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Abstract 

Azafluorene derivates are naturally occurring compounds that possess multiple types 

of biological activity with the potential of being used as pharmaceuticals. Azaindenofluorenes 

are studied as potential candidates to be used as organic light-emitting diodes because of their 

photophysical properties. In this work, compounds belonging to these groups were 

synthesized using cyclotrimerization. 

 

Keywords: cyclotrimerization, catalysis, azafluorene, azafluorenone, azaindenofluorene, 

azaindenofluorenone, natural compound, OLED 
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Abstrakt 

Deriváty azafluorenů jsou látky vyskytující se v přírodě, které vykazují různé druhy 

biologické aktivity, díky níž mají tyto látky potenciál být využity pro farmaceutické účely.  

Deriváty azaindenofluorenů jsou studovány pro jejich potenciální využití jako organickýé  

elektroluminiscenční diody, kvůli jejich fotofyzikálním vlastnostem. V této práci, látky patřící 

do těchto skupin sloučenin byly syntetizovány s využitím cyklotrimerizace. 

 

Klíčová slova: cyklotrimerizace, katalýza, azafluoren, azafluorenon, azaindenofluoren, 

azaindenofluorenon, přírodní látka, OLED  
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List of used abbreviations 

3A-MS 3A molecular sieve 

Ac  acetyl 

atm  the standard atmosphere 

Bu  butyl 

Bn  benzyl 

cod  1,5-cyclooctadiene 

Cp  cyclopentadienyl 

Cy  cyclohexyl 

d  day 

dba  dibenzylideneacetone 

DBU  1,8-diazabicyclo[5.4.0]undec-7-ene 

DCE  1,2-dichloroethane 

DIAD  diisopropyl azodicarboxylate 

DIPA  diisopropylamine 

DMA  dimethylacetamide 

DMF  dimethylformamide 

DPE-Phos bis[(2-diphenylphosphino)phenyl] ether 

equiv  equivalent 

Et  ethyl 

Fc  ferrocene 

h  hour 

HMPA  hexamethylphosphoramide 

Ind  indenyl ligand 

LICKOR Lochmann-Schlosser superbase (n-butyllithium/t-BuOK) 

LTMP  lithium tetramethylpiperidide 

M  mol · l-1 

Me  methyl 

MsOH  methanesulfonic acid 

MW  microwave 

NMR  nuclear magnetic resonance 

Pa  pascal 

PCC  pyridinium chlorochromate 
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PDC  pyridinium dichromate 

PivOH  pivalic acid 

Ph  phenyl 

PPA  phenylpropanolamine 

Pr  propyl 

rt  room temperature 

TBA  tert-butyl alcohol 

TBAC  tert-butyl acetate 

TBHP  tert-butyl hydroperoxide 

TBS  tert-butyldimethylsilyl 

TEAB  tetraethylammonium bromide 

Tf  trifluormethasulfonate 

TFA  trifluoroacetic acid 

THF  tetrahydrofuran 

TMEDA tetramethylethylenediamine 

Tol  tolyl 

TsNHOTBS O-TBS-N-tosylhydroxylamine 

Ts  tosyl 
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1 Introduction 

Azafluorenes and azafluorenones are naturally occurring compounds that possess 

several biological activities. They have been found to have anticandidal1, antimicrobial2, 

antimalarial3, and cytotoxic4 activity. These properties make azafluorenes important 

compounds worth of studying for their potential benefits. 

 

 

Figure 1. 4-Azafluorene molecule. 

 

Azaindenofluorenes and azaindenofluorenes are larger counterparts of the above-

mentioned compounds. These compounds have been studied as potential materials for organic 

light-emitting diodes5. Yet only a little research was done regarding their synthesis. In this 

work, I synthetized a previously unknown compound that belongs to the group of 

azaindenofluorenones. 

 

 

Figure 2. Azaindenofluorene counterpart of azafluorene 1. 

