 (m, 3H), 1.50–1.44 (m, 1H), 1.31–1.10 (m, 4H), 1.05–0.93 (m, 1H) ppm. 

13C NMR (75 MHz, CDCl3) = 120.1 (2C, C2’,5’), 116.8 (CN), 109.7 (2C, C3’,4’), 56.4 

(C2), 43.4, 29.4, 29.2, 25.8, 25.5 ppm. 

MS (ESI): m/z = 399.2 (100) [2M + Na]+, 377.2 (88) [2M + H]+, 189.1 (28) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C12H16N2 + H]+ 189.1392, found 189.1386. 

 

General procedure-VIIIA for indolizines 116 

To a solution of corresponding 2-(1H-pyrrol-1-yl)nitrile 109 in freshly distilled THF (0.1 M) 

at 0 °C was added a solution of KOtBu in THF (1.10 equiv, 1.0 M). The mixture was stirred 

for 5 min and a solution of corresponding α,β-unsaturated aldehyde/ketone (1.00 equiv) in 

freshly distilled THF (0.2 M) was added. The reaction was monitored by TLC. When the 

conversion of the pyrrolonitrile was complete (TLC monitoring, about 2 h), the reaction 

mixture was quenched with a solution of AcOH (7.00 equiv) in EtOH (1.4 M). The reaction 

mixture was stirred for 15–18 h at ambient temperature after BF3·OEt2 (3.00 equiv) was 

added. DBU (20.00 equiv) was slowly added to an acidic solution (caution, exothermic 

reaction). After heating the mixture under reflux for about 2 h (TLC monitoring), it was 



5 EXPERIMENTAL SECTION 

140 

quenched with water (20 mL/mmol pyrrolonitrile). The product was extracted four times 

with EtOAc (30 mL/mmol pyrrolonitrile). The combined organic layers were washed with 

brine, dried over magnesium sulfate, and concentrated in vacuo. The resulting crude product 

was purified by column chromatography. 

 

General procedure-VIIIB for indolizines 116 

: To a solution of corresponding 2-(1H-pyrrol-1-yl)nitrile 109 in dry DMF (0.1 M) at 0 °C 

was added a solution of KOtBu (1.10 equiv) in DMF (0.5 M). The mixture was stirred for 5 

min and a solution of corresponding α,β-unsaturated aldehydes/ketone (1.00 equiv) in dry 

DMF (0.2 M) was added. When the conversion of pyrrolonitrile was complete (TLC 

monitoring, about 2 h), triflic acid (1.50 equiv) was added at 0 °C and the mixture was stirred 

for 15–18 h at ambient temperature. DBU (20.00 equiv) was slowly added to an acidic 

solution (caution, exothermic reaction). After heating the mixture to 90 °C for about 2 h 

(TLC monitoring), it was quenched with water (20 mL/mmol pyrrolonitrile). The product 

was extracted four times with EtOAc (30 mL/mmol pyrrolonitrile). The combined organic 

layers were washed with brine, dried over magnesium sulfate, and concentrated in vacuo. 

The resulting crude product was purified by column chromatography. 

 

5-Methyl-6,8-diphenylindolizine (116a)  

The title compound was prepared according to the general procedure-

VIIIA from 109a (120 mg, 1.00 mmol) and 110a (208 mg, 1.00 mmol). 

The crude product was purified by column chromatography (petroleum 

ether). 

Yield: 242 mg (0.85 mmol, 85%), yellow oil. 

Rf = 0.14 (petroleum ether). 

IR (ATR) ṽ = 2976, 2861, 1443, 1376, 1110, 773, 759, 724, 698 cm−1. 
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1H NMR (300 MHz, CD3OD) = 7.68–7.62 (m, 2H, HPh), 7.47–7.31 (m, 9H, HPh, H-3), 

6.89 (dd, J = 4.0, 2.8 Hz, 1H, H-2), 6.68 (s, 1H, H-7), 6.60 (dd, J = 4.0, 1.4 Hz, 1H, H-1), 

2.48 (s, 3H, CH3) ppm. 

13C NMR (75 MHz, CD3OD) = 141.5, 140.7, 133.1, 131.4, 131.0, 130.2, 129.6, 129.43, 

129.37, 128.7, 128.1, 124.9, 120.8, 115.2, 112.3, 100.9, 16.4 (CH3) ppm. 

MS (ESI): m/z = 284.2 (100) [M + H]+, 283.2 (18) [M]+. 

HRMS (ESI-TOF): Calcd for [C21H17N + H]+ 284.1439, found 284.1430. 

 

5-Benzyl-6,8-diphenylindolizine (116b)  

The title compound was prepared according to the general procedure-

VIIIA from 109b (196 mg, 1.00 mmol) and 110a (208 mg, 1.00 mmol). 

The crude product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:5). 

Yield: 195 mg (0.54 mmol, 54%), yellow solid. 

Mp: 180–181 °C (dec.). 

Rf = 0.57 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 3141, 3058, 2930, 1493, 1265, 736, 699 cm−1. 

1H NMR (400 MHz, DMSO-d6) = 7.78–7.74 (m, 2H), 7.53–7.49 (m, 4H), 7.48–7.43 (m, 

3H), 7.43–7.36 (m, 1H), 7.30–7.25 (m, 3H), 7.22–7.15 (m, 1H), 6.82 (s, 1H, H-7), 6.78 (dd, 

J = 4.0, 2.8 Hz, 1H, H-2), 6.58 (dd, J = 4.0, 1.4 Hz, 1H, H-1), 4.36 (s, 2H, CH2) ppm. 

13C NMR (75 MHz, DMSO-d6) = 139.4, 138.3, 136.7, 130.9, 130.2, 130.1, 129.3, 128.8, 

128.8, 128.6, 128.2, 128.1, 127.6, 127.4, 126.6, 124.8, 119.5, 114.4, 112.9, 99.8, 34.5 (CH2) 

ppm. 

MS (ESI): m/z = 360.2 (100) [M + H]+, 359.2 (42) [M]+. 

HRMS (ESI-TOF): Calcd for [C27H21N + H]+ 360.1752, found 360.1747. 
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5-Isopropyl-6,8-diphenylindolizine (116c) 

The title compound was prepared according to the general procedure-

VIIIA from 109c (148 mg, 1.00 mmol) and 110a (208 mg, 1.00 mmol). 

The crude product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:5). 

Yield: 127 mg (0.41 mmol, 41%), colorless solid. 

Mp: 115–117 °C. 

Rf = 0.80 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 3056, 2967, 2876, 1576, 1264, 760, 734, 698 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.80 (dd, J = 2.8, 1.4 Hz, 1H, H-3), 7.67 (m, 

2H, HPh), 7.51–7.36 (m, 8H, HPh), 6.89 (dd, J = 4.0, 2.8 Hz, 1H, H-2), 6.56 (m, 2H, H-1, H-

7), 3.55 (sept, J = 7.0 Hz, 1H, CH(CH3)2), 1.39 (d, J = 7.0 Hz, 6H, (CH3)2CH) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) =140.5, 138.3, 137.0 (C5), 131.6 (C9), 

129.4, 129.2 (C8), 128.7, 128.4, 128.1, 127.9, 127.2, 123.0 (C6), 120.3 (C7), 114.1 (C2), 

113.8 (C3), 99.0 (C1), 29.2 (CH(CH3)2), 17.8 (2C, (CH3)2CH) ppm. 

MS (ESI): m/z = 312.2 (100) [M + H]+, 311.2 (13) [M+]. 

HRMS (ESI-TOF): Calcd for [C23H21N  + H]+ 312.1752, found 312.1746. 

 

5,8-Dimethyl-6-phenylindolizine (116d) 

The title compound was prepared according to the general procedure-

VIIIA from 109a (120 mg, 1.00 mmol) and 4-phenylbut-3-en-2-one200 

(110b, 146 mg, 1.00 mmol). The crude product was purified by column 

chromatography (ethyl acetate/cyclohexane 1:5). 

Yield: 69 mg (0.31 mmol, 31%), brown oil. 

Rf = 0.75 (ethyl acetate/cyclohexane 1:5). 
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IR (ATR) ṽ = 2928, 2857, 1493, 1394, 1280, 1025, 769, 703, 680 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.49–7.43 (m, 3H, H3, H-3’,5’), 7.40–7.35 (m, 

3H, H-2’,6’, H-4’), 6.85 (dd, J = 3.9, 2.7 Hz, 1H, H-2), 6.56 (s, 1H, H-7), 6.51 (dd, J = 3.9, 

1.5 Hz, 1H, H-1), 2.43 (s, 3H, 5-CH3), 2.40 (s, 3H, 8-CH3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 139.7 (C1’), 132.8 (C9), 129.7 (2C, 

C2’,6’), 128.3 (2C, C3’,5’), 127.6 (C5), 126.9 (C4’), 124.6 (C8), 122.5 (C6), 119.3 (C7), 

113.6 (C2), 111.5 (C3), 98.3 (C1), 17.5 (5-CH3), 15.8 (8-CH3) ppm. 

MS (ESI): m/z = 222.1 (100) [M + H]+, 221.1 (73) [M]+. 

HRMS (ESI-TOF): Calcd for [C16H15N + H]+ 222.1283, found 222.1278. 

 

5,6-Dimethyl-8-phenylindolizine (116e)  

The title compound was prepared according to the general procedure-

VIIIA from 109a (120 mg, 1.00 mmol) and 110c (146 mg, 1.00 mmol). 

The crude product was purified by column chromatography (ethyl 

acetate/petroleum ether 1:5). 

Yield: 21 mg (0.10 mmol, 10%), red oil. 

Rf = 0.77 (ethyl acetate/petroleum ether 1:5). 

IR (ATR) ṽ = 2924, 2853, 1444, 1377, 1279, 774, 722, 700 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.67–7.64 (m, 2H, H-2’,6’), 7.51–7.46 (m, 2H, 

H-3’,5’), 7.43 (dd, J = 2.7, 1.5 Hz, 1H, H-3), 7.42–7.38 (m, 1H, H-4’), 6.81 (dd, J = 4.0, 2.7 

Hz, 1H, H-2), 6.69 (s, 1H, H-7), 6.49 (dd, J = 4.0, 1.5 Hz, 1H, H-1), 2.49 (s, 3H, 5-CH3), 

2.31 (s, 3H, 6-CH3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 138.8 (C1’), 130.7 (C9), 128.8 (C5), 

128.72 (C8), 128.70 (2C, C3’,5’), 128.0 (2C, C2’,6’), 127.6 (C4’), 120.8 (C7), 115.9 (C6), 

113.6 (C2), 111.0 (C3), 99.0 (C1), 17.5 (6-CH3), 14.6 (5-CH3) ppm. 

MS (ESI): m/z = 223.1 (72) [M + H]+, 222.1 (100) [M]+. 
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HRMS (ESI-TOF): Calcd for [C16H15N + H]+ 222.1283, found 222.1277. 

 

Ethyl 5-methyl-6,8-diphenylindolizine-7-carboxylate (116f) 

The title compound was prepared according to the general 

procedure-VIIIB from 109a (120 mg, 1.00 mmol) and ethyl 2-

benzoyl-3-phenylacrylate201 (110d, 280 mg, 1.00 mmol). The 

crude product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:5). 

Yield: 109 mg (0.31 mmol, 31%), light yellow oil. 

Rf = 0.62 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 2925, 1723, 1446, 1291, 1189, 1030, 726, 697 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.61 (dd, J = 2.7, 1.4 Hz, 1H, H-3), 7.50–7.35 

(m, 8H, HPh), 7.33–7.27 (m, 2H, HPh), 6.94 (dd, J = 4.0, 2.7 Hz, 1H, H-2), 6.30 (dd, J = 4.0, 

1.4 Hz, 1H, H-1), 3.58 (q, J = 7.1 Hz, 2H, OCH2), 2.36 (s, 3H, 5-CH3), 0.61 (t, J = 7.1 Hz, 

3H, CH3CH2) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 167.4 (CO2Et), 137.2, 136.5, 130.7 

(C9), 130.2, 130.1 (C5), 128.8, 128.4, 128.1, 128.0, 127.5, 127.3, 123.6 (C7), 120.2 (C6), 

115.2 (C2), 112.9 (C3), 102.4 (C1), 60.0 (OCH2), 16.2 (5-CH3), 13.2 (CH3CH2) ppm. 

MS (ESI): m/z = 356.2 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C24H21NO2 + H]+ 356.1651, found 356.1646. 

 

Ethyl 5,6,8-triphenylindolizine-7-carboxylate (116g) 

The title compound was prepared according to the general 

procedure-VIIIB from pyrrolonitrile 109d (182 mg, 1.00 mmol) 

and enone 110d201 (280 mg, 1.00 mmol). The crude product was 

purified by column chromatography (ethyl acetate/cyclohexane 1:10). 
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Yield: 142 mg (0.34 mmol, 34%), yellow solid. 

Mp: 62–63 °C. 

Rf = 0.36 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3058, 2978, 1720, 1444, 1253, 1227, 1083, 1030, 721, 695 cm−1. 

1H NMR (400 MHz, DMSO-d6) = 7.52–7.45 (m, 5H, HPh), 7.41–7.34 (m, 5H, HPh), 7.17–

7.11 (m, 5H, HPh), 6.90 (dd, J = 2.8, 1.4 Hz, 1H, H-3), 6.80 (dd, J = 4.0, 2.8 Hz, 1H, H-2), 

6.32 (dd, J = 4.0, 1.4 Hz, 1H, H-1), 3.59 (q, J = 7.1 Hz, 2H, CH2), 0.61 (t, J = 7.1 Hz, 3H, 

CH3) ppm. 

13C NMR (75 MHz, DMSO-d6) = 167.2 (CO2Et), 136.6, 136.2, 133.7, 133.1, 131.4, 130.5, 

130.3, 129.0, 128.94, 128.93, 128.7, 128.5, 128.4, 127.4, 126.9, 124.2, 121.3, 115.1 (C2), 

113.6 (C3), 102.4 (C1), 60.2 (CH2), 13.2 (CH3) ppm. 

MS (ESI): m/z = 440.2 (7) [M + Na]+, 418.2 (100) [M + H]+, 417.2 (2) [M]+. 

HRMS (ESI-TOF): Calcd for [C29H23NO2 + H]+ 418.1807, found 418.1800. 

 

5-Benzyl-6-(2-chlorophenyl)-8-(4-fluorophenyl)indolizine (116h) 

The title compound was prepared according to the general procedure-

VIIIA from 109b (196 mg, 1.00 mmol) and 110e (261 mg, 1.00 mmol). 

The crude product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:10). 

Yield: 242 mg (0.59 mmol, 59%), yellow solid. 

Mp: 71–72 °C. 

Rf = 0.48 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3058, 3032, 1506, 1265, 1223, 1158, 837, 736, 696 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.80–7.74 (m, 2H, H-2’’’,6’’’), 7.64–7.60 (m, 

1H, H-3’’), 7.60–7.55 (m, 1H, H-6’’), 7.48–7.40 (m, 2H, H-4’’, H-5’’), 7.36–7.29 (m, 3H, 
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H-3, H-3’’’,5’’’), 7.27–7.14 (m, 5H, HPh’), 6.79 (dd, J = 4.0, 2.8 Hz, 1H, H-2), 6.70 (s, 1H, 

H-7), 6.57 (dd, J = 4.0, 1.2 Hz, 1H, H-1), 4.29 (d, J = 16.3 Hz, 1H, CH2-a), 4.09 (d, J = 16.3 

Hz, 1H, CH2-b) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 161.9 (d, 1JCF = 244.9 Hz, C4’’’), 

137.5 (C1’), 136.1, 134.4 (d, 4JCF = 3.0 Hz, C1’’’), 133.2 (C2’), 132.3 (C6’), 131.3 (C5), 

130.9 (C9), 130.1 (d, 3JCF = 8.1 Hz, 2C, C2’’’,6’’’), 129.8 (C4’), 129.7 (C3’), 128.73, 128.66, 

127.7, 127.4 (C5’), 126.7, 122.0 (C6), 119.1 (C7), 115.6 (d, 2JCF = 21.4 Hz, 2C, C3’’’,5’’’), 

114.4 (C2), 113.1 (C3), 99.9 (C1), 34.6 (CH2) ppm. 

MS (ESI): m/z = 412.2 (100) [M + H]+, 411.2 (64) [M]+. 

HRMS (ESI-TOF): Calcd for [C27H19ClFN + H]+ 412.1268, found 412.1265. 

 

5-Cyclohexyl-6,8-diphenylindolizine (116i)  

The title compound was prepared according to the general procedure-

VIIIB from 109e (188 mg, 1.00 mmol) and 110a (208 mg, 1.00 mmol). 

The crude product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:5). 

Yield: 244 mg (0.69 mmol, 69%), colorless solid. 

Mp: 174–175 °C. 

Rf = 0.49 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 2928, 2853, 1445, 1261, 1028, 760, 699 cm−1. 

1H NMR (600 MHz, DMSO-d6, 70 °C) = 7.85 (s, 1H, H-3), 7.68–7.65 (m, 2H, HPh), 7.49–

7.44 (m, 4H, HPh), 7.42–7.36 (m, 4H, HPh), 6.88 (dd, J = 3.7, 3.0 Hz, 1H, H-2), 6.55–6.53 

(m, 2H, H-1, H-7), 3.20–3.14 (m, 1H, H-1’), 2.33–1.59 (m, 7H, HCy), 1.34–1.12 (m, 3H, 

HCy) ppm. 

13C NMR (151 MHz, DMSO-d6, 70 °C) = 140.4, 138.1, 136.3, 131.7, 129.1, 128.9, 128.3, 

127.9, 127.7, 127.5, 126.8, 123.2, 120.2 (C7), 113.5 (C2), 113.3 (br s, C3), 98.7 (C1), 40.6, 

40.1, 26.0, 24.9 ppm. 
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MS (ESI): m/z = 352.3 (100) [M + H]+, 351.3 (53) [M]+. 

HRMS (ESI-TOF): Calcd for [C26H25N + H]+ 352.2065, found 352.2059. 

 

6-(2-Chlorophenyl)-8-(4-fluorophenyl)-5-methylindolizine (116j)  

The title compound was prepared according to the general procedure-

VIIIA from 109a (120 mg, 1.00 mmol) and 110e (261 mg, 1.00 mmol). 

The crude product was purified by column chromatography (ethyl 

acetate/petroleum ether 1:10). 

Yield: 225 mg (0.67 mmol, 67%), colorless solid. 

Mp: 124–125 °C. 

Rf = 0.56 (ethyl acetate/petroleum ether 1:10). 

IR (ATR) ṽ = 3136, 3119, 3056, 2913, 1504, 1265, 1218, 1156, 837, 761, 736, 690 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.75–7.69 (m, 2H, H-2’’,6’’), 7.61–7.58 (m, 

1H, HAr’), 7.57 (dd, J = 2.8, 1.4 Hz, 1H, H-3), 7.49–7.41 (m, 3H, HAr’), 7.33–7.26 (m, 2H, 

H-3’’,5’’), 6.94 (dd, J = 4.0, 2.8 Hz, 1H, H-2), 6.62 (s, 1H, H-7), 6.61 (d, J = 1.4 Hz, 1H, H-

1), 2.33 (s, 3H, CH3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) =161.8 (d, 1JCF = 244.8 Hz, C4’’), 137.7 

(C1’), 134.6 (d, 4JCF = 3.2 Hz, C1’’), 133.2 (C2’), 132.4 (C6’), 130.8 (C9), 130.2 (C6), 130.0 

(d, 3JCF = 8.2 Hz, 2C, C2’’,6’’), 129.5, 129.4, 127.8 (C8), 127.3, 120.2 (C5), 119.2 (C7), 

115.6 (d, 2JCF = 21.4 Hz, 2C, C3’’,5’’), 114.6 (C2), 112.1 (C3), 99.9 (C1), 15.9 (CH3) ppm. 

MS (ESI): m/z = 336.1 (100) [M + H]+, 335.1 (9) [M]+. 

HRMS (ESI-TOF): Calcd for [C21H15ClFN + H]+ 336.0955, found 336.0949. 
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6-(3,4-Dimethoxyphenyl)-8-(furan-2-yl)-5-methylindolizine 

(116k) 

The title compound was prepared according to the general 

procedure-VIIIA from 109a (120 mg, 1.00 mmol) and 3-(3,4-

dimethoxyphenyl)-1-(furan-2-yl)prop-2-en-1-one202 (110f, 

258 mg, 1.00 mmol). The crude product was purified by column chromatography (ethyl 

acetate/petroleum ether 1:5). 

Yield: 237 mg (0.71 mmol, 71%), light yellow solid. 

Mp: 140–142 °C (dec.). 

Rf = 0.30 (ethyl acetate/petroleum ether 1:5). 

IR (ATR) ṽ = 3055, 2934, 2834, 1505, 1257, 1240, 1025, 855, 810, 733 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.83 (d, J = 1.7 Hz, 1H, H-5’’), 7.55 (dd, J = 

2.8, 1.4 Hz, 1H, H-3), 7.18 (s, 1H, H-7), 7.11 (d, J = 3.4 Hz, 1H, H-3’’), 7.05 (d, J = 8.3 Hz, 

1H, H-5’), 7.02 (d, J = 2.0 Hz, 1H, H-2’), 6.99 (dd, J = 4.0, 1.4 Hz, 1H, H-1), 6.96–6.93 (m, 

2H, H-2, H-6’), 6.67 (dd, J = 3.4, 1.7 Hz, 1H, H-4’’), 3.81 (s, 3H, OCH3), 3.80 (s, 3H, OCH3), 

2.52 (s, 3H, 5-CH3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 150.8 (C2’’), 148.5 (C3’), 148.0 (C4’), 

142.8 (C5’’), 131.8 (C1’), 129.7 (C5), 127.5 (C9), 122.4 (C6), 122.0 (C6’), 118.0 (C8), 116.7 

(C7), 114.5 (C2), 113.6 (C2’), 112.0 (2C overlapped, C3, C4’’ ), 111.7 (C5’), 108.1 (C3’’), 

100.3 (C1), 55.60 (OCH3), 55.56 (OCH3), 16.3 (5-CH3) ppm. 

MS (ESI): m/z = 334.2 (100) [M + H]+, 333.2 (15) [M]+. 

HRMS (ESI-TOF): Calcd for [C21H19NO3 + H]+ 334.1443, found 334.1440. 

 

8-tert-Butyl-6-(4-chlorophenyl)-5-methylindolizine (116l)  

The title compound was prepared according to the general 

procedure-VIIIA from 109a (120 mg, 1.00 mmol) and 1-(4-
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chlorophenyl)-4,4-dimethylpent-1-en-3-one138 (110g, 223 mg, 1.00 mmol). The crude 

product was purified by column chromatography (ethyl acetate/cyclohexane 1:50). 

Yield: 238 mg (0.80 mmol, 80%), colorless solid. 

Mp: 84–85 °C. 

Rf = 0.41 (ethyl acetate/cyclohexane 1:50). 

IR (ATR) ṽ = 2968, 2871, 1491, 1265, 1090, 834, 732, 703 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.54–7.50 (AA’ part of AA’BB’ system, 2H, 

H-3’,5’), 7.46–7.41 (m, 3H, H-3, H-2’,6’), 6.87 (dd, J = 4.1, 2.8 Hz, 1H, H-2), 6.72 (dd, J = 

4.1, 1.4 Hz, 1H, H-1), 6.52 (s, 1H, H-7), 2.42 (s, 3H, 5-CH3), 1.45 (s, 9H, (CH3)3C) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 138.9 (C1’), 137.2 (C8), 131.7 (C4’), 

131.6 (2C, C2’,6’), 130.4 (C9), 128.33 (2C, C3’,5’), 128.29 (C5), 120.9 (C6), 115.7 (C7), 

113.4 (C2), 110.9 (C3), 101.8 (C1), 34.6 (C(CH3)3), 29.6 (3C, (CH3)3C), 16.0 (5-CH3) ppm. 

MS (ESI): m/z = 298.2 (60) [M + H]+, 297.2 (100) [M]+. 

HRMS (ESI-TOF): Calcd for [C19H20ClN + H]+ 298.1363, found 298.1359. 

 

8-tert-Butyl-5-methyl-6-(thiophen-2-yl)indolizine (116m)  

The title compound was prepared according to the general procedure-

VIIIA from 109a (120 mg, 1.00 mmol) and 4,4-dimethyl-1-(thiophen-2-

yl)pent-1-en-3-one203 (110h, 149 mg, 1.00 mmol). The crude product was purified by 

column chromatography (ethyl acetate/petroleum ether 1:5). 

Yield: 58 mg (0.22 mmol, 22%), yellow oil. 

Rf = 0.73 (ethyl acetate/petroleum ether 1:5). 

IR (ATR) ṽ = 2956, 1436, 1268, 823, 760, 693 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.60 (dd, J = 5.0, 1.3 Hz, 1H, H-5’), 7.45 (dd, 

J = 2.8, 1.3 Hz, 1H, H-3), 7.16–7.12 (m, 2H, H-3’, H-4’), 6.87 (dd, J = 4.0, 2.8 Hz, 1H, H-
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2), 6.72 (dd, J = 4.0, 1.3 Hz, 1H, H-1), 6.61 (s, 1H, H-7), 2.55 (s, 3H, 5-CH3), 1.43 (s, 9H, 

(CH3)3C) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 141.3 (C2’), 137.1 (C8), 130.2 (C9), 

129.2 (C5), 127.4, 127.3, 126.1 (C5’), 116.2 (C7), 114.9 (C6), 113.6 (C2), 111.3 (C3), 102.1 

(C1), 34.6 (C(CH3)3), 29.5 (3C, (CH3)3C), 16.1 (5-CH3) ppm. 

MS (ESI): m/z = 270.1 (100) [M + H]+, 269.1 (8) [M]+. 

HRMS (ESI-TOF): Calcd for [C17H19NS + H]+ 270.1317, found 270.1313. 

 

6,7-Bis(3,4-dimethoxyphenyl)-5-methylindolizine (116n)  

The title compound was prepared according to the general 

procedure-VIIIA with a slight modification. To a solution of 109a 

(60 mg, 0.50 mmol) in freshly distilled THF (5 mL) at 0 °C was 

added a solution of KOtBu in THF (0.6 mL, 1.0 M). The mixture 

was stirred for 5 min and a solution of 2,3-bis(3,4-

dimethoxyphenyl)acrylaldehyde204 (110i, 104 mg, 0.50 mmol) in freshly distilled THF 

(2.5 mL) was added. When the conversion of the pyrrolonitrile was complete (TLC 

monitoring, about 2 h), the reaction mixture was quenched with a solution of AcOH (0.2 

mL) in EtOH (2.5 mL). The reaction mixture was stirred for 15–18 h at ambient temperature 

after BF3·OEt2 (0.2 mL) was added. The reaction mixture was quenched with water (10 mL) 

and the dihydroindolizine was extracted three times with EtOAc (20 mL each). The 

combined organic layers were washed with brine, dried over magnesium sulfate, and 

concentrated in vacuo. To a solution of the dihydroindolizine in THF (5 mL) was added a 

solution of KOtBu in THF (1.0 mL, 1.0 M) and the reaction mixture was stirred for 2 h at 

ambient temperature (TLC monitoring). It was quenched with water (10 mL). The product 

was extracted four times with EtOAc (15 mL). The combined organic layers were washed 

with brine, dried over magnesium sulfate, and concentrated in vacuo. The resulting crude 

product was purified by column chromatography (ethyl acetate/cyclohexane 1:3). 

Yield: 78 mg (0.19 mmol, 39%), colorless solid. 

Mp: 179–180 °C. 
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Rf = 0.35 (ethyl acetate/cyclohexane 1:3). 

IR (ATR) ṽ = 2998, 2933, 2834, 1509, 1248, 1135, 1024, 862, 765 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.42 (br s, 1H, H-3), 7.40 (s, 1H, H-7), 6.90–

6.86 (m, 2H, H-2, H-5’), 6.80 (d, J = 8.2 Hz, 1H, H-5’’), 6.73 (dd, J = 8.2, 1.8 Hz, 1H, H-

6’’), 6.67–6.64 (m, 2H, H-2’, H-6’), 6.53 (dd, J = 3.8, 1.1 Hz, 1H, H-1), 6.48 (d, J = 1.8 Hz, 

1H, H-2’’), 3.73 (s, 3H, OCH3), 3.69 (s, 3H, OCH3), 3.55 (s, 3H, OCH3), 3.44 (s, 3H, OCH3), 

2.39 (s, 3H, CH3-5) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 148.0 (C3’), 147.4 (2C overlapped, 

C4’, C3’’), 147.1 (C4’’), 133.6 (C1’’), 131.7 (C9), 131.6 (C1’’), 130.8 (C1’), 130.6 (C5), 

123.4, 122.3, 121.0 (C6’’), 115.9 (C7), 115.3, 114.4 (C2), 113.3 (C2’’), 111.14, 111.08, 

110.5 (C3), 99.8 (C1), 55.4 (2 C overlapped, OCH3), 55.3 (OCH3), 55.0 (OCH3), 16.7 (5-

CH3) ppm. 

MS (ESI): m/z = 436.2 (12) [M + Na]+, 404.2 (100) [M + H]+, 403.2 (5) [M]+. 

HRMS (ESI-TOF): Calcd for [C25H25NO4 + H]+ 404.1862, found 404.1859. 

 

8-(4-Fluorophenyl)-5-isopropyl-6-(4-methoxyphenyl)indolizine (116o) 

The title compound was prepared according to the general 

procedure-VIIIA from 109c (148 mg, 1.00 mmol) and 110j 

(256 mg, 1.00 mmol). The crude product was purified by column 

chromatography (ethyl acetate/petroleum ether 1:20). 

Yield: 130 mg (0.36 mmol, 36%), yellow solid. 

Mp: 62–64 °C. 

Rf = 0.12 (ethyl acetate/petroleum ether 1:20). 

IR (ATR) ṽ = 2963, 2836, 1609, 1518, 1244, 1222, 1016, 832, 737, 701 cm−1. 

1H NMR (400 MHz, CD3CN) = 7.73–7.66 (m, 3H, H-3, H-2’’,6’’), 7.32–7.27 (AA’ part 

of AA’BB’ system, 2H, H-2’,6’), 7.23–7.16 (m, 2H, H-3’’,5’’), 7.02–6.96 (BB’ part of 

AA’BB’ system, 2H, H-3’,5’), 6.86 (dd, J = 4.0, 2.9 Hz, 1H, H-2), 6.58 (s, 1H, H-7), 6.54 
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(dd, J = 4.0, 1.4 Hz, 1H, H-1), 3.83 (s, 3H, OCH3), 3.60 (sept, J = 7.3 Hz, 1H, CH(CH3)2), 

1.41 (d, J = 7.3 Hz, 6H, (CH3)2CH) ppm. 

13C NMR (75 MHz, CD3CN) = 163.3 (d, 1JCF = 244.7 Hz), 159.9, 138.6, 136.2, 136.1, 

134.0, 133.2, 131.7, 131.2 (d, 3JCF = 8.2 Hz), 129.4, 124.1, 122.0, 116.3 (d, 2JCF = 21.5 Hz), 

114.7, 114.6, 99.9 (C1), 56.0 (OCH3), 30.4 (CH(CH3)2), 18.2 (2C, (CH3)2CH) ppm. 

MS (ESI): m/z = 360.2 (100) [M + H]+, 359.2 (98) [M]+. 

HRMS (ESI-TOF): Calcd for [C24H22FNO + H]+ 360.1764, found 360.1760. 

 

6-(2-Chlorophenyl)-8-(4-fluorophenyl)-5-isopropylindolizine 

(116p)  

The title compound was prepared according to the general procedure-

VIIIA from 109c (148 mg, 1.00 mmol) and 110e (261 mg, 1.00 mmol). 

The crude product was purified by column chromatography (ethyl 

acetate/petroleum ether 1:5). 

Yield: 58 mg (0.16 mmol, 16%), yellow oil. 

Rf = 0.71 (ethyl acetate/petroleum ether 1:5). 

IR (ATR) ṽ = 2963, 2878, 1608, 1504, 1244, 1175, 1032, 832, 736, 701 cm−1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 7.81 (dd, J = 2.8, 1.2 Hz, 1H, H-3), 7.72–7.66 

(m, 2H, H-2’’,6’’), 7.62–7.58 (m, 1H, HAr’), 7.47–7.41 (m, 3H, HAr’), 7.33–7.26 (m, 2H, H-

3’’,5’’), 6.91 (dd, J = 4.0, 2.8 Hz, 1H, H-2), 6.56 (dd, J = 4.0, 1.2 Hz, 1H, H-1), 6.43 (s, 1H, 

H-7), 3.23 ( br s, 1H, CH(CH3)2), 1.39 (d, J = 7.1 Hz, 3H, CH3-a), 1.30 (br s, 3H, CH3-b) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 161.8 (d, 1JCF = 244.8 Hz, C4’’), 138.6, 

137.5, 134.5 (d, 4JCF = 3.1 Hz, C1’’), 133.1, 131.9, 131.7, 130.1 (d, 3JCF = 8.2 Hz, 2C, 

C2’’,6’’), 129.6, 129.4, 128.2, 127.3, 120.1, 119.5 (C7), 115.6 (d, 2JCF = 21.4 Hz, 2C, 

C3’’,5’’), 114.2 (C2), 113.9 (C3), 99.3 (C1), 29.9 (CH(CH3)2), 17.4 (2C, CH(CH3)2) ppm. 

MS (ESI): m/z = 364.2 (100) [M + H]+, 363.2 (55) [M]+. 

HRMS (ESI-TOF): Calcd for [C23H19ClFN + H]+ 364.1268, found 364.1263. 



5.3 ANNULATION OF PYRROLES 

153 

 

6-(4-Chlorophenyl)-5-isopropyl-10-methoxy-7,8-

dihydrobenzo[h]pyrrolo[2,1-a]isoquinoline (117) 

The title compound was prepared according to the general 

procedure-VIIIB from pyrrolonitrile 109c (148 mg, 1.00 mmol) and 

enone 110k205 (299 mg, 1.00 mmol). The crude product was 

purified by column chromatography (ethyl acetate/cyclohexane 

1:5). 

Yield: 151 mg (0.38 mmol, 38%), yellow solid. 

Mp: 158–159 °C. 

Rf = 0.52 (ethyl acetate/petroleum ether 1:5). 

IR (ATR) ṽ = 3052, 2963, 2935, 2835, 1606, 1486, 1282, 1263, 1087, 840, 734, 699 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 8.04 (d, J = 8.6 Hz, 1H, H-12), 7.70 (dd, J = 

2.7, 1.2 Hz, 1H, H-3), 7.54–7.48 (AA’-part of AA’BB’ system, 2H, H-3’,5’), 7.31–7.26 

(BB’-part of AA’BB’ system, 2H, H-2’,6’), 6.92 (dd, J = 8.6, 2.7 Hz, 1H, H-11), 6.89–6.87 

(m, 2H, H2, H-9), 6.85 (dd, J = 4.1, 1.2 Hz, 1H, H-1), 3.79 (s, 3H, OCH3), 3.22 (br s, 1H, 

CH(CH3)2), 2.62–2.53 (m, 2H, H-8), 2.13–2.04 (m, 2H, H-7), 1.32 (br s, 6H, (CH3)2CH) 

ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 158.2 (C10), 139.5 (C8a), 137.7 (C4’), 

136.7 (C5), 132.2 (C1’), 131.7 (2C, C2’,6’), 129.9 (C12c), 128.6 (2C, C3’,5’), 126.5 (C12), 

126.0 (C6a), 125.5 (C12a), 121.9 (C6), 121.8 (C12b), 113.9 (C2), 113.3 (C9), 112.9 (C3), 

111.5 (C11), 98.4 (C1), 55.1 (CH3O), 30.1 (CH(CH3)2), 28.4 (C8), 26.0 (C7), 17.4 (2C, 

(CH3)2CH) ppm. 

MS (ESI): m/z = 404.1 (38), 403.1 (38), 402.2 (100) [M + H]+. 

HRMS (ESI-TOF): Calcd for [C26H24ClNO + H]+ 402.1625, found 402.1621. 
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5.4 Synthesis of Pyrroles 

5.4.1 Synthesis of Pyrrole-2-carbonitriles 

General procedure-IX for pyrrole-2-carbonitriles 122 

A round bottom flask equipped with a magnetic stir bar was charged with cyanopyrroline 

118 and DDQ (1.15–1.20 equiv) in toluene (15–20 mL/mmol 6). The reaction mixture was 

stirred under reflux until the starting material was consumed (TLC, 2–4 h). It was diluted 

with ethyl acetate and washed with 10% aqueous NaOH. The extracts were dried over 

MgSO4 and concentrated in vacuo to obtain crude product which was purified by column 

chromatography. 

 

3,5-Diphenyl-1H-pyrrole-2-carbonitrile (122a)  

The title compound was prepared according to the general procedure-

IX described above from 118a (292 mg, 1.19 mmol) and DDQ (310 

mg, 1.36 mmol) in 8 mL of toluene. The crude product was purified 

by column chromatography (ethyl acetate/cyclohexane 1:10). 

Yield: 273 mg (1.12 mmol, 94%), colorless solid. 

Mp: 192–193 °C (lit. 194–195 °C).206 

Rf = 0.23 (ethyl acetate/cyclohexane 1:10). 

1H NMR (400 MHz, DMSO-d6) = 12.75 (br s, 1H, NH), 7.83–7.78 (m, 2H, H-2’,6’ or H-

2’’,6’’), 7.76–7.72 (m, 2H, H-2’,6’or H-2’’,6’’), 7.51–7.43 (m, 4H, H-3’,5’, H-3’’,5’’), 7.39–

7.32 (m, 2H, H-4’, H-4’’), 7.13 (s, 1H, H-4) ppm. 

13C-NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 137.2 (C5), 134.8 (C3), 132.6, 130.4 

(C1’, C1’’), 129.0, 128.9 (4C, C3’,5’, C3’’,5’’), 127.9, 127.6 (C4’, C4’’), 126.2, 124.8 (2C, 

C2’,6’, C2’’,6’’), 115.5 (CN), 106.1 (C4), 97.2 (C2) ppm. 

Elemental Analysis: Calcd: C: 83.58% H: 4.95% N: 11.47% 

C17H12N2  Found: C: 83.47% H: 5.27% N: 11.14% 
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5-(Naphthalen-2-yl)-3-phenyl-1H-pyrrole-2-carbonitrile 

(122b) 

The title compound was prepared according to the general 

procedure-IX described above from 118b (207 mg, 0.70 mmol) 

and DDQ (191 mg, 0.84 mmol) in 14 mL of toluene. The crude product was purified by 

column chromatography (ethyl acetate/cyclohexane 1:3). 

Yield: 121 mg (0.41 mmol, 59%), colorless solid. 

Mp: 227–229 °C. 

Rf = 0.47 (ethyl acetate/cyclohexane 1:3). 

IR (ATR) ṽ = 3268, 3056, 2213, 1457, 1230, 863, 853, 808, 764 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 12.93 (br s, 1H, NH), 8.36 (d, J = 1.7 Hz, 1H, 

H-1’’), 8.01 (d, J = 8.6 Hz, 1H, H-4’’), 7.97 (dd, J = 8.6, 1.7 Hz, 1H, H-3’’), 7.94–7.91 (m, 

2H, HNaphth), 7.80–7.76 (m, 2H, H-2’,6’), 7.59–7.47 (m, 4H, H-3’,5’, 2HNaphth), 7.40–7.35 

(m, 1H, H-4’), 7.29 (d, J = 2.7 Hz, 1H, H-4) ppm. 

13C NMR (101 MHz, DMSO-d6) =137.2, 134.9, 133.0, 132.6, 132.4, 129.0 (2C, C3’,5’), 

128.6 (C4’’), 127.96, 127.92, 127.73, 127.72, 126.9, 126.4, 126.3 (2C, C2’,6’), 123.23 

(C1’’), 123.20 (C3’’), 115.6 (CN), 106.8 (C4), 97.5 (C2) ppm. 

HRMS (ESI-TOF): Calcd for [C21H14N2 + H]+ 295.1235, found 295.1228. 

 

5-(4-Chlorophenyl)-3-(3-nitrophenyl)-1H-pyrrole-2-

carbonitrile (122d)  

The title compound was prepared according to the general 

procedure-IX described above from 118d (302 mg, 

0.93 mmol) and DDQ (252 mg, 1.11 mmol) in 20 mL of toluene. The crude product was 

purified by column chromatography (ethyl acetate/cyclohexane 1:6). 

Yield: 195 mg (0.60 mmol, 65%), colorless foam. 

Rf = 0.14 (ethyl acetate/cyclohexane 1:6). 
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IR (ATR) ṽ = 3299, 2925, 2212, 1533, 1350, 1263, 1094, 799, 740 cm–1. 

1H NMR (400 MHz, DMSO-d6) = 13.06 (br s, 1H, NH), 8.56 (t, J = 2.0 Hz, 1H, H-2’), 

8.23–8.17 (m, 2H, H-4’, H-6’), 7.88–7.83 (AA’ part of AA’BB’ system, 2H, H-2’’,6’’), 7.80 

(t, J = 8.0 Hz, 1H, H-5’), 7.59–7.53 (BB’ part of AA’BB’ system, 2H, H-3’’,5’’), 7.41 (s, 

1H, H-4) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 148.4 (C3’), 136.4 (C5), 134.1 (C1’), 

132.7 (C4’’), 132.4 (C6’), 132.2 (C3), 130.7 (C5’), 129.13 (C1’’), 129.09 (2C, C3’’,5’’), 

126.6 (2C, C2’’,6’’), 122.3 (C4’), 120.4 (C2’), 114.9 (CN), 107.2 (C4), 98.2 (C2) ppm. 

HRMS (ESI-TOF): Calcd for [C17H10N3O2Cl + H]+ 346.0359, found 346.0367.  

 

3-(2,3-Dichlorophenyl)-5-phenyl-1H-pyrrole-2-carbonitrile (122e) 

The title compound was prepared according to the general 

procedure-IX described above from 118e (158 mg, 0.50 mmol) 

and DDQ (136 mg, 0.60 mmol) in toluene (10 mL). The crude 

product was purified by column chromatography (ethyl acetate/cyclohexane 1:5). 

Yield: 111 mg (0.35 mmol, 71%), yellow solid. 

Mp: 204–205 °C. 

Rf = 0.21 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3290, 2207, 1586, 1483, 1447, 1395, 1264, 1191, 1109, 1056, 1020, 820, 785, 

774, 754, 684 cm–1. 

1H NMR (400 MHz, CDCl3) = 9.26 (br s, 1H, NH), 7.56–7.52 (m, 2H, H-2’’,6’’), 7.49 

(dd, J = 8.0, 1.6 Hz, 1H, H-4’), 7.47–7.41 (m, 2H. H-3’’,5’’), 7.40 (dd, J = 7.7, 1.6 Hz, 1H, 

H-2’), 7.38–7.33 (m, 1H, H-4’’), 7.27 (dd, J = 8.0, 7.7 Hz, 1H, H-3’), 6.75 (d, J = 2.8 Hz, 

1H, H-4) ppm. 

13C NMR (101 MHz, DMSO-d6) = 136.5 (C5), 134.2 (C3), 132.5, 132.2, 130.3 (2 Cq), 

130.18, 130.15, 129.0, 128.3, 128.0, 124.8, 114.1 (CN), 108.7 (C4), 100.1 (C2) ppm. 

HRMS (ESI-TOF): Calcd for [C17H10Cl2N2 + H]+ 313.0307, found: 313.0299. 



5.4 SYNTHESIS OF PYRROLES 

157 

 

3-(2-Bromophenyl)-5-(naphthalen-2-yl)-1H-pyrrole-2-

carbonitrile (122f)  

The title compound was prepared according to the general 

procedure-IX described above from 118f (504 mg, 1.34 mmol) 

and DDQ (366 mg, 1.61 mmol) in toluene (25 mL). The crude product was purified by 

column chromatography (ethyl acetate/cyclohexane 1:5). 

Yield: 234 mg (0.63 mmol, 47%), colorless solid. 

Mp: 180–181 °C. 