 

The key step in my synthetic pathway was cyclotrimerization reaction. This reaction is 

Rh-catalyzed and allows to create benzene ring from three triple bonds in one reaction step. 

These triple bonds may come from different molecules or they may all be part of one 

molecule if such a triyne molecule has a suitable geometry. In this work, I used both of these 

ways, intermolecular cyclotrimerization for azafluorene derivates and intramolecular 

cyclotrimerization for azaindenofluorene derivates. 
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2 Aims of the Work 

1. Synthesis of 6,7-di-p-tolylbenzo[7,8]-as-indaceno[1,2-b]pyridine-5,8-dione (148) 

 

 

Figure 3. Azaindenofluorenone 148. 

 

2. Synthesis of 7,8-diethyl-6,9-diphenyl-5H-indeno[1,2-b]pyridin-5-one (152) and 

optimization of reaction conditions. 

 

 

Figure 4. Azafluorenone 152. 
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3 State of the Art 

3.1 Azafluorene derivates in nature and their biological activity 

The group of compounds based on the azafluorene skeleton has been a subject of 

scientific interest because some of these are natural compounds and are biologically active. 

Here are few examples of substituted azafluorene compounds found in nature: 6-

hydroxyonychine, 5-hydroxy-6-methoxyonychine and 2,6-dimethoxy-7-hydroxyonychine, 

which were isolated from Oxandra xylopioides6 or 2-hydroxyonychine isolated from 

Polyalthia nemoralis.7 

It was found that derivates of azafluorene have anticandidal activity.1 Some of the 

compounds which have anticandidal activity are used as a medication to treat some fungal 

infections. Another property to be found among azafluorene derivates is antimicrobial 

activity2 which is also important from the point of view of healthcare. Antimalarial activity is 

another property that some of these compounds possess.3 This property is of great importance 

as there is a need for safe and effective drugs for treating malaria as it is still a widespread 

disease nowadays. Last but not least some azafluorene derivates have cytotoxic activity4 

making them potential candidates to be used for the treatment of cancer. 

 

 

Figure 5. 4-Azafluorene molecule. 
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3.2 Synthesis of substituted fluorenes 

In 1976 a method8 was published that allowed to synthesize alkylated fluorene 4 using the 

reaction of 2-hydyroxybiphenyl 3 with methanol in a flow system. The reaction afforded a 

mixture of a fluorene 4, biphenyl 5, and 6.  

 

Scheme 1. Synthesis of 1,2,3,4-tetramethyl fluorene 4. 

 

In 2001 an approach to synthesize polysubstituted fluorenes using Friedel-Crafts 

alkylation was demonstrated.9 Ethylation of fluorene was performed using bromoethane as the 

alkylation agent and aluminum trichloride as the catalyst. This reaction yielded fluorenes 8 

and 9. 

 

 

Scheme 2. Ethylation of fluorenes using Friedel-Crafts reaction. 

 

In 2009 a method was published for synthesis substituted fluorenes 11. It was based on 

a reaction between bis(indenyl)zirconacyclopentadienes 10 and TiCl4 (Scheme 3).10 

Advantage of this approach is that various substituents can be present on the final fluorene 

derivate. This study showed that ethyl, propyl, phenyl, and tolyl can be used as substituents. 

The disadvantage of this approach is that it allows preparation of 1,2,3,4-tetrasubstituted 

derivatives only.  
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Scheme 3. Synthesis of 1,2,3,4-tetrasubstituted fluorene. 

 

According to an article which was published in 201311 another approach to synthesize 

1,2,3,4-tetrasubstituted fluorenes exists. This synthetic pathway uses Dewar benzenes 12 as 

starting materials. After a series of reactions via 13 and 14, tetrasubstituted fluorenones 15 

were obtained and these were then reduced into fluorenes 16 (Scheme 4).  

 

 

Scheme 4. Reduction of substituted fluorenone to substituted fluorene. 