Rf = 0.26 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 3264, 3056, 2214, 1507, 1446, 1265, 812, 757, 725 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 13.05 (d, J = 2.6 Hz, 1H, NH), 8.35 (d, J = 1.1 

Hz, 1H, H-1’’), 8.00 (d, J = 8.7 Hz, 1H, H-4’’), 7.96–7.90 (m, 3H, H-3’’, 2 HNaphth), 7.79 

(dd, J = 8.0, 0.8 Hz, 1H, H-3’), 7.59–7.47 (m, 4H, 2 HNaphth, H-5’, H-6’), 7.36 (ddd, J = 8.0, 

6.9, 2.3 Hz, 1H, H-4’), 7.05 (d, J = 2.6 Hz, 1H, H-4) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 136.2 (C5), 134.6 (C3), 133.9 (C1’), 

133.2 (C3’), 133.1 (C8a’’), 132.4 (C4a’’), 131.7 (C6’), 130.0 (C4’), 128.7 (C4’’), 128.0 

(CH), 127.96 (CH), 127.9 (C2’’), 127.7 (CH), 126.9, 126.4 (C6’’, C7’’), 123.24, 123.18 

(C1’’, C3’’), 122.6 (C2’), 114.5 (CN), 109.3 (C4), 100.3 (C2) ppm. 

HRMS (ESI-TOF): Calcd for [C21H13N2Br + Na]+ 395.0160, found 395.0154. 

 

3-(4-Cyanophenyl)-5-phenyl-1H-pyrrole-2-carbonitrile (122g) 

The title compound was prepared according to the general 

procedure-IX described above from 118g (310 mg, 1.14 mmol) 

and DDQ (311 mg, 1.37 mmol) in toluene (20 mL). The crude 

product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:4). 
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Yield: 216 mg (0.80 mmol, 70%), yellow solid. 

Mp: 228–229 °C. 

Rf = 0.15 (ethyl acetate/cyclohexane 1:4). 

IR (ATR) ṽ = 3294, 3065, 2224, 2204, 1606, 1263, 840, 813, 758, 730, 689 cm–1. 

1H NMR (400 MHz, DMSO-d6) = 13.01 (br s, 1H, NH), 7.98–7.95 (AA’ part of AA’BB’ 

system, 2H, H-3’,5’), 7.94–7.91 (BB’ part of AA’BB’ system, 2H, H-2’,6’), 7.83–7.79 (m, 

2H, H-2’’,6’’), 7.50–7.45 (pseudo-t, Japp ≈ 7.7 Hz, 2H, H-3’’,5’’), 7.38–7.33 (pseudo-tt, Japp 

≈ 7, 1 Hz, 1H, H-4’’), 7.28 (d, J = 2.7 Hz, 1H, H-4) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 137.6 (C5), 137.2 (C1’), 133.0 (2C, 

C3’,5’), 132.6 (C3), 130.2 (C1’’), 129.1 (2C, C3’’,5’’), 128.2 (C4’’), 126.8 (2C, C2’,6’), 

124.9 (2C, C2’’,6’’), 118.8 (4’-CN), 115.1 (2-CN), 109.9 (C4’), 106.7 (C4), 98.1(C2) ppm. 

HRMS (ESI-TOF): Calcd for [C18H11N3 + Na]+ 292.0851, found 292.0861. 

 

5-(4-Fluorophenyl)-3-(4-methoxyphenyl)-1H-pyrrole-2-

carbonitrile (122h) 

The title compound was prepared according to the general 

procedure-IX described above from 118h (293 mg, 

1.00 mmol) and DDQ (271 mg, 1.20 mmol) in toluene (20 mL). The crude product was 

purified by column chromatography (ethyl acetate/cyclohexane 1:4). 

Yield: 225 mg (0.77 mmol, 77%), colorless solid. 

Mp: 238–239 °C. 

Rf = 0.26 (ethyl acetate/cyclohexane 1:4). 

IR (ATR) ṽ = 3298, 2927, 2839, 2206, 1599, 1507, 1350, 1254, 1226, 1166, 840, 809 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 12.64 (br s, 1H, NH), 7.87–7.80 (m, 2H, H-

2’’,6’’), 7.69–7.64 (AA’ part of AA’BB’ system, 2H, H-2’,6’), 7.35–7.28 (m, 2H, H-3’’,5’’), 

7.09–7.02 (m, 3H, H-4, H-3’,5’), 3.80 (s, 3H, CH3) ppm. 
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13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 161.7 (d, 1JCF = 245.3 Hz, C4’’), 158.9 

(C4’), 136.2 (C5), 134.8 (C3), 127.5 (2C, C2’,6’), 127.2 (d, 4JCF = 3.2 Hz, C1’’), 127.0 (d, 

3JCF= 8.3 Hz, 2C, C2’’,6’’), 125.0 (C1’’), 116.0 (d, 2JCF = 21.7 Hz, 2C, C3’’,5’’), 115.8 (CN), 

114.4 (2C, C3’,5’), 105.8 (C4), 96.5 (C2), 55.2 (CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C18H13N2OF + Na]+ 315.0910, found 315.0912. 

 

3-(2-Chlorophenyl)-5-(4-fluorophenyl)-1H-pyrrole-2-

carbonitrile (122i) 

The title compound was prepared according to the general 

procedure-IX described above from 118i (149 mg, 0.50 mmol) and 

DDQ (136 mg, 0.60 mmol) in toluene (10 mL). The crude product was purified by column 

chromatography (ethyl acetate/cyclohexane 1:6). 

Yield: 105 mg (0.354 mmol, 71%), colorless solid. 

Mp: 214–216 °C. 

Rf = 0.20 (ethyl acetate/cyclohexane 1:6). 

IR (ATR) ṽ = 3290, 3068, 2926, 2214, 1600, 1508, 1235, 1158, 841, 805, 761, 749 cm–1. 

1H NMR, COSY (300 MHz, DMSO-d6) = 12.88 (br s, 1H, NH), 7.88–7.79 (m, 2H, H-

2’’,6’’), 7.64–7.58 (m, 1H, HAr’), 7.54–7.49 (m, 1H, HAr’), 7.47–7.42 (m, 2H, HAr’), 7.36–

7.26 (m, 2H, H-3’’,5’’), 6.91 (s, 1H, H-4) ppm. 

13C NMR, HSQC, HMBC (75 MHz, DMSO-d6) = 161.8 (d, 1JCF = 245.7 Hz, C4’’), 135.5 

(C5), 132.7 (C3), 131.7 (Cq), 131.6 (Cq), 130.0 (CHAr’), 129.8 (CHAr’), 127.5 (CHAr’), 127.15 

(C1’’), 127.06 (d, 3JCF = 8.1 Hz, 2C, C2’’,6’’), 116.0 (d, 2JCF = 21.7 Hz, 2C, C3’’,5’’), 114.5 

(CN), 108.8 (C4), 100.0 (C2) ppm. 

HRMS (ESI-TOF): Calcd for [C17H10N2ClF + Na]+ 319.0414, found 319.0408. 
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5.4.2 Synthesis of 2,4-Disubstituted Pyrroles 

General procedure-X for 2,4-disubstituted pyrroles 123 

A solution of cyanopyrroline 118139  in dichloromethane was transferred into a 10 mL 

microwave reaction vessel. After removing the solvent in vacuo, the vessel was flushed with 

argon and closed with a cap. It was irradiated for 30 min (Pmax: 180 W) in a monomode 

microwave apparatus under air cooling. The temperatures reached (IR sensor) are listed in 

Table S1. The pressurized vessel was opened very carefully inside a well-ventilated hood 

(caution, hydrogen cyanide!) and the residue was purified by column chromatography. 

 

Table S1. Temperature parameters of the microwave experiments 

Entry Product tset (°C) tmax(°C) 

1 123a 250 190 

2 123b 250 230 

3 123c 250 150 

4 123d 250 195 

5 123e 250 220 

6 123f 250 200 

7 123g 250 230 

8 123h 250 180 

9 123i 250 160 

 

2,4-Diphenyl-1H-pyrrole (123a)  

The title compound was prepared according to the general procedure-

X described above from 118a (123 mg, 0.50 mmol). The product was 

purified by column chromatography (ethyl acetate/cyclohexane 1:4).  

Yield: 89 mg (0.41 mmol, 81%), colorless solid. 

Mp: 178–179 °C (lit. 178–180 °C).185 

Rf = 0.38 (ethyl acetate/cyclohexane 1:4). 
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IR (ATR) ṽ = 3440, 3029, 1605, 1491, 1453, 1134, 808, 752, 691 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 11.44 (br s, 1H, NH), 7.70–7.66 (m, 2H, H-

2’,6’), 7.63–7.58 (m, 2H, H-2’’,6’’), 7.40–7.35 (m, 2H, H-3’,5’), 7.35–7.30 (m, 3H, H-5, H-

3’’,5’’), 7.20–7.15 (m, 1H, H-4’), 7.15–7.10 (m, 1H, H-4’’), 6.96 (dd, J = 2.5, 1.9 Hz, 1H, 

H-3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 135.7 (C1’’), 132.7 (C1’), 132.2 (C2), 

128.7 (2C, C3’’,5’’), 128.5 (2C, C3’,5’), 125.7 (C4’), 125.0 (C4’’), 124.7 (C4), 124.4 (2C, 

C2’’,6’’), 123.4 (2C, C2’,6’), 116.6 (C5), 103.2 (C3) ppm. 

HRMS (ESI-TOF): Calcd for [C16H13N + H]+ 220.1126, found 220.1126. 

 

2-(Naphthalen-2-yl)-4-phenyl-1H-pyrrole (123b)  

The title compound was prepared according to the general 

procedure-X described above from 118b (207 mg, 0.70 mmol). 

The product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:10). 

Yield: 157 mg (0.58 mmol, 83%), pale yellow solid. 

Mp: 219–220 °C (lit. 222–224 °C).207 

Rf = 0.16 (ethyl acetate/cyclohexane 1:10). 

IR (ATR) ṽ = 3390, 3027, 1602, 1451, 1263, 1128, 856, 824, 802, 743, 690 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 11.64 (br s, 1H, NH), 8.17 (s, 1H, H-1’), 7.93–

7.89 (m, 2H, H-3’, H-4’), 7.89–7.83 (m, 2H, H-5’, H-8’), 7.67–7.63 (m, 2H, H-2’’,6’’), 7.52–

7.48 (m, 1H, HNaphth), 7.46–7.41 (m, 2H, HNaphth, H-5), 7.34 (pseudo-t, Japp ≈ 8 Hz, 2H, H-

3’’,5’’), 7.17–7.10 (m, 2H, H-4’’, H-3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 135.7 (C1’’), 133.4 (CNaphth), 132.2 

(C2), 131.5 (CNaphth), 130.2 (C2’), 128.6 (2C, C3’’,5’’), 128.2 (C4’), 127.6 (CHNaphth), 127.5 

(CHNaphth), 126.5 (CHNaphth), 125.2 (CH), 125.1 (CH), 124.9 (C4), 124.4 (2C, C2’’,6’’), 123.1 

(C3’), 120.5 (C1’), 117.2 (C5), 104.1 (C3) ppm. 
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HRMS (ESI-TOF): Calcd for [C20H15N + H]+ 270.1283, found 270.1273. 

 

2-Methyl-4-phenyl-1H-pyrrole (123c)  

The title compound was prepared according to the general procedure-X 

described above from 118c (92 mg, 0.50 mmol). The product was 

purified by column chromatography (ethyl acetate/cyclohexane 1:4). 

Yield: 34 mg (0.21 mmol, 43%), yellow oil. 

Rf = 0.26 (ethyl acetate/cyclohexane 1:4). 

IR (ATR) ṽ = 3412, 3370, 3027, 2923, 1603, 1529, 1449, 1123, 795, 762, 697 cm–1. 

1H NMR (400 MHz, DMSO-d6) = 10.64 (br s, 1H, NH), 7.49–7.44 (m, 2H, H-2’,6’), 7.28–

7.23 (m, 2H, H-3’,5’), 7.08–7.03 (m, 1H, H-4’), 7.02 (dd, J = 2.8, 1.8 Hz, 1H, H-5), 6.12–

6.10 (m, 1H, H-3), 2.19 (d, 4J = 1.0 Hz, 3H, CH3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 136.5 (C1’), 128.5 (2C, C3’,5’), 128.1 

(C2), 124.5 (C4’), 124.2 (2C, C2’,6’), 123.2 (C4), 113.3 (C5), 103.3 (C3), 12.8 (CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C11H12N + H]+ 158.0970, found 158.0956. 

 

4-(2,3-Dichlorophenyl)-2-phenyl-1H-pyrrole (123e)  

The title compound was prepared according to the general 

procedure-X described above from 118e (172 mg, 0.55 mmol). 

The product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:4). 

Yield: 104 mg (0.36 mmol, 66%), colorless solid. 

Mp: 122–123 °C. 

Rf = 0.40 (ethyl acetate/cyclohexane 1:4). 
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IR (ATR) ṽ = 3431, 3096, 3058, 1605, 1584, 1482, 1455, 1413, 1121, 1036, 814, 774, 756, 

729, 692 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 11.65 (br s, 1H, NH), 7.71–7.66 (m, 2H, H-

2’,6’), 7.58 (dd, J = 7.8, 1.6 Hz, 1H, H-6’’), 7.47 (dd, J = 8.0, 1.6 Hz, 1H, H-4’’), 7.41–7.31 

(m, 4H, H-3’,5’, H-5, H-5’), 7.20 (pseudo-tt, Japp ≈ 7, 2 Hz, 1H, H-4’), 6.93 (dd, J = 2.6, 1.8 

Hz, 1H, H-3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 136.9 (C1’’), 132.6 (C3’’), 132.3 

(C1’), 131.5 (C2), 128.8 (2C, C3’,5’), 128.7 (C6’’), 128.4 (C2’’), 128.0 (C5’’), 127.4 (C4’’), 

126.0 (C4’), 123.6 (2C, C2’,6’), 121.5 (C4), 120.0 (C5), 106.3 (C3) ppm. 

HRMS (ESI-TOF): Calcd for [C16H11NCl2 + H]+ 288.0347, found 288.0354. 

 

4-(2-Bromophenyl)-2-(naphthalen-2-yl)-1H-pyrrole (123f)  

The title compound was prepared according to the general 

procedure-X described above from 118f (329 mg, 0.88 mmol). 

The product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:5). 

Yield: 87 mg (0.25 mmol, 28%), colorless solid. 

Mp: 121–122 °C. 

Rf = 0.33 (ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 3432, 3054, 1603, 1508, 1466, 1418, 1267, 1122, 855, 810, 749 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 11.75 (br s, 1H, NH), 8.17 (s, 1H, H-1’), 7.94–

7.84 (m, 4H, 4 HNaphth), 7.67 (dd, J = 8.0, 1.2 Hz, 1H, H-3’’), 7.59 (dd, J = 7.8, 1.7 Hz, 1H, 

H-6’’), 7.54–7.47 (m, 1H, HNaphth), 7.47–7.36 (m, 2H, HNaphth, H-5’’), 7.34 (dd, J = 2.9, 1.7 

Hz, 1H, H-5), 7.15 (ddd, J = 8.9, 8.0, 1.7 Hz, 1H, H-4’’), 7.04 (dd, J = 2.8, 1.7 Hz, 1H, H-

3) ppm. 
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13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 136.4 (C1’’), 133.47 (C3’’), 133.45, 

131.5, 131.2 (C2), 130.7 (C6’’), 130.0, 128.3, 127.8, 127.7, 127.5, 127.4, 126.5, 125.3, 123.5 

(C4), 123.1, 121.1 (C2’’), 120.6 (C1’), 119.8 (C5), 107.2 (C3) ppm. 

HRMS (ESI-TOF): Calcd for [C20H14NBr + H]+ 348.0388, found 348.0398. 

 

4-(5-Phenyl-1H-pyrrol-3-yl)benzonitrile (123g)  

The title compound was prepared according to the general 

procedure-X described above from 118g (282 mg, 1.04 mmol). The 

product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:6). 

Yield: 81 mg (0.33 mmol, 32%), pale yellow solid. 

Mp: 205–207 °C. 

Rf = 0.29 (ethyl acetate/cyclohexane 1:6). 

IR (ATR) ṽ = 3353, 3052, 2223, 1602, 1492, 1149, 926, 848, 809, 776, 753, 695 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 11.70 (br s, 1H, NH), 7.86–7.79 (AA’ part of 

AA’BB’ system, 2H, H-3,5), 7.77–7.73 (BB’ part of AA’BB’ system, 2H, H-2,6), 7.71–7.68 

(m, 1H, H-2’’,6’’), 7.59 (dd, J = 2.8, 1.8 Hz, 1H, H-2’), 7.39 (pseudo-t, Japp ≈ 8 Hz, 2H, H-

3’,5’), 7.23–7.18 (m, 1H, H-4’’), 7.09 (dd, J = 2.4, 1.8 Hz, 1H, H-4’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 140.6 (C4), 133.0 (C5’), 132.6 (2C, 

C2,6), 132.3 (C1’’), 128.8 (2C, C3’’,5’’), 126.1 (C4’’), 124.8 (2C, C3,5), 123.6 (2C, 

C2’’,6’’), 123.1 (C3’), 119.5 (CN), 118.9 (C2’), 106.7 (C1), 103.5 (C4’) ppm. 

HRMS (ESI-TOF): Calcd for [C17H12N2 + H]+ 245.1079, found 245.1078. 
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2-(4-Fluorophenyl)-4-(4-methoxyphenyl)-1H-pyrrole 

(123h) 

The title compound was prepared according to the general 

procedure-X described above from 118h (223 mg, 0.76 

mmol). The product was purified by column chromatography 

(ethyl acetate/cyclohexane 1:8). 

Yield: 123 mg (0.46 mmol, 61%), colorless solid. 

Mp: 138–139 °C. 

Rf = 0.11 (ethyl acetate/cyclohexane 1:8). 

IR (ATR) ṽ = 3443, 3427, 3008, 2960, 2840, 1572, 1505, 1439, 1246, 1036, 835, 798 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 11.32 (br s, 1H, NH), 7.71–7.66 (m, 2H, H-

2’,6’), 7.53–7.49 (AA’ part of AA’BB’ system, 2H, H-2’’,6’’), 7.24–7.17 (m, 3H, H-3’,5’, 

H-5), 6.91–6.88 (BB’ part of AA’BB’ system, 2H, H-3’’,5’’), 6.84 (dd, J = 2.7, 1.7 Hz, 1H, 

H-3), 3.75 (s, 3H, CH3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 160.4 (d, 1JC,F = 242.4 Hz, C4’), 157.1 

(C4’’), 131.1 (C2), 129.5 (d, 4JC,F = 2.9 Hz, C1’), 128.4 (C1’’), 125.5 (2C, C2’’,6’’), 125.2 

(d, 3JC,F = 7.8 Hz, 2C, C2’,6’), 124.6 (C4), 115.6 (C5, overlapped with the doublet of C3’,5’), 

115.5 (d, 2JC,F = 21.8 Hz, 2C, C3’,5’), 114.0 (2C, C3’’,5’’), 103.0 (C3), 55.0 (CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C17H14NOF + H]+ 268.1138, found 268.1129. 

 

4-(2-Chlorophenyl)-2-(4-fluorophenyl)-1H-pyrrole (123i) 

The title compound was prepared according to the general 

procedure-X described above from 118i (224 mg, 0.75 mmol). 

The product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:6). 

Yield: 78 mg (0.29 mmol, 38%), colorless solid. 

Mp: 124–126 °C. 
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Rf = 0.24 (ethyl acetate/cyclohexane 1:6). 

IR (ATR) ṽ = 3434, 3267, 3065, 1661, 1492, 1230, 1097, 930, 835, 810, 753 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6) = 11.58 (br s, 1H, NH), 7.74–7.68 (m, 2H, H-

2’,6’), 7.61 (dd, J = 7.8, 1.7 Hz, 1H, H-6’’), 7.46 (dd, J = 8.0, 1.3 Hz, 1H, H-3’’), 7.36–7.30 

(m, 2H, H-5’’, H-5), 7.26–7.17 (m, 3H, H-3’,5’, H-4’’), 6.90 (dd, J = 2.6, 1.8 Hz, 1H, H-3) 

ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6) = 160.6 (d, 1JC,F = 242.5 Hz, C4’), 134.2 

(C1’’), 130.5 (C2), 130.3 (C2’’), 130.2 (C3’’), 130.0 (C6’’), 129.2 (d, 4JC,F = 3.1 Hz, C1’), 

127.3 (C5’’), 126.8 (C4’’), 125.4 (d, 3JC,F = 7.9 Hz, 2C, C2’,6’), 121.7 (C4), 119.5 (C5), 

115.6 (d, 2JC,F = 21.5 Hz, 2C, C3’,5’), 106.0 (C3) ppm. 

HRMS (ESI-TOF): Calcd for [C16H11NFCl + H]+ 272.0642, found 272.0634. 

 

5.4.3 Synthesis of 2,3,5-Trisubstituted Pyrroles 

General procedure-XI for 2,3,5-trisubstituted pyrroles 127 

2,3,5-Trisubstituted pyrroles were prepared from cyanopyrrolines in two steps. Alkylation: 

To a solution of corresponding cyanopyrroline in DMF (0.25 M) was added KOtBu (1.10–

2.00 equiv) under argon atmosphere at 0 °C. After stirring 2 min, the alkyl halide (1.10–

2.00 equiv) was added. The reaction mixture was stirred for 1h at 0 °C and then, the ice-bath 

was removed and it was stirred for another 1h. The mixture was quenched with H2O, and the 

crude product was extracted with ethyl acetate (3×30 mL). The organic layers were 

combined and dried over MgSO4. After the filtration, all volatiles were evaporated in vacuo 

to obtain 2-alkyl-3,5-diaryl-3,4-dihydro-2H-pyrrole-2-carbonitrile 126 which was used 

without further purification in the following step. Dehydrocyanation: The crude product 

was transferred into a 10 mL microwave vessel. After sealing it, the reaction mixture was 

heated to 140 °C at 150 W for 15 min. The crude product was then purified by a column 

chromatography (Method A). As an alternate method, the crude product was dissolved in 

DMF and transferred into a 10 mL microwave vessel. KOtBu (1.10 equiv) was added to the 

vessel and the reaction mixture was heated to 100 °C at 150 W for 15 min. It was quenched 

with H2O, and the crude product was extracted with ethyl acetate (3×10 mL). The organic 
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layers were combined and dried over MgSO4. After the filtration, all volatiles were 

evaporated in vacuo. The product was isolated by a chromatographic separation (Method B). 

 

5-(Naphthalen-2-yl)-3-phenyl-2-propyl-1H-pyrrole (127a) 

The title compound was prepared according to the general 

procedure-XI described from cyanopyrroline 118b 

(148 mg, 0.50 mmol), KOtBu (62 mg, 0.55 mmol, 

1.10 equiv), and propyl bromide (55 µL, 0.60 mmol, 

1.20 equiv). Dehydrocyanation was performed as described in method A. The crude product 

was purified by column chromatography (ethyl acetate/cyclohexane 1:10). 

Yield: 90 mg (0.29 mmol, 58%), brown oil. 

Rf = 0.57 (ethyl acetate/cyclohexane, 1:5). 

IR (ATR) ṽ = 3431, 3054, 3026, 2958, 2929, 2869, 1628, 1604, 1490, 1444, 1146, 805, 763, 

699 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6)  = 11.23 (d, J = 2.8 Hz, 1H, NH), 8.13 (s, 1H, H-

1’’), 7.91–7.78 (m, 4H,HNaphth), 7.53–7.44 (m, 1H, HNaphth), 7.47–7.41 (m, 3H, HNaphth, H-

2’,6’), 7.40–7.33 (m, 2H, H-3’,5’), 7.20 (m, 1H, H-4’), 6.81 (d, J = 2.8 Hz, 1H, H-4), 2.75 

(t, J = 7.4 Hz, 2H, CH2), 1.69 (sept, 2H, J = 7.4 Hz, CH2CH3), 0.94 (t, J = 7.4 Hz, 3H, CH3) 

ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6)  = 137.0 (C1’), 133.5(CNaphth), 131.3 

(C2), 131.26 (CNaphth) 130.2 (CNaphth), 129.5 (C5), 128.5 (2C, C3’,5’), 128.1 (CNaphth), 127.6 

(CNaphth), 127.3 (CNaphth), 127.0 (2C, C2’,6’) 126.4 (CNaphth), 125.0 (C4’), 124.9 (CNaphth), 

123.1 (CNaphth), 121.6 (C3), 119.8 (C1’’), 106.6 (C4), 28.3 (CH2), 23.3 (CH2CH3), 13.9 (CH3) 

ppm. 

HRMS (ESI-TOF): Calcd for [C23H22N+H]+ 312.1752, found 312.1759. 
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2-Methyl-3,5-diphenyl-1H-pyrrole (127b) 

The title compound was prepared according to the general procedure-

XI described from cyanopyrroline 118a (241 mg, 0.98 mmol), KOtBu 

(127 mg, 1.12 mmol, 1.12 equiv), and iodomethane (67 µL, 

1.08 mmol, 1.10 equiv). Dehydrocyanation was performed using KOtBu (130 mg, 

1.16 mmol, 1.18 equiv) in DMF (2.0 mL) as described in method B. The crude product was 

purified by column chromatography (ethyl acetate/cyclohexane 1:5). 

Yield: 69 mg (0.30 mmol, 31%), brown oil. 

Rf = 0.46 (ethyl acetate/cyclohexane, 1:5). 

1H NMR (400 MHz, DMSO-d6)  = 11.04 (d, J = 2.8 Hz, 1H, NH), 7.67–7.64 (m, 2H, H-

2’’,6’’), 7.42–7.39 (m, 2H, H-2’,6’), 7.38–7.35 (m, 2H, H-3’,5’), 7.35–7.32 (m, 2H, H-

3’’,5’’), 7.20–7.15 (m, 1H, H-4’), 7.15–7.11 (m, 1H, H-4’’), 6.64 (d, J = 2.8 Hz, 1H, H-4), 

2.74–2.69 (m, 2H, CH2), 1.65 (h, J = 7.3 Hz, 2H, CH2CH3), 0.92 (t, J = 7.3 Hz, 3H, CH3) 

ppm. The data is in accordance with the literature.138 

 

2-Ethyl-3,5-diphenyl-1H-pyrrole (127c)  

The title compound was prepared according to the general 

procedure-XI described from cyanopyrroline 118a (184 mg, 

0.75 mmol), KOtBu (168 mg, 1.50 mmol, 2.00 equiv), and ethyl 

bromide (0.11 mL, 1.50 mmol, 2.00 equiv). Dehydrocyanation was performed as described 

in method A. The crude product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:5) 

Yield: 23 mg (0.09 mmol, 12%), brown oil. 

Rf = 0.58 (ethyl acetate/cyclohexane, 1:5). 

IR (ATR) ṽ = 3426, 3058, 3028, 2966, 2928, 2871, 2855, 1712, 1523, 1450, 756, 696 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6)  = 11.06 (br s, 1H, NH), 7.67–7.64 (m, 2H, H-

2’’,6’’), 7.42–7.39 (m, 2H, H-2’,6’), 7.38–7.36 (m, 2H, H-3’,5’), 7.35–7.32 (m, 2H, H-
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3’’,5’’), 7.20–7.16 (m, 1H, H-4’), 7.16–7.11 (m, 1H, H-4’’), 6.64 (d, J = 2.8 Hz, 1H, H-4), 

2.76 (q, J = 7.5 Hz, 2H, CH2), 1.25 (t, J = 7.5 Hz, 3H, CH3) ppm. 

13C NMR (101 MHz, DMSO-d6)  = 136.9 (C1’), 132.8 (C1’’), 132.1 (C2), 129.5 (C5), 

128.6 (2C, C3’’,5’’), 128.4 (2C, C3’,5’), 127.0 (2C, C2’,6’), 125.3 (C4’’), 124.9 (C4’), 123.2 

(2C, C2’’,6’’), 120.9 (C3), 105.5 (C4), 19.4 (CH2), 15.1 (CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C18H17N+H]+ 248.1439, found 248.1444. 

 

3,5-Diphenyl-2-propyl-1H-pyrrole (127d)  

The title compound was prepared according to the general 

procedure-XI described from cyanopyrroline 118a (246 mg, 

1.00 mmol), KOtBu (133 mg, 1.20 mmol, 1.20 equiv), and propyl 

bromide (0.10 mL, 1.10 mmol, 1.10 equiv). Dehydrocyanation 

was performed using KOtBu (123 mg, 1.10 mmol, 1.10 equiv) in DMF (2.0 mL) as described 

in method B. The crude product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:4) 

Yield: 98 mg (0.37 mmol, 37%), brown oil. 

Rf = 0.61 (ethyl acetate/cyclohexane, 1:4). 

IR (ATR) ṽ = 3427, 3057, 3026, 2967, 2928, 2869, 1604, 1493, 1450, 753, 692 cm–1 

1H NMR (400 MHz, DMSO-d6)  = 11.04 (d, J = 2.8 Hz, 1H, NH), 7.67–7.64 (m, 2H, H-

2’’,6’’), 7.42–7.39 (m, 2H, H-2’,6’), 7.38–7.35 (m, 2H, H-3’,5’), 7.35–7.32 (m, 2H, H-

3’’,5’’), 7.20–7.15 (m, 1H, H-4’), 7.15–7.11 (m, 1H, H-4’’), 6.64 (d, J = 2.8 Hz, 1H, H-4), 

2.74–2.69 (m, 2H, CH2), 1.65 (h, J = 7.3 Hz, 2H, CH2CH3), 0.92 (t, J = 7.3 Hz, 3H, CH3) 

ppm. 

13C NMR (101 MHz, DMSO-d6)  = 137.0 (C1’), 132,8 (C1’’), 130.7 (C2), 129.5 (C5), 

128.6 (2C, C3’’,5’’), 128.4 (2C, C3’,5’), 127.0 (2C, C2’,6’), 125.2 (C4’’), 124.9 (C4’), 123.2 

(2C, C2’’,6’’), 121.3 (C3), 105.6 (C4), 28.2 (CH2), 23.3 (CH2CH3), 13.9 (CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C19H18N+H]+ 262.1596, found 262.1585. 
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2-Ethyl-5-(naphthalen-2-yl)-3-phenyl-1H-pyrrole (127e)  

The title compound was prepared according to the general 

procedure-XI described from cyanopyrroline 118b (218 mg, 

0.73 mmol), KOtBu (100 mg, 0.89 mmol, 1.20 equiv), and 

ethyl bromide (58 µL, 0.80 mmol, 1.10 equiv). Dehydrocyanation was performed as 

described in method A. The crude product was purified by column chromatography (ethyl 

acetate/cyclohexane 1:10). 

Yield: 48 mg (0.16 mmol, 22%), yellow oil. 

Rf = 0.57 (ethyl acetate/cyclohexane, 1:5). 

IR (ATR) ṽ = 3428, 3054, 3026, 2967, 2929, 2871, 1627, 1446, 805, 762, 699 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6)  = 11.26 (d, J = 2.8 Hz, 1H, NH) ) 8.13 (s, 1H, H-

1’’), 7.88–7.81 (m, 4H, HNaphth), 7.51–7.46 (m, 1H, HNaphth), 7.45–7.40 (m, 3H, HNaphth, H-

2’,6’), 7.40–7.36 (m, 2H, H-3’,5’), 7.20 (m, 1H, H-4’), 6.81 (d, J = 2.8 Hz, 1H, H-4), 2.79 

(q, J = 7.4 Hz, 2H, CH2), 1.28 (t, J = 7.4 Hz, 3H, CH3)ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6)  = 136.9 (C1’), 133.5( CNaphth), 132.7 

(C2), 131.3 (CNaphth), 130.2 (CNaphth), 129.5 (C5),, 128.5 (2C, C3’,5’), 128.1 (CNaphth), 127.6 

(CNaphth), 127.0 (2C, C2’,6’), 126.4 (CNaphth), 125.0 (C4’, 124.9 (CNaphth), 123.1 (CNaphth), 

121.2 (C3), 119.8 (C1’’), 106.5 (C4), 19.5 (CH2) 15.0 (CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C22H20N+H]+ 298.1596, found 298.1593. 

 

1,4-Bis(3,5-diphenyl-1H-pyrrol-2-yl)butane (129)  

The title compound was prepared according to 

the general procedure-XI described from 

cyanopyrroline 118a (248 mg, 1.01 mmol, 

2.00 equiv), KOtBu (136 mg, 1.21 mmol, 

2.40 equiv), and 1,4-dibromobutane (118 mg, 

0.55 mmol, 1.09 equiv). Dehydrocyanation was performed using KOtBu (123 mg, 
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1.10 mmol, 2.18 equiv) in DMF (2.0 mL) as described in method B. The crude product was 

purified by column chromatography (ethyl acetate/cyclohexane 1:10) 

Yield: 63 mg (0.13 mmol, 25%), light yellow solid. 

Mp: 199–201 °C. 

Rf = 0.46 (ethyl acetate/cyclohexane, 1:5). 

IR (ATR) ṽ = 3410, 3057, 3026, 2929, 2854, 1604, 1494, 755, 694 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6)  = 11.05 (d, J = 2.8 Hz, 2H, NH), 7,66–7.62 (m, 

4H, H-2’’,6’’), 7.40–7.31 (m, 12H, H-2’,6’, H-3’,5’, H-3’’,5’’), 7.19–7.09 (m, 4H, H-4’, H-

4’’), 2.76 (t, J = 6.8 Hz, 4H, 2-CH2) 1.74–1.68 (m, 4H, 2-CH2CH2) ppm. 

13C NMR, HSQC; HMBC (101 MHz, DMSO-d6)  = 137.0 (2C, C1’), 132.7 (2C, C1’’), 

130.7 (2C, C2) 129.5 (2C, C5), 128.6 (4C, C3’’,5’’), 128.4 (4C, C3’,5’), 126.9 (4C, C2’,6’), 

125.2 (2C, C4’’), 124.9 (2C, C4’), 123.2 (4C, C2’’,6’’), 121.2 (2C, C3), 105.7 (2C, C4), 

30.1 ( 2C, 2-CH2CH2) 26.1 (2C, 2-CH2) ppm. 

HRMS (ESI-TOF): Calcd for [C36H33N2+H]+ 493.2644, found 493.2638. 

 

5.4.4 Synthesis of Pyrrole-2-carboxamides 

General procedure-XII for glycine amides 135 

Glycine amides were prepared in two steps according to the literature.189 Amidation: To a 

solution of Boc-Gly-OH in THF (0.5 M) were added N-methyl morpholine (1.00 equiv) and 

isobutyl chloroformate (IBCF, 1.00 equiv) at –20 °C. The reaction was stirred for 5 min 

before adding the solution of amine (1.30– 5.00 equiv) in THF (5-10 mL). The reaction was 

stirred for 1h at the same temperature. It was then quenched with saturated NaHCO3 solution 

for 30 min. The compound was extracted with dichloromethane (3×50 mL). The combined 

organic layer was then washed with saturated NaHCO3 solution (2×20 mL) and dried over 

MgSO4. After filtration and evaporation of all volatiles in vacuo gave N-alkyl Boc protected 

glycine amides (Boc-Gly-NR’R’’). Deprotection: A portion of Boc-Gly-NR’R’’ was added 

to a solution of HCl–MeOH which was also prepared by reacting acetyl chloride and MeOH. 

The reaction was stirred for 1 h at ambient temperature. All volatiles were then removed in 
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vacuo. The residue (oil or solid) was stirred in Et2O for 1h. The pure product was obtained 

by filtration and washing with Et2O. 

 

2-Amino-N,N-dimethylacetamide (135a) 

The title compound was prepared according to the general procedure-

XII described above from Boc-Gly-OH (3.50 g, 20 mmol) and 

dimethylamine solution (14 mL, 5.6 M in EtOH). Boc-Gly-NMe2 (134a, 3.58 g, 17.7 mmol) 

was isolated in 89% yield. From 134a(3.03 g, 15.0 mmol), acetyl chloride (2.6 mL) and 

MeOH (40 mL), glycine amide 135a (2.07 g, 14.9 mmol) was obtained in 99% yield. 

Yield: 88% (over two steps), colorless solid. 

IR (ATR) ṽ = 3392, 2927, 2705, 1654, 1506, 1440, 1422, 1358, 1261, 1171, 1125, 914, 782, 

730 cm–1. 

1H NMR (400 MHz, DMSO-d6) = 8.23 (br s, 3H, NH3Cl), 3.79 (q, J = 5.7 Hz, 2H, H-2), 

2.93 (s, 3H, NCH3), 2.87 (s, 3H, NCH3) ppm. 

13C NMR, HSQC (101 MHz, DMSO-d6): 165. 8 (C1), 39.3 (C2), 35.7 (NCH3), 35.0 (NCH3) 

ppm. 

HRMS (ESI-TOF): Calcd for [C4H11N2O]+ 103.0871, found 103.0904. 

 

2-Amino-N-isobutylacetamide (135b)  

The title compound was prepared according to the general 

procedure-XII described above from Boc-Gly-OH (3.50 g, 

20 mmol). Boc-Gly-NHiBu (134b, 4.15 g, 18.0 mmol) was 

isolated in 90% yield. From 134b (4.14 g, 18.0 mmol), acetyl chloride (2.6 mL) and MeOH 

(40 mL), glycine amide 135b (2.97 g, 17.8 mmol) was obtained in 99% yield. 

Yield: 89% (over two steps), colorless solid. 

IR (ATR) ṽ = 34061, 3287, 3200, 3070, 2957, 2870, 1667, 1601, 1563, 1467, 1264, 1079, 

904 cm–1. 
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1H NMR (400 MHz, DMSO-d6) = 8.53 (t, J = 5.8 Hz, 1H, NHCO), 8.23 (br s, 3H, NH3Cl), 

3.53 (s, 2H, H-2), 2.94 (dd, J = 6.8, 5.8 Hz, 2H, H-1’), 1.69 (sept, J = 6.8 Hz, 1H, H-2’), 

0.85 (d, J = 6.7 Hz, 6H, (CH3)2CH) ppm. 

13C NMR, HSQC (101 MHz, DMSO-d6): 165. 7 (C1), 46.1 (C1’), 40.0 (C2), 28.0 (C2’), 

20.1 (2C, CH3)2CH) ppm. 

HRMS (ESI-TOF): Calcd for [C6H15N2O]+ 131.1184, found 131.1200. 

 

2-Amino-N-methylacetamide (135c)  

The title compound was prepared according to the general 

procedure-XII described above from Boc-Gly-OH (1.75 g, 

10.0 mmol) and aqueous methylamine solution (1.7 mL, 40 wt%, 50.0 mmol). Boc-Gly-

NHMe (134c, 1.39 g, 7.3 mmol) was isolated in 74% yield. From 134c (1.38 g, 7.3 mmol) 

HCl–EtOH (20 mL, 1.25 M), glycine amide 135c (890 mg, 7.1 mmol) was obtained in 97% 

yield. 

Yield: 72% (over two steps), colorless solid. 

Mp: 155–156 °C (lit. 154–156 °C).208 

IR (ATR) ṽ = 3310, 3064, 2956, 2866, 1657, 1575, 1454, 1421, 1411, 1319, 1270, 1169, 

1116, 1070, 885 cm–1. 

1H NMR (300 MHz, DMSO-d6) = 8.57 (br s, 1H, NHMe), 8.20 (br s, 3H, NH3Cl), 3.49 (s, 

2H, H-2), 2.64 (d, J = 4.6 Hz, 3H, CH3) ppm. 

 

General procedure-XIII for pyrroles-2-carboxamides 136 

A 10 mL microwave vessel was charged with the corresponding enone (1.00 mmol, 

1.00 equiv), amide (1.20 mmol, 1.20 equiv), and pyridine (4 mL). The vessel was sealed 

after adding molecular sieves 3 Å (100 mg) and a stir bar. Then, the reaction mixture was 

irradiated until temperature reaches to 130 °C for 60 min at 200 W in a microwave reactor. 

The reaction was heated until complete conversion of the enone was determined, as indicated 
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by TLC or HPLC-MS, 1–2 h). Cu(OAc)2 (1.20 mmol, 218 mg, 1.20 equiv or 2.00 mmol, 

363 mg, 2.00 equiv) was introduced in one portion and the mixture was heated using the 

same microwave settings until complete conversion of the dihydropyrrole was determined 

(1–2 h), as indicated by TLC or HPLC-MS. Upon completion, the solvent was removed by 

azeotropic distillation with toluene. The residue was dissolved in dichloromethane (60 mL) 

and subsequently washed with a 0.1M Na2-EDTA solution (3 x 30 mL) and brine (30 mL). 

The organic layer was dried over Na2SO4 and filtered. The solvent was removed in vacuo 

and the residue was purified by column chromatography on silica gel. 

 

N,N-Dimethyl-3,5-diphenyl-1H-pyrrole-2-carboxamide (136a)  

The general procedure-XIII was applied using enone 110a, 2-

amino-N,N-dimethylacetamide hydrochloride (135a) and 

Cu(OAc)2 (1.20 mmol, 218 mg, 1.20 equiv). After cyclization (2 h) 

and oxidation (2 h), purification of crude reaction mixture by flash column chromatography 

(ethyl acetate/cyclohexane 1:3). 

Yield: 133 mg (0.46 mmol, 46%), colorless solid. 

Mp: 155–156 °C. 

Rf = 0.16 (silica gel, ethyl acetate/cyclohexane 1:3). 

IR (ATR) ṽ = 3145, 3062, 3025, 2929, 1650, 1595, 1491, 1274, 760, 696 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6)
  = 11.78 (d, J = 2.8 Hz, 1H, NH), 7.80–7.73 (m, 

2H, H-2’’,6’’), 7.43–7.32 (m, 6H, H-2’,6’, H-3’,5’, H-3’’,5’’), 7.27–7.17 (m, 2H, H-4’, H-

4’’), 6.84 (d, J = 2.8 Hz, 1H, H-4), 2.95 (s, 3H, CH3), 2.64 (s, 3H, CH3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6)
  = 164.4 (C=O), 135.4 (C1’), 132.3 (C5), 

131.9 (C1’’), 128.7 (2C, CPh), 128.6 (2C, CPh), 126.43 (2C, CPh), 126.36 (C4’’), 126.0 (C4’), 

124.2 (C3), 124.0 (2C, C2’’,6’’), 123.3 (C2), 105.3 (C4), 37.7 (CH3), 34.4 (CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C19H18N2O + H]+ 291.1497, found 291.1503. 

The general procedure-XIII was applied using enone 110a, 135a and Cu(OAc)2 (2.00 mmol, 

363 mg, 2.00 equiv). After cyclization (2 h) and oxidation (2 h), purification of crude 
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reaction mixture by flash column chromatography (ethyl acetate/cyclohexane 1:3) yielded 

136a (160 mg, 55%) as a colorless solid. 

 

N-Isobutyl-3,5-diphenyl-1H-pyrrole-2-carboxamide (136b)  

The general procedure-XIII was applied using enone 110a, 

2-amino-N-isobutylacetamide hydrochloride (135b) and 

Cu(OAc)2 (1.20 mmol, 218 mg, 1.20 equiv). After 

cyclization (1 h) and oxidation (2 h), purification of crude reaction mixture by flash column 

chromatography (ethyl acetate/cyclohexane 1:4). 

Yield: 189 mg (0.59 mmol, 59%), colorless solid. 

Mp: 143–144 °C. 

Rf = 0.18 (silica gel, ethyl acetate/cyclohexane 1:4). 

IR (ATR) ṽ = 3420, 3240, 3062, 2958, 1630, 1533, 1491, 1267, 817, 760, 701 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6)
  = 11.60 (d, J = 2.8 Hz, 1H, NH), 7.84–7.77 (m, 

2H, H-2’’,6’’), 7.54–7.47 (m, 2H, H-2’,6’), 7.45–7.32 (m, 4H, H-3’,5’, H-3’’,5’’), 7.35–7.20 

(m, 3H, C(=O)NH, H-4’, H-4’’), 6.69 (d, J = 2.8 Hz, 1H, H-4), 3.02 (dd, J = 6.7, 5.8 Hz, 2H, 

CH2), 1.69 (n, J = 6.7 Hz, 1H, CH), 0.82 (d, J = 6.7 Hz, 6H, CH3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6)
  = 161.1 (C=O), 135.7 (C1’), 132.7 (C5), 

131.6 (C1’’), 128.8 (2C, C2’,6’), 128.7 (2C, C3’’,5’’), 128.1 (2C, C3’,5’), 127.3 (C3), 126.7 

(C4’’), 126.4 (C4’), 124.6 (2C, C2’’,6’’), 123.6 (C2), 108.3 (C4), 46.3 (CH2), 28.1 (CH), 

20.2 (CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C21H22N2O + H]+ 319.1810, found 319.1800. 
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5-(4-Fluorophenyl)-N-isobutyl-3-(4-methoxyphenyl)-

1H-pyrrole-2-carboxamide (136c)  

The general procedure-XIII was applied using enone 

110j, 135b and Cu(OAc)2 (1.20 mmol, 218 mg, 

1.20 equiv). After cyclization (2 h) and oxidation (1 h), purification of crude reaction mixture 

by flash column chromatography (ethyl acetate/cyclohexane 1:4). 