 

A study from 1998 described preparation of polyphenylfluorenes (Scheme 5).12 It was 

achieved by Diels-Alder reaction of 4,5,6,7-tetraphenyl-1H-inden-1-one 17 with 2,3,4,5-

tetraphenylcyclopenta-2,4-dien-1-one 18 giving rise to fluorenone 19. Then followed its 

reaction with Grignard reagent to give alcohol 20, which was subsequently reduced by 

titanium trichloride to the desired fluorenone 21. 
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Scheme 5. Synthesis of polyphenylated fluorene. 

 

Another synthetic pathway to prepare substituted fluorenones relies on two steps 

reaction sequence (Scheme 6).13 The pathway is based on cross-coupling of N-alkyl 

benzamides 22 with boronic acids. The reaction proceeds via a ruthenium complex catalyzed 

C-H bond activation. The products 23a and 23b can undergo intramolecular Friedel-Crafts 

acylation to give the corresponding fluorenones.  

 

Scheme 6. Fluorenone synthesis. 

 

A synthetic pathway that allows synthesizing polysubstituted 9H-fluoren-9-ones was 

demonstrated by another study.14 The starting material for this synthesis are carboxylic acids 
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25. The reaction proceeds via lithiation and the subsequent reaction with SnBu3 group 

providing 26 which are then used in the Stille coupling with aryl halides yielding products 28. 

The final step gives desired fluorenes 29 via reaction with LICKOR (29a), reaction with 

LTMP (29b) or intramolecular Friedel-Crafts acylation (29c) (Scheme 7). 

 

Scheme 7. Synthesis of polysubstituted 9H-fluoren-9-ones. 

 

An approach relying on Pd-catalyzed double C–H bond activation of diaryl ketones 30 

was reported as well.15 Diaryl ketones 30 underwent oxidative cyclization using a Pd(II) 

catalyst (a combination of Pd(OAc)2 with Ag2O serving as an oxidative agent) and 

trifluoroacetic acid as a solvent. This reaction provided the desired fluorenones 31 (Scheme 

8). 
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Scheme 8. Pd-catalyzed oxidative cyclization of diaryl ketones. 

 

Another way to synthesize fluorene derivates is via Rh-catalyzed dehydrogenative 

cyclization.16 1-amino-1,1-diarylalkanes 32 to 9aminofluorenes 33 (Scheme 9). 

 

 

Scheme 9. Rh-catalyzed dehydrogenative cyclization of 1-amino-1,1-diarylalkanes. 

 

In the same study carboxylic acids were tried as substrates as well. When the same 

conditions were applied to attempt dehydrogenative cyclization of 2,2-diphenylalkanoic acids 

the reaction failed to provide any desired product. Therefore, the reaction conditions were 

modified and [{CpERhCl2}2] was used instead of [{RhCl(cod)}2]. These conditions were 

applied to the two substrates 34 and 36 and the corresponding products 35 and 37 were 

obtained. (Scheme 10). 
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Scheme 10. Rh-catalyzed dehydrogenative cyclization of 2,2-diphenylalkanoic acids. 

 

A reaction pathway utilizing direct palladium-catalyzed intramolecular biaryl coupling 

of 40 can be used to obtain a fluorene derivate 41.17 

 

 

Scheme 11. Pd-catalyzed synthesis of 2,3-dimethoxy-9H-fluoren-9-one. 

 

Palladium-catalyzed cyclocarbonylation of o-halobiaryls 42 was used to synthesize 

fluoren-9-ones 43.18 

 

  

Scheme 12. Palladium-catalyzed cyclocarbonylation of o-halobiaryls. 
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Palladium-catalyzed annulation of arynes by 2-halobenzaldehydes is also a possible 

method of how to synthesize fluoren-9-ones.19 Arynes were generated in situ from 

2-(trimethylsilyl)aryl triflates 44 and were used for reaction with o-haloarenecarboxaldehydes 

45 to give fluorenones 46. 

 

 

Scheme 13. Synthesis of fluorenones using annulation of arynes by o-haloaryl-

carboxaldehydes. 