Yield: 156 mg (0.43 mmol, 43%), colorless solid. 

Mp: 175–176 °C (dec.). 

Rf = 0.10 (silica gel, ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 3414, 3245, 2959, 2872, 1627, 1529, 1502, 1248, 837, 812 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6)
  = 11.53 (d, J = 2.8 Hz, 1H, NH), 7.88–7.79 (m, 

2H, H-2’’,6’’), 7.47–7.38 (AA’-part of AA’BB’ system, 2H, H-2’,6’), 7.28–7.18 (m, 2H, H-

3’’,5’’), 7.11 (t, J = 5.8 Hz, C(=O)NH), 6.98–6.21 (BB’-part of AA’BB’ system, 2H, H-

3’,5’), 6.61 (d, J = 2.8 Hz, 1H, H-4), 3.77 (s, 3H, OCH3), 3.01 (dd, J = 6.7, 5.8 Hz, 2H, CH2), 

1.68 (n, J = 6.7 Hz, 1H, CH), 0.81 (d, J = 6.7 Hz, 6H, CH3) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6)
  = 161.13 (d, 1JC,F = 243.6 Hz, C4’’), 

161.08 (C=O), 158.1 (C4’), 131.8 (C5), 130.0 (2C, C2’,6’), 128.4 (d, 4JC,F = 3.4 Hz, C1’’), 

127.9 (C1’), 127.2 (C3), 126.6 (d, 3JC,F = 8.0 Hz, 2C, C2’’,6’’), 123.2 (C2), 115.5 (d, 2JC,F = 

21.7 Hz, 2C, C3’’,5’’), 113.6 (2C, C3’,5’), 108.4 (C4), 55.1 (OCH3), 46.2 (CH2), 28.1 (CH), 

20.2 (CH3) ppm. 

HRMS (ESI-TOF): Calcd for [C22H23N2O2F + H]+ 367.1822, found 367.1830. 
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5.4.5 Synthesis of 2,2’-Bipyrroles 

3,3',5,5'-Tetraphenyl-1H,1'H-2,2'-bipyrrole (137a)  

A 10 mL microwave vessel was charged with cyanopyrroline 

118a (246 mg, 1.00 mmol, 2.00 equiv) and a stir bar. The solid 

was dissolved in DMF (4.00 mL) and Cu(OAc)2·H2O 

(599 mg, 3.00 mmol, 6.00 equiv) was added to the resulting 

solution. The mixture was irradiated to 100 °C at 150 W for 

15 min in the microwave apparatus. The solution was diluted with ethyl acetate and filtered 

through a pad of celite. The crude product was purified by a column chromatography (ethyl 

acetate/cyclohexane 1:10). 

Yield: 107 mg (0.245 mmol, 49%), colorless foam. 

Rf = 0.73 (silica gel, ethyl acetate/cyclohexane 1:5). 

IR (ATR) ṽ = 3412, 3060, 3025, 2957, 2924, 2855, 1723, 1602, 1490, 1462, 1278, 1025, 

758, 694 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6)
  = 11.71 (d, J = 2.6 Hz, 2H, H-1), 7.81–7.79 (m, 

4H, H-2’’,6’’), 7.38–7.31 (m, 8H, H-3’’,5’’, H-2’,6’), 7.20–7.12 (m, 6H, H-4’’, H-3’,5’), 

7.07 (d, J = 2.6 Hz, 2H, H-4), 7.02–6.98 (m, 2H, H-4’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6)
  = 136.1 (2C, C1’), 132.6 (2C, C1’’), 

131.9 (2C, C5), 128.9 (4C, C3’’,5’’), 128.4 (4C, C3’,5’), 126.0 (2C, C4’’), 125.8 (4C, 

C2’,6’), 125.2 (2C, C4’), 124.7 (2C, C3), 123.8 (4C, C2’’,6’’), 121.7 (2C, C2), 105.5 (2C, 

C4) ppm. 

HRMS (ESI-TOF): Calcd for [C32H24N2]
+ 436.1939, found 436.1932. 
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5,5'-Di(naphthalen-2-yl)-3,3'-diphenyl-1H,1'H-2,2'-bipyrrole (137b)  

A 10 mL microwave vessel was charged with 

cyanopyrroline 118b (148 mg, 0.50 mmol, 2.00 

equiv) and a stir bar. The solid was dissolved in 

DMF (2.00 mL) and anhydrous Cu(OAc)2 

(272 mg, 1.50 mmol, 6.00 equiv) was added to the 

resulting solution. The mixture was irradiated to 100 °C at 150 W for 15 min in the 

microwave apparatus. The solution was diluted with ethyl acetate and filtered through a pad 

of celite. The crude product was purified by a column chromatography (ethyl 

acetate/cyclohexane 1:6). 

Yield: 42 mg (0.079 mmol, 31%), yellow foam. 

Rf = 0.39 (silica gel, ethyl acetate/cyclohexane 1:6). 

IR (ATR) ṽ = 3393, 3055, 2954, 2922, 1628, 1598, 1502, 1160, 799, 765 cm–1. 

1H NMR, COSY (400 MHz, DMSO-d6)
  = 11.91 (d, J = 2.5 Hz, 2H, NH), 8.33 (br s, 2H, 

H-1’’), 8.02 (dd, J = 8.7, 1.7 Hz, 2H, H-3’’), 7.92 (d, J = 8.7 Hz, 2H, H-4’’), 7.87 (dd, J = 

8.0, 1.3 Hz, 2H, H-5’’), 7.82 (dd, J = 8.3, 1.2 Hz, 2H, H-8’’), 7.49 (ddd, J = 8.3, 6.9, 1.3 Hz, 

2H, H-7’’), 7.44 (ddd, J = 8.0, 6.9, 1.2 Hz, 2H, H-6’’), 7.40–7.37 (m, 4H, H-2’,6’), 7.26 (d, 

J = 2.5 Hz, 2H, H-4), 7.18–7.14 (m, 4H, H-3’,5’), 7.04–6.99 (m, 2H, H-4’) ppm. 

13C NMR, HSQC, HMBC (101 MHz, DMSO-d6)
  = 135.8 (2C, C1’), 133.5 (2C, C8a’’), 

131.8 (2C, C5), 131.5 (2C, C4a’’), 129.8 (2C, C2’’), 128.21 (4C, C3’,5’), 128.15 (2C, C4’’), 

127.6 (2C, C5’’), 127.5 (2C, C8’’), 126.5 (2C, C7’’), 125.6 (4C, C2’,6’), 125.2 (2C, C6’’), 

125.1 (2C, C4’), 124.7 (2C, C3), 123.1 (2C, C3’’), 122.0 (2C, C2), 120.8 (2C, C1’’), 106.1 

(2C, C4) ppm. 

HRMS (ESI-TOF): Calcd for [C40H28N2 + H]+ 537.2331, found 537.2323. 

 



 

179 

6 References 

 

(1) Walsh, C. T.; Malcolmson, S. J.; Young, T. S. ACS Chemical Biology 2011, 7, 429-442. 

(2) Balaban, A. T.; Oniciu, D. C.; Katritzky, A. R. Chem. Rev. 2004, 104, 2777-2812. 

(3) Vitaku, E.; Smith, D. T.; Njardarson, J. T. J. Med. Chem. 2014, 57, 10257-10274. 

(4) Groenendaal, L.; Meijer, E. W.; Vekemans, J. A. J. M. In Electronic Materials: The 

Oligomer Approach; Müllen, K., Wegner, G., Eds.; Wiley-VCH Verlag GmbH: 2007, pp 

235-275. 

(5) Yook, K. S.; Lee, J. Y. Adv. Mater. 2012, 24, 3169-3190. 

(6) Ye, C.; Gao, H.; Boatz, J. A.; Drake, G. W.; Twamley, B.; Shreeve, J. n. M. Angew. 

Chem. Int. Ed. 2006, 45, 7262-7265. 

(7) Kadish, K. M.; Smith, K. M.; Guilard, R. Handbook of Porphyrin Science: With 

Applications to Chemistry, Physics, Materials Science, Engineering, Biology and Medicine; 

World Scientific, 2011; Vol. 4. 

(8) Katritzky, A. R.; Rees, C. W. Comprehensive Heterocyclic Chemistry; Pergamon Press: 

Oxford, 1984; Vol. 1-8. 

(9) Angeli, A. Gazz. Chim. Ital. 1890, 26, 1793. 

(10) Scholtz, M. Ber. Dtsch. Chem. Ges. 1912, 45, 734-746. 

(11) Mosby, W. L. The Chemistry of Heterocyclic Compounds, Heterocyclic Systems with 

Bridgehead Nitrogen Atoms; Wiley, 2009. 

(12) Singh, G. S.; Mmatli, E. E. Eur. J. Med. Chem. 2011, 46, 5237-5257. 

(13) Buta, J. G.; Novak, M. J. Ind. Eng. Chem. Prod. Res. Dev. 1978, 17, 160-161. 

(14) Hertzberg, R. P.; Caranfa, M. J.; Hecht, S. M. Biochemistry 1989, 28, 4629-4638. 

(15) Michael, J. P. Nat. Prod. Rep. 2007, 24, 191-222. 



6 REFERENCES 

180 

(16) Watson, A. A.; Fleet, G. W. J.; Asano, N.; Molyneux, R. J.; Nash, R. J. Phytochemistry 

2001, 56, 265-295. 

(17) Beghyn, T.; Deprez-Poulain, R.; Willand, N.; Folleas, B.; Deprez, B. Chem. Biol. Drug 

Des. 2008, 72, 3-15. 

(18) Sharma, V.; Kumar, V. Med. Chem. Res. 2014, 1-14. 

(19) Gundersen, L.-L.; Charnock, C.; Negussie, A. H.; Rise, F.; Teklu, S. Eur. J. Pharm. Sci. 

2007, 30, 26-35. 

(20) Gundersen, L.-L.; Negussie, A. H.; Rise, F.; Østby, O. B. Arch. Pharm. 2003, 336, 191-

195. 

(21) Muthusaravanan, S.; Perumal, S.; Yogeeswari, P.; Sriram, D. Tetrahedron Lett. 2010, 

51, 6439-6443. 

(22) Shen, Y.-M.; Lv, P.-C.; Chen, W.; Liu, P.-G.; Zhang, M.-Z.; Zhu, H.-L. Eur. J. Med. 

Chem. 2010, 45, 3184-3190. 

(23) Sonnet, P.; Dallemagne, P.; Guillon, J.; Enguehard, C.; Stiebing, S.; Tanguy, J.; Bureau, 

R.; Rault, S.; Auvray, P. c.; Moslemi, S.; Sourdaine, P.; Séralini, G.-E. Biorg. Med. Chem. 

2000, 8, 945-955. 

(24) Chen, S.; Xia, Z.; Nagai, M.; Lu, R.; Kostik, E.; Przewloka, T.; Song, M.; 

Chimmanamada, D.; James, D.; Zhang, S.; Jiang, J.; Ono, M.; Koya, K.; Sun, L. Med. Chem. 

Commun. 2011, 2, 176-180. 

(25) Donnell, A. F.; Dollings, P. J.; Butera, J. A.; Dietrich, A. J.; Lipinski, K. K.; Ghavami, 

A.; Hirst, W. D. Bioorg. Med. Chem. Lett. 2010, 20, 2163-2167. 

(26) Hagishita, S.; Yamada, M.; Shirahase, K.; Okada, T.; Murakami, Y.; Ito, Y.; Matsuura, 

T.; Wada, M.; Kato, T.; Ueno, M.; Chikazawa, Y.; Yamada, K.; Ono, T.; Teshirogi, I.; 

Ohtani, M. J. Med. Chem. 1996, 39, 3636-3658. 

(27) Smith, S. C.; Clarke, E. D.; Ridley, S. M.; Bartlett, D.; Greenhow, D. T.; Glithro, H.; 

Klong, A. Y.; Mitchell, G.; Mullier, G. W. Pest Management Science 2005, 61, 16-24. 



6 REFERENCES 

181 

(28) Antonini, I.; Cardellini, M.; Claudi, F.; Franchetti, P.; Gulini, U.; De Caro, G.; Venturi, 

F. J. Pharm. Sci. 1977, 66, 1692-1696. 

(29) Dawood, K. M.; Abdel-Gawad, H.; Ellithey, M.; Mohamed, H. A.; Hegazi, B. Arch. 

Pharm. 2006, 339, 133-140. 

(30) Uchida, T.; Matsumoto, K. Synthesis 1976, 209-236. 

(31) Borrows, E. T.; Holland, D. O. Chem. Rev. 1948, 42, 611-643. 

(32) Chai, W.; Kwok, A.; Wong, V.; Carruthers, N. I.; Wu, J. Synlett 2003, 2086-2088. 

(33) Tschitschibabin, A. E. Ber. Dtsch. Chem. Ges. 1927, 60, 1607-1617. 

(34) Holland, D. O.; Nayler, J. H. C. J. Chem. Soc. 1955, 1657-1662. 

(35) Kel'in, A. V.; Sromek, A. W.; Gevorgyan, V. J. Am. Chem. Soc. 2001, 123, 2074-2075. 

(36) Seregin, I. V.; Schammel, A. W.; Gevorgyan, V. Org. Lett. 2007, 9, 3433-3436. 

(37) Chernyak, D.; Skontos, C.; Gevorgyan, V. Org. Lett. 2010, 12, 3242-3245. 

(38) Kim, I.; Choi, J.; Won, H. K.; Lee, G. H. Tetrahedron Lett. 2007, 48, 6863-6867. 

(39) Kim, I.; Won, H. K.; Choi, J.; Lee, G. H. Tetrahedron 2007, 63, 12954-12960. 

(40) Boekelheide, V.; Fahrenholtz, K. J. Am. Chem. Soc. 1961, 83, 458-462. 

(41) Tsuge, O.; Kanemasa, S.; Takenaka, S. Bull. Chem. Soc. Jpn. 1985, 58, 3137 - 3157. 

(42) Katritzky, A. R.; Qiu, G.; Yang, B.; He, H.-Y. J. Org. Chem. 1999, 64, 7618-7621. 

(43) Zhang, L.; Liang, F.; Sun, L.; Hu, Y.; Hu, H. Synthesis 2000, 2000, 1733-1737. 

(44) Wang, B.; Zhang, X.; Li, J.; Jiang, X.; Hu, Y.; Hu, H. J. Chem. Soc., Perkin Trans. 1 

1999, 1571-1576. 

(45) Wei, X.; Hu, Y.; Li, T.; Hu, H. Synth. Commun. 1992, 22, 2103-2109. 

(46) Allgäuer, D. S.; Mayr, H. Eur. J. Org. Chem. 2014, 2956-2963. 

(47) Bora, U.; Saikia, A.; Boruah, R. C. Org. Lett. 2003, 5, 435-438. 



6 REFERENCES 

182 

(48) Rotaru, A. V.; Druta, I. D.; Oeser, T.; Müller, T. J. J. Helv. Chim. Acta 2005, 88, 1798-

1812. 

(49) Bode, M. L.; Kaye, P. T. J. Chem. Soc., Perkin Trans. 1 1990, 2612-2613. 

(50) Basavaiah, D.; Jaganmohan Rao, A. Chem. Commun. 2003, 604-605. 

(51) Basavaiah, D.; Veeraraghavaiah, G.; Badsara, S. S. Org. Biomol. Chem. 2014, 12, 1551-

1555. 

(52) Barluenga, J.; Lonzi, G.; Riesgo, L.; López, L. A.; Tomás, M. J. Am. Chem. Soc. 2010, 

132, 13200-13202. 

(53) Hulcoop, D. G.; Lautens, M. Org. Lett. 2007, 9, 1761-1764. 

(54) Yamashita, M.; Horiguchi, H.; Hirano, K.; Satoh, T.; Miura, M. J. Org. Chem. 2009, 

74, 7481-7488. 

(55) Fürstner, A.; Mamane, V. J. Org. Chem. 2002, 67, 6264-6267. 

(56) Mamane, V.; Hannen, P.; Fürstner, A. Chem. Eur. J. 2004, 10, 4556-4575. 

(57) Petuškova, J.; Bruns, H.; Alcarazo, M. Angew. Chem. Int. Ed. 2011, 50, 3799-3802. 

(58) Verma, A. K.; Shukla, S. P.; Singh, J.; Rustagi, V. J. Org. Chem. 2011, 76, 5670-5684. 

(59) Verma, A. K.; Kesharwani, T.; Singh, J.; Tandon, V.; Larock, R. C. Angew. Chem. Int. 

Ed. 2009, 48, 1138-1143. 

(60) Ackermann, L.; Wang, L.; Lygin, A. V. Chem. Sci. 2012, 3, 177-180. 

(61) Ge, Y.-Q.; Jia, J.; Yang, H.; Zhao, G.-L.; Zhan, F.-X.; Wang, J. Heterocycles 2009, 78, 

725-736. 

(62) Zhu, H.; Stöckigt, J.; Yu, Y.; Zou, H. Org. Lett. 2011, 13, 2792-2794. 

(63) Kim, M.; Jung, Y.; Kim, I. J. Org. Chem. 2013, 78, 10395-10404. 

(64) Lee, J. H.; Kim, I. J. Org. Chem. 2013, 78, 1283-1288. 



6 REFERENCES 

183 

(65) Nagaraj, M.; Boominathan, M.; Muthusubramanian, S.; Bhuvanesh, N. Synlett 2012, 

23, 1353-1357. 

(66) Virieux, D.; Guillouzic, A.-F.; Cristau, H.-J. Tetrahedron 2006, 62, 3710-3720. 

(67) Ohier, P.; Daïch, A.; Decroix, B. Tetrahedron 1996, 52, 13547-13556. 

(68) Cheeseman, G. W. H.; Eccleshall, S. A.; Thornton, T. J. Heterocycl. Chem. 1985, 22, 

809-811. 

(69) Phun, L. H.; Aponte-Guzman, J.; France, S. Angew. Chem. Int. Ed. 2012, 51, 3198-

3202. 

(70) Runge, F. F. Ann. Phys. Chem. 1834, 31, 65-78. 

(71) Schmuck, C.; Rupprecht, D. Synthesis 2007, 3095-3110. 

(72) Estevez, V.; Villacampa, M.; Menendez, J. C. Chem. Soc. Rev. 2010, 39, 4402-4421. 

(73) Williamson, N. R.; Fineran, P. C.; Leeper, F. J.; Salmond, G. P. C. Nat Rev Micro 2006, 

4, 887-899. 

(74) Montaner, B.; Navarro, S.; Piqué, M.; Vilaseca, M.; Martinell, M.; Giralt, E.; Gil, J.; 

Pérez-Tomás, R. Br. J. Pharmacol. 2000, 131, 585-593. 

(75) Williamson, N. R.; Fineran, P. C.; Gristwood, T.; Chawrai, S. R.; Leeper, F. J.; 

Salmond, G. P. C. Future Microbiol. 2007, 2, 605-618. 

(76) Ibrahim, D.; Nazari, T. F.; Kassim, J.; Lim, S.-H. J. App. Pharm. Sci. 2014, 4, 001-006. 

(77) Forenza, S.; Minale, L.; Riccio, R.; Fattorusso, E. J. Chem. Soc. 1971, 1129-1130. 

(78) Garcia, E. E.; Benjamin, L. E.; Fryer, R. I. J. Chem. Soc. 1973, 78-79. 

(79) Hoffmann, H.; Lindel, T. Synthesis 2003, 1753-1783. 

(80) Wang, X.; Ma, Z.; Wang, X.; De, S.; Ma, Y.; Chen, C. Chem. Commun. 2014, 50, 8628-

8639. 

(81) Lindel, T.; Hoffmann, H.; Hochgürtel, M.; Pawlik, J. J. Chem. Ecol. 2000, 26, 1477-

1496. 



6 REFERENCES 

184 

(82) Tafi, A.; Costi, R.; Botta, M.; Di Santo, R.; Corelli, F.; Massa, S.; Ciacci, A.; Manetti, 

F.; Artico, M. J. Med. Chem. 2002, 45, 2720-2732. 

(83) Carter, G. A.; Dawson, G. W.; Garraway, J. L. Pesticide Science 1975, 6, 43-52. 

(84) Fernandes, E.; Costa, D.; Toste, S. A.; Lima, J. L. F. C.; Reis, S. Free Radical Biol. 

Med. 2004, 37, 1895-1905. 

(85) Gupton, J. In Heterocyclic Antitumor Antibiotics; Lee, M., Ed.; Springer Berlin 

Heidelberg: 2006; Vol. 2, pp 53-92. 

(86) Estevez, V.; Villacampa, M.; Menendez, J. C. Chem. Soc. Rev. 2014, 43, 4633-4657. 

(87) Baumann, M.; Baxendale, I. R.; Ley, S. V.; Nikbin, N. Beilstein J. Org. Chem. 2011, 7, 

442-495. 

(88) Gulevich, A. V.; Dudnik, A. S.; Chernyak, N.; Gevorgyan, V. Chem. Rev. 2013, 113, 

3084-3213. 

(89) D. Joshi, S.; A. More, U.; H. Kulkarni, V.; M. Aminabhavi, T. Curr. Org. Chem. 2013, 

17, 2279-2304. 

(90) Sundberg, R. J. In Comprehensive Heterocyclic Chemistry II; Scriven, E. F. V., 

Katritzky, A. R., Rees, C. W., Eds.; Pergamon: Oxford, 1996, pp 119-206. 

(91) Ferreira, V. F.; de Souza, M. C. B. V.; Cunha, A. C.; Pereira, L. O. R.; Ferreira, M. L. 

G. Org. Prep. Proced. Int. 2001, 33, 411-454. 

(92) Balme, G. Angew. Chem. Int. Ed. 2004, 43, 6238-6241. 

(93) Bellina, F.; Rossi, R. Tetrahedron 2006, 62, 7213-7256. 

(94) Thirumalairajan, S.; Pearce, B. M.; Thompson, A. Chem. Commun. 2010, 46, 1797-

1812. 

(95) Knorr, L. Ber. Dtsch. Chem. Ges. 1884, 17, 1635-1642. 

(96) Paal, C. Ber. Dtsch. Chem. Ges. 1885, 18, 367-371. 

(97) Knorr, L. Ber. Dtsch. Chem. Ges. 1885, 18, 299-311. 



6 REFERENCES 

185 

(98) Hantzsch, A. Ber. Dtsch. Chem. Ges. 1890, 23, 1474-1476. 

(99) Piloty, O. Ber. Dtsch. Chem. Ges. 1910, 43, 489-498. 

(100) Robinson, G. M.; Robinson, R. J. Chem. Soc., Trans. 1918, 113, 639-645. 

(101) van Leusen, A. M.; Siderius, H.; Hoogenboom, B. E.; van Leusen, D. Tetrahedron 

Lett. 1972, 13, 5337-5340. 

(102) Barton, D. H. R.; Kervagoret, J.; Zard, S. Z. Tetrahedron 1990, 46, 7587-7598. 

(103) Murthy, S. N.; Madhav, B.; Kumar, A. V.; Rao, K. R.; Nageswar, Y. V. D. Helv. Chim. 

Acta 2009, 92, 2118-2124. 

(104) Braun, R. U.; Zeitler, K.; Müller, T. J. J. Org. Lett. 2001, 3, 3297-3300. 

(105) Morin, M. S. T.; St-Cyr, D. J.; Arndtsen, B. A. Org. Lett. 2010, 12, 4916-4919. 

(106) Lonzi, G.; López, L. A. Adv. Synth. Catal. 2013, 355, 1948-1954. 

(107) Stuart, D. R.; Alsabeh, P.; Kuhn, M.; Fagnou, K. J. Am. Chem. Soc. 2010, 132, 18326-

18339. 

(108) Wang, L.; Ackermann, L. Org. Lett. 2012, 15, 176-179. 

(109) Zhao, M.-N.; Ren, Z.-H.; Wang, Y.-Y.; Guan, Z.-H. Org. Lett. 2014, 16, 608-611. 

(110) Xu, Y.-H.; He, T.; Zhang, Q.-C.; Loh, T.-P. Chem. Commun. 2014, 50, 2784-2786. 

(111) Xuan, J.; Xia, X.-D.; Zeng, T.-T.; Feng, Z.-J.; Chen, J.-R.; Lu, L.-Q.; Xiao, W.-J. 

Angew. Chem. Int. Ed. 2014, 53, 5653-5656. 

(112) Zhu, L.; Yu, Y.; Mao, Z.; Huang, X. Org. Lett. 2014, 17, 30-33. 

(113) Zhang, M.; Neumann, H.; Beller, M. Angew. Chem. Int. Ed. 2013, 52, 597-601. 

(114) Zhang, M.; Fang, X.; Neumann, H.; Beller, M. J. Am. Chem. Soc. 2013, 135, 11384-

11388. 

(115) Lin, X.; Mao, Z.; Dai, X.; Lu, P.; Wang, Y. Chem. Commun. 2011, 47, 6620-6622. 

(116) Maiti, S.; Biswas, S.; Jana, U. J. Org. Chem. 2010, 75, 1674-1683. 



6 REFERENCES 

186 

(117) Reddy, G. R.; Reddy, T. R.; Joseph, S. C.; Reddy, K. S.; Pal, M. RSC Advances 2012, 

2, 3387-3395. 

(118) Khan, A. T.; Lal, M.; Ray Bagdi, P.; Sidick Basha, R.; Saravanan, P.; Patra, S. 

Tetrahedron Lett. 2012, 53, 4145-4150. 

(119) Saeidian, H.; Abdoli, M.; Salimi, R. C. R. Chim. 2013, 16, 1063-1070. 

(120) Atar, A. B.; Jeong, Y. T. Tetrahedron Lett. 2013, 54, 5624-5628. 

(121) Bharate, J. B.; Sharma, R.; Aravinda, S.; Gupta, V. K.; Singh, B.; Bharate, S. B.; 

Vishwakarma, R. A. RSC Advances 2013, 3, 21736-21742. 

(122) Chen, Z.; Lu, B.; Ding, Z.; Gao, K.; Yoshikai, N. Org. Lett. 2013, 15, 1966-1969. 

(123) Shi, Z.; Suri, M.; Glorius, F. Angew. Chem. Int. Ed. 2013, 52, 4892-4896. 

(124) Meng, L.; Wu, K.; Liu, C.; Lei, A. Chem. Commun. 2013, 49, 5853-5855. 

(125) Wei, Y.; Deb, I.; Yoshikai, N. J. Am. Chem. Soc. 2012, 134, 9098-9101. 

(126) Chattopadhyay, B.; Gevorgyan, V. Angew. Chem. Int. Ed. 2012, 51, 862-872. 

(127) Chattopadhyay, B.; Gevorgyan, V. Org. Lett. 2011, 13, 3746-3749. 

(128) Miura, T.; Yamauchi, M.; Murakami, M. Chem. Commun. 2009, 1470-1471. 

(129) Shi, Y.; Gevorgyan, V. Org. Lett. 2013, 15, 5394-5396. 

(130) Rajasekar, S.; Anbarasan, P. J. Org. Chem. 2014, 79, 8428-8434. 

(131) Kim, C.-E.; Park, S.; Eom, D.; Seo, B.; Lee, P. H. Org. Lett. 2014, 16, 1900-1903. 

(132) Parr, B. T.; Green, S. A.; Davies, H. M. L. J. Am. Chem. Soc. 2013, 135, 4716-4718. 

(133) Miura, T.; Hiraga, K.; Biyajima, T.; Nakamuro, T.; Murakami, M. Org. Lett. 2013, 15, 

3298-3301. 

(134) Schultz, E. E.; Sarpong, R. J. Am. Chem. Soc. 2013, 135, 4696-4699. 

(135) Alford, J. S.; Spangler, J. E.; Davies, H. M. L. J. Am. Chem. Soc. 2013, 135, 11712-

11715. 



6 REFERENCES 

187 

(136) Bergner, I.; Opatz, T. J. Org. Chem. 2007, 72, 7083-7090. 

(137) Haake, G.; Struve, D.; Montforts, F.-P. Tetrahedron Lett. 1994, 35, 9703-9704. 

(138) Schäfer, I.; Opatz, T. Synthesis 2011, 1691-1704. 

(139) Bergner, I.; Wiebe, C.; Meyer, N.; Opatz, T. J. Org. Chem. 2009, 74, 8243-8253. 

(140) Opatz, T. Synthesis 2009, 1941-1959. 

(141) Otto, N.; Opatz, T. Chem. Eur. J. 2014, 20, 13064-13077. 

(142) Opatz, T.; Ferenc, D. Org. Lett. 2006, 8, 4473-4475. 

(143) Letessier, J.; Detert, H.; Götz, K.; Opatz, T. Synthesis 2012, 747-754. 

(144) Kison, C.; Opatz, T. Chem. Eur. J. 2009, 15, 843-845. 

(145) Pusch, S.; Opatz, T. Org. Lett. 2014, 16, 5430-5433. 

(146) Romek, A.; Opatz, T. Eur. J. Org. Chem. 2010, 5841-5849. 

(147) Zincke, T.; Heuser, G.; Möller, W. Liebigs Ann. 1904, 333, 296-345. 

(148) Clausen-Kaas, N.; Limborg, F.; Kakstorp, J. Acta Chem. Scand. 1948, 2, 109-115. 

(149) Heinz, M. B.Sc. Thesis, Universität Hamburg, 2009. 

(150) Diels, O.; Meyer, R. Liebigs Ann. Chem. 1934, 513, 129-145. 

(151) Poissonnet, G.; Théret-Bettiol, M.-H.; Dodd, R. H. J. Org. Chem. 1996, 61, 2273-

2282. 

(152) Shen, Y.; Zhang, Y.; Jiang, G.-F. Synthesis 2002, 714-716. 

(153) Hazra, A.; Mondal, S.; Maity, A.; Naskar, S.; Saha, P.; Paira, R.; Sahu, K. B.; Paira, 

P.; Ghosh, S.; Sinha, C.; Samanta, A.; Banerjee, S.; Mondal, N. B. Eur. J. Med. Chem. 2011, 

46, 2132-2140. 

(154) Kawai, Y.; Inaba, Y.; Tokitoh, N. Tetrahedron: Asymmetry 2001, 12, 309-318. 



6 REFERENCES 

188 

(155) Nazabadioko, S.; Pérez, R. J.; Brieva, R.; Gotor, V. Tetrahedron: Asymmetry 1998, 9, 

1597-1604. 

(156) Karrer, P.; Epprecht, A. Helv. Chim. Acta 1941, 24, 1039-1045. 

(157) Kiyooka, S.; Fujiyama, R.; Kawaguchi, K. Chem. Lett. 1984, 1979-1980. 

(158) Kakehi, A.; Ito, S.; Watanabe, K.; Kitagawa, M.; Takeuchi, S.; Hashimoto, T. J. Org. 

Chem. 1980, 45, 5100-5104. 

(159) Hurst, J.; Melton, T.; Wibberley, D. G. J. Chem. Soc. 1965, 2948-2955. 

(160) Movassaghi, M.; Hill, M. D. Org. Lett. 2008, 10, 3485-3488. 

(161) Kim, M.; Vedejs, E. J. Org. Chem. 2004, 69, 6945-6948. 

(162) Smith, J. O.; Mandal, B. K. J. Heterocycl. Chem. 1997, 34, 1441-1446. 

(163) Yerxa, B. R.; Moore, H. W. Tetrahedron Lett. 1992, 33, 7811-7814. 

(164) Settambolo, R.; Caiazzo, A.; Lazzaroni, R. Tetrahedron Lett. 2001, 42, 4045-4048. 

(165) Chai, D. I.; Lautens, M. J. Org. Chem. 2009, 74, 3054-3061. 

(166) Kanno, K.; Liu, Y.; Iesato, A.; Nakajima, K.; Takahashi, T. Org. Lett. 2005, 7, 5453-

5456. 

(167) Morimoto, K.; Hirano, K.; Satoh, T.; Miura, M. Org. Lett. 2010, 12, 2068-2071. 

(168) de Koning, C. B.; Michael, J. P.; Pathak, R.; van Otterlo, W. A. L. Tetrahedron Lett. 

2004, 45, 1117-1119. 

(169) Gourlay, B. S.; Molesworth, P. P.; Ryan, J. H.; Smith, J. A. Tetrahedron Lett. 2006, 

47, 799-801. 

(170) Lagriffoul, P.-H.; Tadros, Z.; Taillades, J.; Commeyras, A. J. Chem. Soc., Perkin 

Trans. 2 1992, 1279-1285. 

(171) Paventi, M.; Edward, J. T. Can. J. Chem. 1987, 65, 282-289. 

(172) Tasheva, D.; Petrova, A.; Simova, S. Synth. Commun. 2007, 37, 3971-3979. 



6 REFERENCES 

189 

(173) Meyer, N. Ph.D. Thesis, Universität Mainz, 2006. 

(174) Birouk, M.; Harraga, S.; Panouse-Perrin, J.; Robert, J. F.; Damelincourt, M.; Theobald, 

F.; Mercier, R.; Panouse, J. J. Eur. J. Med. Chem. 1991, 26, 91-99. 

(175) Lakhlifi, T.; Sedqui, A.; Fathi, T.; Laude, B.; Robert, J.-F. Can. J. Chem. 1994, 72, 

1417-1423. 

(176) Tsuge, O.; Ueno, K.; Kanemasa, S.; Yorozu, K. Bull. Chem. Soc. Jpn. 1986, 59, 1809-

1824. 

(177) Ezquerra, J.; Pedregal, C.; Rubio, A.; Valenciano, J.; Navio, J. L. G.; Alvarez-Builla, 

J.; Vaquero, J. J. Tetrahedron Lett. 1993, 34, 6317-6320. 

(178) Metzger, W.; Fischer, H. Liebigs Ann. 1937, 527, 1-37. 

(179) Smith, E. B.; Jensen, H. B. J. Org. Chem. 1967, 32, 3330-3334. 

(180) Treibs, A.; Kreuzer, F.-H. Liebigs Ann. 1968, 718, 208-223. 

(181) Jameson, L. P.; Dzyuba, S. V. Beilstein J. Org. Chem. 2013, 9, 786-790. 

(182) Zhao, W.; Carreira, E. M. Chem. Eur. J. 2006, 12, 7254-7263. 

(183) Rogers, M. A. T. J. Chem. Soc. 1943, 590-596. 

(184) Kloetzel, M. C.; Pinkus, J. L.; Washburn, R. M. J. Am. Chem. Soc. 1957, 79, 4222-

4225. 

(185) Hall, M. J.; McDonnell, S. O.; Killoran, J.; O'Shea, D. F. J. Org. Chem. 2005, 70, 

5571-5578. 

(186) Barr, K. J.; Watson, B. T.; Buchwald, S. L. Tetrahedron Lett. 1991, 32, 5465-5468. 

(187) Zhang, J.; Xing, C.; Tiwari, B.; Chi, Y. R. J. Am. Chem. Soc. 2013, 135, 8113-8116. 

(188) Imbri, D.; Netz, N.; Kucukdisli, M.; Kammer, L. M.; Jung, P.; Kretzschmann, A.; 

Opatz, T. J. Org. Chem. 2014, 79, 11750-11758. 

(189) Shendage, D. M.; Fröhlich, R.; Haufe, G. Org. Lett. 2004, 6, 3675-3678. 



6 REFERENCES 

190 

(190) Gottlieb, H. E.; Kotlyar, V.; Nudelman, A. J. Org. Chem. 1997, 62, 7512-7515. 

(191) Shiosaki, K.; Fels, G.; Rapoport, H. J. Org. Chem. 1981, 46, 3230-3234. 

(192) Young, S. D.; Buse, C. T.; Heathcock, C. H. Org. Synth. Coll. Vol. 1990, 7, 381. 

(193) Watahiki, T.; Ohba, S.; Oriyama, T. Org. Lett. 2003, 5, 2679-2681. 

(194) Toda, F.; Toyotaka, R.; Fukuda, H. Tetrahedron: Asymmetry 1990, 1, 303-306. 

(195) Meerpoel, L.; Hoornaert, G. Synthesis 1990, 905-908. 

(196) He, A.; Falck, J. R. J. Am. Chem. Soc. 2010, 132, 2524-2525. 

(197) Flament, I.; Sonnay, P.; Ohloff, G. Helv. Chim. Acta 1977, 60, 1872-1883. 

(198) Herz, W.; Raden, D. S.; Murty, D. R. K. J. Org. Chem. 1956, 21, 896-898. 

(199) Bernhart, C.; Gagnol, J. P.; Gautier, P. N-Pyrroleacetic acid amides and their 

therapeutic use. US4329343A, 1982. 

(200) Therkelsen, F. D.; Hansen, A.-L. L.; Pedersen, E. B.; Nielsen, C. Org. Biomol. Chem. 

2003, 1, 2908-2918. 

(201) Antonioletti, R.; Bovicelli, P.; Malancona, S. Tetrahedron 2002, 58, 589-596. 

(202) Greiner-Bechert, L.; Otto, H.-H. Arch. Pharm. 1991, 324, 563-572. 

(203) Savin, V. I.; Flegontov, S. A.; Kitaev, Y. P. Chem. Heterocycl. Compd. 1972, 8, 1204-

1207. 

(204) Chuang, T.-H.; Chang, W.-Y.; Li, C.-F.; Wen, Y.-C.; Tsai, C.-C. J. Org. Chem. 2011, 

76, 9678-9686. 

(205) Aizenshtat, Z.; Hausmann, M.; Pickholtz, Y.; Tal, D.; Blum, J. J. Org. Chem. 1977, 

42, 2386-2394. 

(206) Alberola, A.; Andres, J. M.; Gonzalez, A.; Pedrosa, R.; Vicente, M. Heterocycles 

1990, 31, 1049-1058. 

(207) Chen, F.; Shen, T.; Cui, Y.; Jiao, N. Org. Lett. 2012, 14, 4926-4929. 



6 REFERENCES 

191 

(208) Marvel, C. S.; Elliott, J. R.; Boettner, F. E.; Yuska, H. J. Am. Chem. Soc. 1946, 68, 

1681-1686. 

 

 



 

192 

 



 

193 

Appendix A: NMR Spectra 

1H and 13C NMR spectra of arbitrarily selected compounds 

 

1H NMR (400 MHz, CDCl3) spectrum of 78a 

 

 

13C NMR (75 MHz, CDCl3) spectrum of 78a
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1H NMR (400 MHz, DMSO-d6) spectrum of 78f 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 78f
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1H NMR (400 MHz, DMSO-d6) spectrum of 78g 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 78g  
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1H NMR (400 MHz, DMSO-d6) spectrum of 80b 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 80b  
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 1H NMR (400 MHz, CDCl3) spectrum of 84a 

 

 

13C NMR (101 MHz, CDCl3) spectrum of 84a  
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1H NMR (300 MHz, DMSO-d6) spectrum of 85a 

 

 

13C NMR (75 MHz, DMSO-d6) spectrum of 85a   
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1H NMR (300 MHz, DMSO-d6) spectrum of 85b 

 

 

13C NMR (75 MHz, DMSO-d6) spectrum of 85b   
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 1H NMR (300 MHz, DMSO-d6) spectrum of 85e 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 85e   
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 1H NMR (300 MHz, DMSO-d6) spectrum of 85f 

 

 

13C NMR (75 MHz, DMSO-d6) spectrum of 85f   
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1H NMR (400 MHz, CDCl3) spectrum of 86a 

 

 

13C NMR (75 MHz, CDCl3) spectrum of 86a  
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1H NMR (300 MHz, CDCl3) spectrum of 86d 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 86d  
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1H NMR (300 MHz, CDCl3) spectrum of 86j 

 

 

13C NMR (75 MHz, CDCl3) spectrum of 86j  
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1H NMR (300 MHz, DMSO-d6) spectrum of 87d 

 

 

13C NMR (75 MHz, DMSO-d6) spectrum of 87d   
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1H NMR (600 MHz, (CD3)2CO) spectrum of 89b 

 

 

13C NMR (151 MHz, (CD3)2CO) spectrum of 89b  
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1H NMR (400 MHz, CDCl3) spectrum of 89c 

 

 

13C NMR (75 MHz, CDCl3) spectrum of 89c  
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1H NMR (400 MHz, CDCl3) spectrum of 88a 

 

 

13C NMR (101 MHz, CDCl3) spectrum of 88a  
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1H NMR (400 MHz, DMSO-d6) spectrum of 95a 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 95a  
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1H NMR (400 MHz, DMSO-d6) spectrum of 95j 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 95j  
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 1H NMR (400 MHz, DMSO-d6) spectrum of 95k 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 95k  
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1H NMR (400 MHz, DMSO-d6) spectrum of 101 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 101  
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1H NMR (400 MHz, DMSO-d6) spectrum of 102a 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 102a  
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1H NMR (400 MHz, DMSO-d6) spectrum of 102g 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 102g  
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1H NMR (400 MHz, CD3CN) spectrum of 102k 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 102k  
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1H NMR (400 MHz, DMSO-d6) spectrum of 102l 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 102l  
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1H NMR (400 MHz, DMSO-d6) spectrum of 104 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 104  
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1H NMR (400 MHz, DMSO-d6) spectrum of 105 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 105  
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1H NMR (400 MHz, CDCl3) spectrum of 109a 

 

 

13C NMR (101 MHz, CDCl3) spectrum of 109a  
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1H NMR (400 MHz, CDCl3) spectrum of 109b 

 

 

13C NMR (101 MHz, CDCl3) spectrum of 109b  
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1H NMR (300 MHz, CDCl3) spectrum of 109c 

 

 

13C NMR (75 MHz, CDCl3) spectrum of 109c  
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1H NMR (400 MHz, CDCl3) spectrum of 109d 

 

 

13C NMR (101 MHz, CDCl3) spectrum of 109d  
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1H NMR (300 MHz, CD3OD) spectrum of 116a 

 

 

13C NMR (75 MHz, CD3OD) spectrum of 116a  
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1H NMR (400 MHz, DMSO-d6) spectrum of 116d 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 116d   
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1H NMR (400 MHz, DMSO-d6) spectrum of 116k 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 116k  
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1H NMR (400 MHz, DMSO-d6) spectrum of 116m 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 116m  
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1H NMR (400 MHz, DMSO-d6) spectrum of 116n 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 116n  
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1H NMR (400 MHz, DMSO-d6) spectrum of 117 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 117  
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1H NMR (400 MHz, DMSO-d6) spectrum of 122b 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 122b  
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1H NMR (400 MHz, DMSO-d6) spectrum of 122d 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 122d  
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1H NMR (400 MHz, DMSO-d6) spectrum of 122f 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 122f  
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1H NMR (400 MHz, DMSO-d6) spectrum of 122h 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 122h  
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1H NMR (300 MHz, DMSO-d6) spectrum of 122i 

 

13C NMR (75 MHz, DMSO-d6) spectrum of 122i  
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1H NMR (400 MHz, DMSO-d6) spectrum of 123a 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 123a  
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1H NMR (400 MHz, DMSO-d6) spectrum of 123b 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 123b  
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1H NMR (400 MHz, DMSO-d6) spectrum of 123c 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 123c  
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1H NMR (400 MHz, DMSO-d6) spectrum of 123e 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 123e  
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1H NMR (400 MHz, DMSO-d6) spectrum of 123h 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 123h  



APPENDIX A: NMR SPECTRA 

239 

 

1H NMR (400 MHz, DMSO-d6) spectrum of 127a 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 127a  
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1H NMR (400 MHz, DMSO-d6) spectrum of 127c 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 127c
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1H NMR (400 MHz, DMSO-d6) spectrum of 127d 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 127d  
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1H NMR (400 MHz, DMSO-d6) spectrum of 127e 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 127e 
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1H NMR (400 MHz, DMSO-d6) spectrum of 129 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 129  



APPENDIX A: NMR SPECTRA 

244 

 

1H NMR (400 MHz, DMSO-d6) spectrum of 136a 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 136a   
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1H NMR (400 MHz, DMSO-d6) spectrum of 136c 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 136c   
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1H NMR (400 MHz, DMSO-d6) spectrum of 137a 

 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 137a   
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1H NMR (400 MHz, DMSO-d6) spectrum of 137b 

 

13C NMR (101 MHz, DMSO-d6) spectrum of 137b 
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Appendix B: X-Ray Data 

Crystal data for 78d 

formula C16H11N2F 

molecular weight 250.25 gmol-1 

absorption µ = 0.09 mm-1 corrected wit SADABS 

transmission Tmin = 0.607, Tmax = 0.746  

crystal size 0.4 x 0.4 x 0.8  mm3 colourless Block  

space group P 21/c (monoclinic) 

lattice parameters a =18.3071(9)Å    

(calculate from 2729 b =9.2344(5)Å ß = 99.164(2)° 

reflections with c =7.6538(4)Å  

2.3° < θ < 27.3°) V = 1277.4(2)Å3 z = 4 F(000) = 520 

temperature 25°C 

density dxray = 1.301 gcm-3 

 

data collection 

 

diffractometer Smart CCD  

radiation Mo-Kα graphit monochromator 

 

scan type φ,ω-scans 

scan – width 0.5° 

scan range 2° ≤ θ < 28° 

  -23 ≤ h ≤ 23   -12 ≤ k ≤ 12   -9 ≤ l ≤ 9 

number of reflections: 

measured 13321 

unique   2960 (Rint = 0.0380) 

observed   2163 (|F|/σ(F) > 4.0) 

 

data correction, structure solution and refinement 

 

corrections Lorentz and polarisation correction.  