 

Another way to synthesize fluorenones 49 is a cascade reaction using Pd-catalyzed C-

H activation of aromatic oximes 47 with aryl boronic acids 48.20 

 

 

Scheme 14. Synthesis of fluorenones via Pd-Catalyzed C-H activation. 

 

Synthesis of fluorenones 51 can be also achieved using intramolecular radical 

cyclization of ortho-biphenylcarbaldehydes 50 in presence of TEAB and K2S2O8 (Scheme 

15).21 
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Scheme 15. Synthesis of fluorenones via quaternary ammonium salt-promoted intramolecular 

dehydrogenative arylation of aldehydes. 

 

In 2006 a paper was published in which a novel approach for the synthesis of fluorene 

derivates 54 was described using annulative tandem reactions based on Pd0/tBu3P-catalyzed 

cross-coupling and C(sp3)–H bond activation.22 An obstacle that researchers needed to 

overcome with this reaction was the fact that intramolecular C–H bond activation competes 

with an intermolecular direct cross-coupling process. The solution to this problem was found 

in using bulkier reagents as sterically hindered substrates/reagents are more reluctant to 

undergo cross-coupling reactions. When this problem was solved it was shown that this 

reaction works well for aryl dihalides 52 used as substrates and (2,6-

dimethylphenyl)magnesium bromide derivates 53 serving as both coupling reagent and base. 

 

 

Scheme 16. Fluorene synthesis using Pd-catalyzed cross-coupling and C-H bond activation. 

 

Gold(I)-catalyzed intramolecular cyclization 2-cycloheptatrienyl biphenyls 55 as 

substrates was shown to provide fluorenes 56 in moderate to good yields.23 
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Scheme 17. Gold(I)-catalyzed synthesis of fluorenes. 

 

Cross dehydrogenative coupling of biphenylcarbaldehydes 57 via homolytic aromatic 

substitution was also used to synthesize fluorenones 58.24 

 

 

Scheme 18. Synthesis of fluorenones using cross dehydrogenative coupling. 

 

3.2.1 [2+2+2]-Cyclotrimerization Based Synthesis of Fluorenes, Fluorenols, and 

Fluorenones 

This approach to the synthesis of fluorenes and fluorenols was the starting point of my 

own work regarding the synthesis of azafluorenes. 

This method allows synthesizing selectively substituted fluorenes 6125 via catalytic 

[2+2+2] cyclotrimerization of diynes 59 with various internal alkynes 60. Wilkinson’s 

catalyst (RhCl(PPh3)3) serves as a catalyst for the following reactions. Another 3 catalysts 

were tested – CpCo(CO)2, Cp*RuCl(cod), and Ni(cod)2/2PPh3 but Wilkinson’s catalyst was 

the best performing one. 
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Scheme 19. Rh-catalyzed cyclotrimerization of diynes with alkynes providing fluorenes. 

 

It was shown in the same study that this approach can be also used for the synthesis of 

fluorenols 63 by cyclotrimerizing diynols 62 with alkynes 60. 

 

 

Scheme 20. Rh-catalyzed cyclotrimerization of diynes with alkynes providing fluorenols. 

 

Analogically, [2+2+2] cyclotrimerization can be used to synthesize selectively 

4-substituted fluorenones 66 (Scheme 21) by cyclotrimerization of diynols 64.26  
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Scheme 21. Synthesis of selectively 4-substituted fluorenones. 

 

Another approach was published27 showing that ruthenium trichloride mediated 

[2+2+2] cyclotrimerization of diynones 67 with 68 can be done with solvent-free conditions 

giving fluorenones 69 in high yields. The reaction proceeded in a screw-capped tube under 

argon atmosphere. 
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Scheme 22. Cyclotrimerization of diynes with alkynes providing fluorenones using solvent-

free conditions. 

 

This approach also allowed using heterocyclic diynes 70, 72, and 74 as substrates and 

the corresponding products 71, 73 and 75 were obtained(Schemes 23, 24 and 25). 