Structure solution Program: SIR-97 (Direct methods) 

refinement Program: SHELXL-97 (full matrix). 173 refined 

parameters, weighting scheme: 

 w=1/[σ2(Fo
2) + (0.0626*P)²+0.19*P]  

with (Max(Fo
2,0)+2*Fo

2)/3. H-atoms at calculated 

positions  and refined with isotropic displacement 

parameters, non H- atoms refined anisotropically. 

R-values wR2 = 0.1286  (R1=0.0431 for observed reflections, 

0.0618 for all reflections) 

goodness of fit S = 1.029 

maximum deviation  

of parameters  0.001 * e.s.d 

maximum peak height in  

diff. Fourier synthesis 0.19, -0.20 eÅ-3 
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final coordinates and equivalent displacement parameters (Å²) 

Uäq= (1/3)*∑∑ijai
*aj

*aiaj 

 

Atom X Y Z Ueq 

 

F1    0.48656(6)  0.7612(1)  0.9473(2)  0.0914(5) 

N1    0.14384(6)  0.3212(1)  0.4975(1)  0.0423(4) 

C2    0.18698(7)  0.4415(1)  0.5514(2)  0.0425(4) 

C3    0.25624(7)  0.3941(1)  0.6416(2)  0.0400(4) 

C4    0.25543(7)  0.2414(1)  0.6403(2)  0.0412(4) 

C5    0.18548(7)  0.1979(1)  0.5524(2)  0.0409(4) 

C6    0.15118(8)  0.0621(2)  0.5120(2)  0.0514(5) 

C7    0.08049(9)  0.0550(2)  0.4208(2)  0.0611(6) 

C8    0.04052(9)  0.1828(2)  0.3668(2)  0.0615(6) 

C9    0.07229(8)  0.3136(2)  0.4058(2)  0.0522(5) 

C10   0.16009(8)  0.5819(2)  0.5050(2)  0.0544(5) 

N11   0.1373(1)  0.6937(2)  0.4637(3)  0.0877(7) 

C12   0.31602(9)  0.1385(2)  0.7174(2)  0.0542(5) 

C13   0.31681(7)  0.4908(1)  0.7220(2)  0.0412(4) 

C14   0.30197(8)  0.6177(2)  0.8103(2)  0.0487(5) 

C15   0.35854(9)  0.7093(2)  0.8859(2)  0.0572(5) 

C16   0.43022(9)  0.6721(2)  0.8729(2)  0.0591(5) 

C17   0.44785(8)  0.5492(2)  0.7872(2)  0.0583(5) 

C18   0.39097(7)  0.4590(2)  0.7122(2)  0.0494(4) 

 

anisotropic displacement parameters 

 

 

Atom U11 U22 U33 U12 U13 U23 

 

F1   0.0758(7)  0.1010(9)  0.0958(8) -0.0440(6)  0.0086(6) -0.0256(7) 

N1   0.0388(6)  0.0435(6)  0.0452(6) -0.0020(5)  0.0085(5)  0.0011(5) 

C2   0.0396(7)  0.0400(7)  0.0476(7) -0.0006(5)  0.0066(5)  0.0015(5) 

C3   0.0400(7)  0.0420(7)  0.0392(6)  0.0016(5)  0.0095(5)  0.0004(5) 

C4   0.0437(7)  0.0421(7)  0.0390(6)  0.0029(5)  0.0103(5)  0.0011(5) 

C5   0.0428(7)  0.0407(7)  0.0415(7)  0.0000(5)  0.0136(5)  0.0006(5) 

C6   0.0569(9)  0.0426(7)  0.0584(8) -0.0043(6)  0.0201(7) -0.0032(6) 

C7   0.0587(9)  0.0576(9)  0.0694(10) -0.0193(8)  0.0171(8) -0.0111(8) 

C8   0.0460(8)  0.075(1)  0.0624(10) -0.0149(8)  0.0051(7) -0.0042(8) 

C9   0.0393(7)  0.0617(9)  0.0541(8) -0.0017(6)  0.0025(6)  0.0046(7) 

C10  0.0464(8)  0.0464(8)  0.0674(9)  0.0012(6) -0.0005(7)  0.0048(7) 

N11  0.085(1)  0.0514(9)  0.118(1)  0.0091(8) -0.0103(10)  0.0109(8) 

C12  0.0578(9)  0.0484(8)  0.0564(9)  0.0087(7)  0.0094(7)  0.0047(6) 

C13  0.0419(7)  0.0436(7)  0.0379(6) -0.0008(5)  0.0057(5)  0.0015(5) 

C14  0.0497(8)  0.0466(8)  0.0513(8) -0.0025(6)  0.0128(6) -0.0024(6) 

C15  0.069(1)  0.0498(8)  0.0543(9) -0.0113(7)  0.0144(7) -0.0091(7) 

C16  0.0576(9)  0.0652(10)  0.0530(9) -0.0221(7)  0.0041(7) -0.0040(7) 

C17  0.0409(7)  0.075(1)  0.0572(9) -0.0052(7)  0.0036(6) -0.0008(8) 

C18  0.0434(7)  0.0549(8)  0.0486(7)  0.0031(6)  0.0036(6) -0.0035(6) 
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final coordinates and isotropic displacement parameters (Å²) for H- atoms 

 

Atom X Y Z Uiso 

 

H6 0.17668  -0.02270   0.54752   0.0617 

H7    0.05854  -0.03479   0.39412   0.0734  

H8   -0.00738   0.17695   0.30470   0.0737  

H9    0.04623   0.39800   0.37131   0.0627  

H12A  0.29449   0.04996   0.75080   0.0812  

H12C  0.34495   0.18175   0.81974   0.0812  

H12B  0.34721   0.11832   0.63069   0.0812  

H14   0.25323   0.64117   0.81853   0.0584  

H15   0.34818   0.79353   0.94383   0.0686  

H17   0.49683   0.52721   0.77976   0.0699  

H18   0.40219   0.37550   0.65394   0.0593  
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Crystal data for 78e 

formula C13H14N2 

molecular weight 198,3 gmol-1 

space group P nma (orthorhombic)  

absorption µ = 0.07 mm-1  

crystal size 0.3 x 0.45 x 0.5 mm³ colourless Block 

lattice parameters a =11.9649(7)Å    

(calculate from b =6.8449(4)Å  

12099 reflections with c =13.5151(9)Å  

2.3°< θ < 29.8°) V =1106.9(1)Å3 z = 4 F(000) = 424 

temperature -80°C 

density dxray = 1.19 gcm-3 

 

data collection 

 

diffractometer STOE IPDS 2T 

radiation Mo-Kα graphit monochromator 

 

scan type ω scans 

scan – width 1° 

 

scan range 2° ≤ θ ≤ 28° 

  -15 ≤ h ≤ 15  -9 ≤ k ≤ 9   -17 ≤ l ≤ 17 

number of reflections: 

measured 13811 

unique   1436 (Rint = 0.0468) 

observed   1208 (|F|/σ(F) > 4.0) 

 

data correction, structure solution and refinement 

 

corrections Lorentz and polarisation correction. 

Structure solution Program: SIR-97 (Direct methods) 

refinement Program: SHELXL-97 (full matrix). 90 refined 

parameters, weighting scheme: 

 w=1/[σ2(Fo
2) + (0.0553*P)²+0.16*P] 

with P=(Max(Fo
2,0)+2*Fc

2)/3. H-atoms at calculated 

positions  and refined with isotropic displacement 

parameters, non H- atoms refined anisotropically.. 

R-values wR2 = 0.1153  (R1 = 0.0400 for observed reflections, 

0.0472 for all reflections) 

goodness of fit S = 1.064 

maximum deviation  

of parameters  0.001 * e.s.d 

maximum peak height in 

diff. Fourier synthesis 0.20, -0.17 eÅ-3 

Note Structure is mirror symmetric. 
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final coordinates and equivalent displacement parameters (Å²) 

Uäq= (1/3)*∑∑ijai
*aj

*aiaj 

 

Atom X Y Z Ueq 

 

C1    0.6610(1)  0.25000   0.4030(1)  0.0419(4) 

N2    0.56033(9)  0.25000   0.4536(1)  0.0444(4) 

C3    0.4529(1)  0.25000   0.4171(2)  0.0538(5) 

C4    0.3657(1)  0.25000   0.4811(2)  0.0619(7) 

C5    0.3850(2)  0.25000   0.5835(2)  0.0639(7) 

C6    0.4909(2)  0.25000   0.6198(2)  0.0576(6) 

C7    0.5833(1)  0.25000   0.5543(1)  0.0464(5) 

C8    0.6991(1)  0.25000   0.5665(1)  0.0438(4) 

C9    0.7474(1)  0.25000   0.4726(1)  0.0403(4) 

C10   0.6635(1)  0.25000   0.2995(1)  0.0473(5) 

N11   0.6653(1)  0.25000   0.2143(1)  0.0631(5) 

C12   0.7575(2)  0.25000   0.6640(1)  0.0581(6) 

C13   0.8706(1)  0.25000   0.4488(1)  0.0432(4) 

C14   0.90474(9)  0.0658(2)  0.3929(1)  0.0567(4) 

 

 

anisotropic displacement parameters 

 

Atom U11 U22 U33 U12 U13 U23 

 

C1    0.0319(6)  0.0361(7)  0.0576(9)  0.00000   0.0006(6)  0.00000 

N2    0.0322(6)  0.0300(6)  0.0709(9)  0.00000   0.0037(5)  0.00000 

C3    0.0337(7)  0.0367(7)  0.091(1)  0.00000  -0.0022(7)  0.00000 

C4    0.0341(7)  0.0359(8)  0.116(2)  0.00000   0.0100(8)  0.00000 

C5    0.0456(9)  0.0414(8)  0.105(2)  0.00000   0.0268(9)  0.00000 

C6    0.0547(9)  0.0377(8)  0.080(1)  0.00000   0.0215(8)  0.00000 

C7    0.0434(8)  0.0286(6)  0.0671(10)  0.00000   0.0090(7)  0.00000 

C8    0.0430(7)  0.0306(6)  0.0579(9)  0.00000   0.0036(6)  0.00000 

C9    0.0352(6)  0.0298(6)  0.0561(8)  0.00000  -0.0003(6)  0.00000 

C10   0.0344(7)  0.0454(8)  0.062(1)  0.00000  -0.0051(6)  0.00000 

N11   0.0505(8)  0.072(1)  0.0669(10)  0.00000  -0.0075(7)  0.00000 

C12   0.064(1)  0.0557(10)  0.0550(10)  0.00000   0.0020(8)  0.00000 

C13   0.0317(6)  0.0416(7)  0.0565(9)  0.00000  -0.0028(6)  0.00000 

C14   0.0381(5)  0.0466(6)  0.0853(9)  0.0058(5)  0.0028(5) -0.0061(6) 

 

final coordinates and isotropic displacement parameters (Å²) for H- atoms 

 

Atom X Y Z Uiso 

 

H3    0.43998   0.25000   0.34775   0.0646  

H4    0.29134   0.25000   0.45650   0.0743  

H5    0.32338   0.25000   0.62788   0.0767  

H6    0.50296   0.25000   0.68930   0.0691  

H12A  0.70718   0.19885   0.71499   0.0872  

H12B  0.77949   0.38376   0.68104   0.0872  

H12C  0.82426   0.16740   0.66001   0.0872  
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H13   0.91196   0.25000   0.51308   0.0519  

H14A  0.88607  -0.04952   0.43256   0.0850  

H14B  0.98541   0.06840   0.38041   0.0850  

H14C  0.86464   0.06007   0.32969   0.0850  
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Crystal data for 102j 

formula C13H16N2O 

molecular weight 216.28 gmol-1 

absorption µ = 0.08 mm-1  

crystal size 0.05 x 0.11 x 1.0  mm3 colourless needle  

space group P -1 (triclinic) 

lattice parameters a =4.8572(6)Å α = 75.456(11)°  

  

(calculate from b =7.9878(11)Å ß = 81.806(11)° 

4450 reflections with c =15.509(2)Å γ = 81.763(10)° 

3.2° < θ < 28.7°) V = 572.8(1)Å3 z = 2 F(000) = 232 

temperature -100°C 

density dxray = 1.254 gcm-3 

 

data collection 

 

diffractometer STOE IPDS 2T 

radiation Mo-Kα Graphitmonochromator 

 

Scan – type ω scans 

Scan – width 1° 

 

scan range 3° ≤ θ < 28° 

  -6 ≤ h ≤ 6   -10 ≤ k ≤ 10   -20 ≤ l ≤ 20  

number of reflections: 

measured 5925  

unique 2767 (Rint = 0.401) 

observed 1748 (|F|/σ(F) > 4.0) 

 

data correction, structure solution and refinement 

 

corrections Lorentz and polarisation correction.  

Structure solution Program: SIR-97 (Direct methods) 

refinement Program: SHELXL-97 (full matrix). 152 refined 

parameters, weighting scheme: 

 w=1/[σ2(Fo
2) + (0.0568*P)²]  

with (Max(Fo
2,0)+2*Fc

2)/3. H-atoms at calculated 

positions  (NH localized) and refined with isotropic 

displacement parameters, non H- atoms refined 

anisotropically. 

R-values wR2 = 0.1117  (R1=0.0432 for observed reflections, 

0.0808 for all reflections) 

goodness of fit S = 0.979 

maximum deviation  

of parameters  0.001 * e.s.d 

maximum peak height in  

diff. Fourier synthesis 0.24, -0.16 eÅ-3 
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final coordinates and equivalent displacement parameters (Å²) 

Uäq= (1/3)*∑∑ijai
*aj

*aiaj 

 

Atom X Y Z Ueq 

 

C1    0.5493(3)  0.3202(2)  0.1997(1)  0.0247(5) 

C2    0.4975(3)  0.4646(2)  0.2358(1)  0.0269(5) 

C3    0.6721(3)  0.4336(2)  0.3048(1)  0.0267(5) 

C4    0.8264(3)  0.2728(2)  0.3118(1)  0.0261(5) 

N5    0.7522(2)  0.2030(2)  0.24667(8)  0.0251(4) 

C6    0.8578(3)  0.0480(2)  0.2236(1)  0.0287(5) 

C7    0.7634(3)  0.0052(2)  0.1548(1)  0.0306(5) 

C8    0.5519(3)  0.1200(2)  0.1080(1)  0.0311(5) 

C9    0.4443(3)  0.2738(2)  0.1288(1)  0.0271(5) 

N10   0.7021(3)  0.5502(2)  0.35746(9)  0.0282(5) 

C11   0.4898(3)  0.6544(2)  0.3890(1)  0.0317(6) 

O12   0.2447(2)  0.6546(2)  0.3778(1)  0.0570(6) 

C13   0.5718(3)  0.7727(2)  0.4404(1)  0.0346(6) 

C14   1.0358(3)  0.1792(2)  0.3734(1)  0.0319(5) 

C15   0.8845(4) -0.1603(3)  0.1272(1)  0.0432(7) 

C16   0.2224(3)  0.3974(2)  0.0809(1)  0.0333(6) 

 

 

anisotropic displacement parameters 

 

 

Atom U11 U22 U33 U12 U13 U23 

 

C1   0.0187(6)  0.0290(8)  0.0246(7) -0.0029(6) -0.0027(6) -0.0028(6) 

C2   0.0209(7)  0.0283(8)  0.0313(8) -0.0017(6) -0.0058(6) -0.0055(7) 

C3   0.0196(6)  0.0323(9)  0.0292(8) -0.0056(6) -0.0035(6) -0.0069(7) 

C4   0.0206(7)  0.0309(8)  0.0267(8) -0.0049(6) -0.0046(6) -0.0045(6) 

N5   0.0194(6)  0.0284(7)  0.0262(7) -0.0018(5) -0.0047(5) -0.0033(5) 

C6   0.0261(7)  0.0245(8)  0.0311(8)  0.0005(6) -0.0039(6)  0.0000(6) 

C7   0.0321(8)  0.0264(8)  0.0323(8) -0.0042(7) -0.0003(7) -0.0061(7) 

C8   0.0315(8)  0.0346(9)  0.0288(8) -0.0058(7) -0.0050(6) -0.0087(7) 

C9   0.0230(7)  0.0318(9)  0.0252(8) -0.0042(6) -0.0040(6) -0.0031(6) 

N10  0.0189(6)  0.0355(8)  0.0339(7) -0.0043(5) -0.0066(5) -0.0125(6) 

C11  0.0215(7)  0.0410(10)  0.0358(9) -0.0044(7) -0.0045(6) -0.0136(8) 

O12  0.0193(6)  0.083(1)  0.086(1) -0.0017(6) -0.0093(6) -0.0526(10) 

C13  0.0263(7)  0.0410(10)  0.0406(10) -0.0029(7) -0.0045(7) -0.0173(8) 

C14  0.0271(8)  0.0359(9)  0.0308(8) -0.0024(7) -0.0101(6) -0.0014(7) 

C15  0.051(1)  0.0326(10)  0.047(1)  0.0018(8) -0.0074(9) -0.0137(8) 

C16  0.0284(8)  0.0400(10)  0.0321(9) -0.0002(7) -0.0104(7) -0.0075(7) 
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final coordinates and isotropic displacement parameters (Å²) for H- atoms 

 

 

Atom X Y Z Uiso 

 

H2    0.36941   0.56498   0.21774   0.0323  

H6    0.99643  -0.02832   0.25598   0.0344  

H8    0.48350   0.08807   0.06065   0.0373  

H10   0.868(4)  0.561(2)  0.368(1)  0.0338  

H13A  0.50043   0.89326   0.41433   0.0519  

H13B  0.77625   0.76248   0.43728   0.0519  

H13C  0.49204   0.73929   0.50320   0.0519  

H14A  1.21864   0.16294   0.33873   0.0478  

H14B  0.97740   0.06542   0.40542   0.0478  

H14C  1.04964   0.24751   0.41670   0.0478  

H15A  0.73271  -0.22799   0.12591   0.065  

H15B  1.01106  -0.22873   0.17024   0.065  

H15C  0.98857  -0.13176   0.06739   0.065  

H16A  0.29673   0.50791   0.05151   0.0500  

H16B  0.06079   0.41781   0.12413   0.0500  

H16C  0.16433   0.34717   0.03574   0.0500  
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Crystal data for 122a 

formula C17H12N2 

molecular weight 244.3 gmol-1 

absorption µ = 0.08 mm-1  

crystal size 0.08 x 0.1 x 0.36  mm3 colourless needle 

space group C 2/c (monoclinic) 

lattice parameters a =25.188(2)Å    

(calculate from b =5.7807(3)Å ß = 118.440(5)° 

10445 reflections with c =19.7935(13)Å  

2.3° < θ < 28.5°) V = 2534.2(3)Å3 z = 8 F(000) = 1024 

temperature -80°C 

density dxray = 1.281 gcm-3 

 

data collection 

 

diffractometer STOE IPDS 2T 

radiation Mo-Kα Graphitmonochromator 

 

Scan – type ω scans 

Scan – width 1° 

 

scan range 2° ≤ θ < 28° 

  -27 ≤ h ≤ 32   -7 ≤ k ≤ 7   -26 ≤ l ≤ 26 

number of reflections: 

measured 11351  

unique   3059 (Rint = 0.0561) 

observed    2078 (|F|/σ(F) > 4.0) 

 

data correction, structure solution and refinement 

 

corrections Lorentz and polarisation correction.  

Structure solution Program: SIR-97 (Direct methods) 

refinement Program: SHELXL-97 (full matrix). 188 refined 

parameters, weighting scheme: 

 w=1/[σ2(Fo
2) + (0.0636*P)²+0.34*P]  

with (Max(Fo
2,0)+2*Fc

2)/3. H-atoms at calculated 

positions  and refined with isotropic displacement 

parameters, non H- atoms refined anisotropically. 

R-values wR2 = 0.1277  (R1 = 0.0447 for observed reflections, 

0.0733 for all reflections) 

goodness of fit S = 1.020 

maximum deviation  

of parameters  0.001 * e.s.d 

maximum peak height in  

diff. Fourier synthesis 0.14, .0.20 eÅ-3 

remark structure is disordered 
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final coordinates and equivalent displacement parameters (Å²) 

Uäq= (1/3)*∑∑ijai
*aj

*aiaj 

 

Atom X Y Z Ueq 

 

N1    0.5587(6)  0.228(3)  0.6201(8)  0.037(2) 

C2    0.5020(6)  0.333(2)  0.5813(10)  0.033(2) 

C1    0.5632(6)  0.234(2)  0.6299(8)  0.033(2) 

N2    0.5084(4)  0.348(2)  0.5905(6)  0.037(2) 

C3    0.50291(7)  0.5122(3)  0.63296(8)  0.0369(6) 

C4    0.55787(7)  0.5095(3)  0.70097(8)  0.0379(6) 

C5    0.59398(7)  0.3321(3)  0.69598(8)  0.0362(6) 

C6    0.65480(7)  0.2627(3)  0.75366(8)  0.0356(6) 

C7    0.69020(7)  0.4133(3)  0.81326(8)  0.0421(6) 

C8    0.74870(8)  0.3548(3)  0.86660(9)  0.0485(7) 

C9    0.77300(8)  0.1448(3)  0.86168(9)  0.0473(7) 

C10   0.73789(7) -0.0085(3)  0.8041(1)  0.0451(7) 

C11   0.67935(7)  0.0483(3)  0.75077(9)  0.0397(6) 

C12   0.45039(7)  0.6616(3)  0.61290(8)  0.0370(6) 

C13   0.45787(8)  0.8761(3)  0.64869(9)  0.0414(6) 

C14   0.40853(8)  1.0135(3)  0.6339(1)  0.0467(7) 

C15   0.35102(8)  0.9418(3)  0.5821(1)  0.0506(8) 

C16   0.34296(8)  0.7322(3)  0.5451(1)  0.0512(7) 

C17   0.39218(8)  0.5923(3)  0.56065(9)  0.0456(7) 

C18   0.4629(2)  0.2486(7)  0.5138(2)  0.042(1) 

N19   0.42359(8)  0.1339(4)  0.45012(9)  0.0735(8) 

C20   0.5725(1)  0.0470(5)  0.5848(2)  0.040(1) 

 

 

anisotropic displacement parameters 

 

 

Atom U11 U22 U33 U12 U13 U23 

 

N1    0.030(2)  0.044(3)  0.022(2) -0.003(1)  0.001(1) -0.008(1) 

C2    0.030(2)  0.031(2)  0.034(4)  0.005(2)  0.011(3) -0.006(2) 

C1    0.030(2)  0.031(2)  0.034(4)  0.005(2)  0.011(3) -0.006(2) 

N2    0.030(2)  0.044(3)  0.022(2) -0.003(1)  0.001(1) -0.008(1) 

C3   0.0403(8)  0.0334(7)  0.0359(7)  0.0025(6)  0.0171(6) -0.0009(6) 

C4   0.0409(8)  0.0345(7)  0.0353(7)  0.0000(6)  0.0157(6) -0.0056(6) 

C5   0.0361(8)  0.0347(7)  0.0341(7) -0.0027(6)  0.0136(6) -0.0028(6) 

C6   0.0367(8)  0.0347(8)  0.0332(7) -0.0039(6)  0.0150(6) -0.0015(6) 

C7   0.0431(9)  0.0377(8)  0.0382(7) -0.0037(7)  0.0135(7) -0.0047(6) 

C8   0.0452(9)  0.0489(10)  0.0388(8) -0.0092(8)  0.0098(7) -0.0049(7) 

C9   0.0365(8)  0.052(1)  0.0431(8) -0.0015(8)  0.0105(7)  0.0068(7) 

C10  0.0390(9)  0.0432(9)  0.0510(9)  0.0013(7)  0.0198(7)  0.0025(7) 

C11  0.0373(8)  0.0367(8)  0.0426(8) -0.0016(6)  0.0170(7) -0.0044(6) 

C12  0.0400(8)  0.0347(8)  0.0345(7)  0.0046(6)  0.0162(6)  0.0029(6) 

C13  0.0460(9)  0.0376(8)  0.0400(7)  0.0030(7)  0.0199(7)  0.0002(6) 

C14  0.057(1)  0.0377(8)  0.0481(9)  0.0093(8)  0.0276(8)  0.0027(7) 

C15  0.050(1)  0.0491(10)  0.0549(9)  0.0150(8)  0.0262(8)  0.0095(8) 
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C16  0.0406(9)  0.050(1)  0.0521(9)  0.0073(8)  0.0131(7)  0.0054(8) 

C17  0.0453(9)  0.0381(8)  0.0435(8)  0.0059(7)  0.0132(7) -0.0002(7) 

C18  0.037(2)  0.044(2)  0.040(2)  0.005(2)  0.014(2) -0.004(2) 

N19  0.057(1)  0.107(2)  0.0480(9)  0.036(1)  0.0181(8)  0.0034(9) 

C20  0.034(1)  0.042(2)  0.035(1)  0.003(1)  0.010(1) -0.006(1) 

 

final coordinates and isotropic displacement parameters (Å²) for H- atoms 

 

 

Atom X Y Z Uiso 

 

H1    0.57138   0.11540   0.60145   0.044  

H2    0.48082   0.31446   0.54329   0.044  

H4    0.56895   0.61064   0.74343   0.0455  

H7    0.67400   0.55785   0.81736   0.0505  

H8    0.77229   0.45955   0.90680   0.0582  

H9    0.81345   0.10651   0.89759   0.0568  

H10   0.75409  -0.15416   0.80101   0.0541  

H11   0.65556  -0.05957   0.71179   0.0476  

H13   0.49731   0.92835   0.68365   0.0497  

H14   0.41426   1.15783   0.65942   0.0560  

H15   0.31717   1.03626   0.57206   0.0607  

H16   0.30351   0.68353   0.50888   0.0615  

H17   0.38608   0.44745   0.53531   0.0547  
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Crystal data for 136c 

formula C22H23FN2O2 

molecular weight 366.4 gmol-1 

absorption µ = 0.09 mm-1  

crystal size 0.4 x 0.6 x 0.6  mm3 colourless block  

space group P -1 (triclinic) 

lattice parameters a =11.7244(9)Å α = 80.454(7)°  

(calculate from b =13.1147(10)Å ß = 84.455(6)° 

15648 reflections with c =13.1273(11)Å γ = 76.543(6)° 

2.5° < θ < 28.7°) V = 1932.3(3)Å3 z = 4 F(000) = 776 

temperature -60°C 

density dxray = 1.26 gcm-3 

 

data collection 

 

diffractometer STOE IPDS 2T 

radiation Mo-Kα Graphitmonochromator 

 

Scan – type ω scans 

Scan – width 1° 

 

scan range 2° ≤ θ < 28° 

  -15 ≤ h ≤ 15   -17 ≤ k ≤ 14   -17 ≤ l ≤ 17 

number of reflections: 

measured 20237  

unique   9316 (Rint = 0.0402) 

observed   5916 (|F|/σ(F) > 4.0) 

 

data correction, structure solution and refinement 

 

corrections Lorentz and polarisation correction.  

Structure solution Program: SIR-2004 (Direct methods) 

refinement Program: SHELXL-2014 (full matrix). 507 refined 

parameters, weighting scheme: 

 w=1/[σ2(Fo
2) + (0.0676*P)²+0.20*P]  

with (Max(Fo
2,0)+2*Fc

2)/3. H-atoms at calculated 

positions  and refined with isotropic displacement 

parameters, non H- atoms refined anisotropically. 

R-values wR2 = 0.1394  (R1 = 0.0492 for observed reflections, 

0.0840 for all reflections) 

goodness of fit S = 1.027 

maximum deviation  

of parameters  0.001 * e.s.d 

maximum peak height in  

diff. Fourier synthesis 0.41, -0.31 eÅ-3 

remark structure contains two slightly different molecules, 

one i-propylic group is disorderd 
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final coordinates and equivalent displacement parameters (Å²) 

Uäq= (1/3)*∑∑ijai
*aj

*aiaj 

 

Atom X Y Z Ueq 

 

C1A   0.5489(1)  0.6141(1)  0.5588(1)  0.0313(5) 

C2A   0.4902(1)  0.5835(1)  0.6540(1)  0.0344(5) 

C3A   0.5423(1)  0.4803(1)  0.6912(1)  0.0327(5) 

N4A   0.6310(1)  0.4468(1)  0.6215(1)  0.0310(4) 

C5A   0.6374(1)  0.5261(1)  0.5400(1)  0.0302(5) 

C6A   0.5130(1)  0.4116(1)  0.7855(1)  0.0340(5) 

C7A   0.5335(2)  0.3019(1)  0.7899(1)  0.0411(6) 

C8A   0.5045(2)  0.2384(2)  0.8795(2)  0.0477(7) 

C9A   0.4566(2)  0.2856(2)  0.9642(1)  0.0473(7) 

C10A  0.4326(2)  0.3931(2)  0.9626(1)  0.0480(7) 

C11A  0.4608(2)  0.4561(2)  0.8728(1)  0.0419(6) 

C12A  0.5173(1)  0.7208(1)  0.4970(1)  0.0314(5) 

C13A  0.3986(1)  0.7691(1)  0.4828(1)  0.0348(5) 

C14A  0.3664(2)  0.8707(1)  0.4306(1)  0.0374(5) 

C15A  0.4511(2)  0.9278(1)  0.3905(1)  0.0359(5) 

C16A  0.5688(2)  0.8816(1)  0.4038(1)  0.0382(6) 

C17A  0.6002(2)  0.7797(1)  0.4574(1)  0.0348(5) 

C18A  0.7268(1)  0.4996(1)  0.4562(1)  0.0299(5) 

N19A  0.7251(1)  0.5675(1)  0.3677(1)  0.0340(4) 

C20A  0.8024(2)  0.5394(1)  0.2773(1)  0.0389(6) 

C21A  0.8119(2)  0.6339(2)  0.1965(1)  0.0442(6) 

C22A  0.8617(3)  0.7149(2)  0.2369(2)  0.0657(9) 

C23A  0.8859(2)  0.5952(2)  0.1023(2)  0.0660(9) 

F24A  0.4310(1)  0.2230(1)  1.0534(1)  0.0712(5) 

O25A  0.4097(1)  1.0278(1)  0.3401(1)  0.0488(5) 

C26A  0.4934(2)  1.0907(2)  0.3036(2)  0.0575(8) 

O27A  0.8013(1)  0.41525(9)  0.46821(9)  0.0403(4) 

C1B   1.0837(1)  0.0817(1)  0.5998(1)  0.0303(5) 

C2B   1.1469(1)  0.1221(1)  0.5115(1)  0.0324(5) 

C3B   1.0873(1)  0.2241(1)  0.4771(1)  0.0296(5) 

N4B   0.9893(1)  0.2468(1)  0.5417(1)  0.0288(4) 

C5B   0.9849(1)  0.1611(1)  0.6163(1)  0.0305(5) 

C6B   1.1209(1)  0.3007(1)  0.3917(1)  0.0318(5) 

C7B   1.1818(2)  0.2656(2)  0.3039(2)  0.0563(8) 

C8B   1.2196(3)  0.3356(2)  0.2243(2)  0.0697(10) 

C9B   1.1967(2)  0.4408(2)  0.2348(2)  0.0505(7) 

C10B  1.1371(2)  0.4793(1)  0.3196(2)  0.0409(6) 

C11B  1.0995(2)  0.4082(1)  0.3984(1)  0.0353(5) 

C12B  1.1213(1) -0.0229(1)  0.6644(1)  0.0312(5) 

C13B  1.1674(2) -0.0305(1)  0.7593(2)  0.0509(7) 

C14B  1.2015(2) -0.1277(2)  0.8213(2)  0.0538(8) 

C15B  1.1902(2) -0.2189(1)  0.7888(1)  0.0393(6) 

C16B  1.1473(2) -0.2136(1)  0.6932(2)  0.0446(6) 

C17B  1.1139(2) -0.1164(1)  0.6319(1)  0.0387(6) 

C18B  0.8835(2)  0.1675(1)  0.6920(1)  0.0351(5) 

N19B  0.8760(2)  0.0775(1)  0.7555(1)  0.0556(6) 
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C20B  0.7781(2)  0.0691(2)  0.8314(2)  0.0665(9) 

C21B  0.8052(4) -0.0112(5)  0.9230(4)  0.056(2) 

 

 

Atom X Y Z Ueq 

 

C21C  0.7916(10) -0.0371(8)  0.8903(7)  0.056(3) 

C22B  0.6954(3) -0.0232(3)  0.9905(2)  0.096(1) 

C23B  0.8675(5) -0.1159(4)  0.9050(4)  0.098(2) 

C23C  0.9120(9) -0.0518(6)  0.9592(7)  0.098(2) 

F24B  1.2351(1)  0.5095(1)  0.1569(1)  0.0758(6) 

O25B  1.2189(2) -0.3176(1)  0.8461(1)  0.0583(6) 

C26B  1.2338(3) -0.3228(2)  0.9527(2)  0.076(1) 

O27B  0.8092(1)  0.2506(1)  0.6952(1)  0.0440(4) 

 

anisotropic displacement parameters 

 

 

Atom U11 U22 U33 U12 U13 U23 

 

C1A  0.0295(8)  0.0260(8)  0.0375(8) -0.0044(6) -0.0034(6) -0.0038(6) 

C2A  0.0326(8)  0.0301(8)  0.0386(9) -0.0035(7)  0.0010(7) -0.0062(7) 

C3A  0.0302(8)  0.0314(8)  0.0358(8) -0.0061(7) -0.0011(6) -0.0045(7) 

N4A  0.0308(7)  0.0248(6)  0.0346(7) -0.0041(5) -0.0004(5) -0.0002(5) 

C5A  0.0299(8)  0.0254(7)  0.0338(8) -0.0054(6) -0.0039(6) -0.0006(6) 

C6A  0.0292(8)  0.0370(9)  0.0336(8) -0.0058(7) -0.0011(6) -0.0020(7) 

C7A  0.0402(9)  0.0364(9)  0.0412(9) -0.0034(7)  0.0074(8) -0.0024(7) 

C8A  0.045(1)  0.0378(10)  0.051(1) -0.0020(8)  0.0091(8)  0.0030(8) 

C9A  0.046(1)  0.053(1)  0.0371(9) -0.0110(9)  0.0036(8)  0.0071(8) 

C10A 0.053(1)  0.057(1)  0.0343(9) -0.0127(9)  0.0045(8) -0.0102(8) 

C11A 0.047(1)  0.0398(10)  0.0394(9) -0.0104(8)  0.0006(8) -0.0089(8) 

C12A 0.0324(8)  0.0252(7)  0.0349(8) -0.0028(6) -0.0026(6) -0.0048(6) 

C13A 0.0324(8)  0.0293(8)  0.0415(9) -0.0037(7) -0.0008(7) -0.0069(7) 

C14A 0.0318(8)  0.0316(8)  0.0458(9)  0.0018(7) -0.0059(7) -0.0074(7) 

C15A 0.0426(9)  0.0253(8)  0.0370(9) -0.0016(7) -0.0055(7) -0.0033(7) 

C16A 0.0382(9)  0.0304(8)  0.0454(10) -0.0080(7) -0.0028(7) -0.0030(7) 

C17A 0.0304(8)  0.0279(8)  0.0447(9) -0.0030(6) -0.0047(7) -0.0045(7) 

C18A 0.0285(8)  0.0255(7)  0.0346(8) -0.0050(6) -0.0039(6) -0.0014(6) 

N19A 0.0322(7)  0.0278(7)  0.0370(7) -0.0007(6)  0.0003(6)  0.0000(6) 

C20A 0.0418(9)  0.0353(9)  0.0373(9) -0.0075(7)  0.0025(7) -0.0027(7) 

C21A 0.047(1)  0.042(1)  0.0403(10) -0.0101(8) -0.0021(8)  0.0029(8) 

C22A 0.091(2)  0.052(1)  0.061(1) -0.036(1)  0.006(1) -0.006(1) 

C23A 0.081(2)  0.068(2)  0.047(1) -0.024(1)  0.015(1) -0.003(1) 

F24A 0.0862(10)  0.0690(9)  0.0454(7) -0.0137(7)  0.0165(6)  0.0119(6) 

O25A 0.0506(8)  0.0301(6)  0.0578(8) -0.0005(6) -0.0086(6)  0.0069(6) 

C26A 0.067(1)  0.035(1)  0.063(1) -0.0079(10) -0.003(1)  0.0121(9) 

O27A 0.0396(7)  0.0310(6)  0.0405(7)  0.0048(5)  0.0016(5)  0.0022(5) 

C1B  0.0319(8)  0.0238(7)  0.0342(8) -0.0041(6) -0.0054(6) -0.0022(6) 

C2B  0.0322(8)  0.0258(8)  0.0363(8) -0.0013(6) -0.0016(6) -0.0040(6) 

C3B  0.0298(8)  0.0274(8)  0.0311(8) -0.0043(6) -0.0015(6) -0.0054(6) 

N4B  0.0286(6)  0.0239(6)  0.0313(7) -0.0025(5) -0.0019(5) -0.0016(5) 
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C5B  0.0332(8)  0.0243(7)  0.0332(8) -0.0060(6) -0.0058(6) -0.0001(6) 

C6B  0.0318(8)  0.0290(8)  0.0312(8) -0.0033(6) -0.0015(6) -0.0001(6) 

C7B  0.077(1)  0.039(1)  0.045(1) -0.006(1)  0.018(1) -0.0077(9) 

C8B  0.093(2)  0.058(1)  0.045(1) -0.008(1)  0.028(1) -0.003(1) 

C9B  0.051(1)  0.050(1)  0.043(1) -0.0130(9)  0.0034(9)  0.0127(9) 

C10B 0.0385(9)  0.0334(9)  0.048(1) -0.0080(7) -0.0061(8)  0.0045(7) 

C11B 0.0346(8)  0.0321(8)  0.0370(9) -0.0054(7)  0.0002(7) -0.0031(7) 

C12B 0.0311(8)  0.0251(7)  0.0344(8) -0.0016(6) -0.0041(6) -0.0008(6) 

C13B 0.078(1)  0.0275(9)  0.050(1) -0.0071(9) -0.027(1) -0.0037(8) 

C14B 0.080(1)  0.0360(10)  0.044(1) -0.0032(10) -0.030(1) -0.0009(8) 

C15B 0.0470(10)  0.0258(8)  0.0384(9)  0.0020(7) -0.0053(7)  0.0016(7) 

C16B 0.062(1)  0.0253(8)  0.047(1) -0.0074(8) -0.0109(9) -0.0054(7) 

 

 

Atom U11 U22 U33 U12 U13 U23 

 

C17B 0.050(1)  0.0297(8)  0.0366(9) -0.0066(7) -0.0109(8) -0.0031(7) 

C18B 0.0328(8)  0.0312(8)  0.0370(9) -0.0034(7) -0.0029(7)  0.0029(7) 

N19B 0.0470(9)  0.0408(9)  0.062(1)  0.0005(7)  0.0146(8)  0.0168(8) 

C20B 0.060(1)  0.056(1)  0.066(1) -0.006(1)  0.019(1)  0.020(1) 

C21B 0.051(2)  0.063(3)  0.048(3) -0.015(2) -0.008(2)  0.015(2) 

C21C 0.076(5)  0.066(5)  0.036(4) -0.039(4)  0.002(4) -0.006(3) 

C22B 0.070(2)  0.123(3)  0.075(2) -0.030(2)  0.003(1)  0.051(2) 

C23B 0.124(4)  0.051(2)  0.088(3)  0.005(2)  0.034(3)  0.015(2) 

C23C 0.124(4)  0.051(2)  0.088(3)  0.005(2)  0.034(3)  0.015(2) 

F24B 0.090(1)  0.0703(9)  0.0559(8) -0.0246(8)  0.0154(7)  0.0212(7) 

O25B 0.091(1)  0.0285(7)  0.0470(8) -0.0002(7) -0.0156(7)  0.0078(6) 

C26B 0.115(2)  0.051(1)  0.044(1)  0.007(1) -0.013(1)  0.0137(10) 

O27B 0.0407(7)  0.0354(7)  0.0458(7)  0.0015(5)  0.0069(6)  0.0036(5) 

 

 

final coordinates and isotropic displacement parameters (Å²) for H- atoms 

 

 

Atom X Y Z Uiso 

 

H2A   0.42618   0.62642   0.68661   0.0413  

H4A   0.67718   0.38398   0.62759   0.0372  

H7A   0.56742   0.27064   0.73151   0.0494  

H8A   0.51737   0.16458   0.88215   0.0573  

H10A  0.39767   0.42337   1.02130   0.0576  

H11A  0.44454   0.53007   0.87041   0.0502  

H13A  0.34023   0.73168   0.50935   0.0418  

H14A  0.28653   0.90173   0.42206   0.0449  

H16A  0.62689   0.91910   0.37675   0.0459  

H17A  0.68010   0.74962   0.46718   0.0418  

H19A  0.65489   0.62318   0.36176   0.0408  

H20A  0.77259   0.48870   0.24589   0.0467  

H20B  0.88099   0.50427   0.30008   0.0467  

H21A  0.73187   0.66869   0.17458   0.0530  

H22A  0.81240   0.73933   0.29557   0.0985  
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H22B  0.86424   0.77449   0.18265   0.0985  

H22C  0.94060   0.68273   0.25826   0.0985  

H23A  0.96600   0.56455   0.12099   0.0990  

H23B  0.88512   0.65450   0.04711   0.0990  

H23C  0.85337   0.54206   0.07907   0.0990  

H26A  0.53619   1.09708   0.36103   0.0862  

H26B  0.45300   1.16065   0.27275   0.0862  

H26C  0.54790   1.05732   0.25216   0.0862  

H2B   1.21750   0.08591   0.48134   0.0389  

H4B   0.93754   0.30662   0.53624   0.0346  

H7B   1.19775   0.19303   0.29824   0.0676  

H8B   1.26012   0.31155   0.16435   0.0836  

H10B  1.12200   0.55193   0.32450   0.0491  

H11B  1.05854   0.43328   0.45765   0.0423  

H13B  1.17570   0.03140   0.78231   0.0611  

H14B  1.23228  -0.13102   0.88559   0.0646  

H16B  1.14092  -0.27589   0.66981   0.0536  

H17B  1.08542  -0.11371   0.56671   0.0464  

H19B  0.92424   0.00272   0.74572   0.0667  

 

 

Atom X Y Z Uiso 

 

H20C  0.71505   0.05315   0.79711   0.0798  

H20D  0.74801   0.13824   0.85444   0.0798  

H20E  0.70481   0.08696   0.79574   0.0798  

H20F  0.77264   0.12032   0.87914   0.0798  

H21B  0.85539   0.01507   0.96450   0.067  

H21C  0.79062  -0.09509   0.85092   0.067  

H22D  0.66155   0.04228   1.01794   0.145  

H22E  0.71550  -0.08052   1.04724   0.145  

H22F  0.63889  -0.03907   0.94960   0.145  

H22G  0.73160  -0.06249   1.05286   0.145  

H22H  0.62789  -0.05021   0.97974   0.145  

H22I  0.67030   0.05126   0.99774   0.145  

H23D  0.81293  -0.15364   0.88547   0.146  

H23E  0.90365  -0.15435   0.96765   0.146  

H23F  0.92791  -0.11019   0.84967   0.146  

H23G  0.98266  -0.06914   0.91485   0.146  

H23H  0.91183  -0.10834   1.01707   0.146  

H23I  0.90985   0.01391   0.98492   0.146  

H26D  1.30225  -0.29587   0.96075   0.114  

H26E  1.24471  -0.39587   0.98607   0.114  

H26F  1.16469  -0.28027   0.98420   0.114  
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