 

 

Scheme 23. Cyclotrimerization of furan derivate 70 with an alkyne. 
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Scheme 24. Cyclotrimerization of thiophene derivate 72 with an alkyne. 

 

 

Scheme 25. Synthesis of the azafluorene 75 via [2+2+2] cyclotrimerization. 
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3.3  [2+2+2] Cyclotrimerization Reaction Mechanism 

Herein is shown the generally accepted reaction mechanism of the [2+2+2] 

cyclotrimerization (Scheme 26).28 The first step of the reaction mechanism is an alkyne 

reaction with a transition metal M yielding I. This step is repeated to yield II. Next the two 

alkyne ligands undergo cyclization providing the cyclic adducts metallacyclopentadiene IIIa 

([CoCp(L)2], {RhCp} and {RhInd}) or a metallacyclopentatriene IIIb ([RuCpCl]) with the 

biscarbene structure. After coordination of a third alkyne ligand to the metallacyclopentadiene 

or metallacyclopentatriene intermediate IV is obtained. Then either alkyne insertion to form a 

planar aromatic metallacycloheptatriene V occurs or metal-mediated [4+2] cycloaddition to 

yield a 7-metallanorbornadiene complex VI takes place or yet another possibility is [2+2] 

cycloaddition to give a metallabicyclo[3.2.0]heptatriene VII. In the final step, the arene is 

produced by the elimination of the metal which then is ready to repeat the cycle.  

 

 

Scheme 26. Schematic [2+2+2] reaction mechanism with M = transition metal. 
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3.4 Synthesis of substituted azafluorenes 

7-Halo-5H-indeno[1,2-b]pyridines (79) were prepared by a reaction sequence starting 

with a reaction of 2-fluoro-3-methylpyridine and para-substituted phenyl lithiums providing 

biphenyls 77. The subsequent oxidation of the methyl group gave rise to carboxylic acids 77. 

After intramolecular Friedel-Crafts acylation providing fluorenones 78, Kizhner-Wolff 

reduction as the final step of the synthesis provided the desired products 79 (Scheme 27).29 

 

 

Scheme 27. 7-halo-5H-indeno[1,2-b]pyridines. 

 

Compounds containing the azafluorene scaffold can be obtained by pyrolysis of 82 

and 88 giving rise to a mixture of 83, 84, 85 and 89, 90 respectively (Schemes 28 and 29).30 
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Scheme 28. Pyrolysis of 82 to obtain azafluorenes 83, 84 and 85. 

 

 

Scheme 29. Pyrolysis of 88 to obtain azafluorenes 89 and 90. 

 

Aryl substituted 4-azafluorenones 93 can be synthesized by condensation of aryl 

aldehydes 91, aryl ketones 92 and 1H-indene-1,3(2H)-dione (Scheme 30).31 

 

 

Scheme 30. Synthesis of the 4-azafluorenones 93. 

 

The same study showed that aryl-substituted 4-azafluorenes 95 can be synthesized 

from aryl ketones 94 and aryl aldehydes 91 under the same reaction conditions (Scheme 31). 
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Scheme 31. Synthesis of the 4-azafluorenes 95. 

 

Another approach to synthesize 4-azafluorenone 99 is known.32 This synthetic 

pathway starts with 3-bromopyridine and 2-nitrobenzaldehyde as substrates. After 

bromide-lithium exchange 3-pyridyl lithium undergoes addition to 2-nitrobenzaldehyde 

forming the adduct 96. The next step is oxidation of the hydroxyl group providing the ketone 

97. The subsequent reduction of the nitro group to form the amine 98 followed by cyclization 

yields the final product 99 (Scheme 32). 

 

 

Scheme 32. Synthesis of 4-azafluorenone 99. 

 

The 4-methyl-5H-indeno[1,2-b]pyridine 104 can be prepared using a synthetic 

pathway starting with 1H-inden-2-yl trifluoromethanesulfonate, which undergoes Stille 

reaction to form compound 101. The subsequent Mitsunobu reaction transformed 101 into the 

intermediate 102, which underwent desilylative elimination yielding oxime 103. The final 
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step of this synthetic pathway is a thermal electrocyclization of the aza 6π-electron system 

providing azafluorene 104 (Scheme 33).33 

 

 

Scheme 33. Synthesis of 4-methyl-5H-indeno[1,2-b]pyridine 104. 

 

The first step of another synthetic pathway for preparation of azafluorene 104 is based 

on hetero Diels–Alder reaction of indene and ethyl (2E,4E)-4-((phenylsulfonyl)imino)but-2-

enoate yielding the compound 105. After aromatization, the compound 106 was obtained it 

was then reduced to alcohol 107. The final step, which is also a reduction, yielded the final 

product 4-methyl-5H-indeno[1,2-b]pyridine 104 (Scheme 34).34 

 

 

Scheme 34. Synthesis of 4-methyl-5H-indeno[1,2-b]pyridine 104 using hetero Diels–Alder 

cycloaddition. 
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Another study showed that azafluorenes can be prepared by using intramolecular 

cyclization of arylpyridines 109 (Scheme 35) and benzylpyridines 113 (Scheme 36).35 

Arylpyridines 109 were synthesized from the 3-bromo-2-chloropyridine and the arylboronic 

acids 108 using Suzuki coupling. The subsequent intramolecular cyclization provided the 

1-azafluorenes 110 (Scheme 35). 

 

Scheme 35. Synthesis of 1-azafluorenes 110 using intramolecular cyclization of arylpyridines 

109. 

 

Suzuki coupling of 2-bromo-3-(bromomethyl)pyridine 111 and arylboronic acids 108 

provided benzylpyridines 113. These were subjected to intramolecular cyclization yielding 

4-azafluorenes 114 (Scheme 36). 

 

 

Scheme 36. Synthesis of 4-azafluorenes 114 using intramolecular cyclization of 

benzylpyridines 113. 
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Azafluorenes can be also synthesized using sequential C–H and C–C activations. In 

this reaction allylic alcohols 115 react with imidates 116 yielding azafluorenes 117 (Scheme 

37).36 

 

Scheme 37. Synthesis of azafluorenes 117. 

 

It was shown that it is also possible to use Heck reaction to synthesize azafluorenones 

121.37 The required substrate 120 for the Heck reaction was prepared via a reaction of 

3-bromo-4-methylpyridine 118 with aldehydes 119, which afforded unstable alcohols that 

were oxidized providing 120. The subsequent intramolecular Heck reaction provided 

azafluorenones 121 (Scheme 38). 

 

 

Scheme 38. Synthesis of 1-methyl-4-azafluorenones 121 using Heck reaction. 
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Another study also used Heck reaction for synthesis of azafluorenones 125.38 

Substrates 124 for the Heck reaction were synthesized via Grignard reaction of the 

2-bromonicotinaldehyde 122 with the Grignard reagents 123 (Scheme 39). 

 

 

Scheme 39. Synthesis of 4-azafluorenones 125 using Heck reaction. 
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3.5 Importance of azaindenofluorenes 

Azaindenofluorenes have not yet been studied in detail. It is known that this group of 

compounds has fluorescence properties and therefore they are considered to be candidates for 

components of organic light-emitting diodes.5 Therefore, there is an incentive to synthesize 

azaindenofluorenes in order to access their so far not very much known potential. 

 

3.6 Synthesis of substituted azaindenofluorenes 

Azaindenofluorenones 128 were synthesized by condensation of 1H-indene-1,3(2H)-

dione 126 with aldehydes 127 (Scheme 40).39 

 

 

Scheme 40. Synthesis of azafluorenones 128. 

 

The previously mentioned synthetic method for preparation of azafluorenes (Scheme 

37) can also be used for synthesis of benzo[5,6]-s-indaceno[1,2-b]pyridin-11(5H)-one 117c if 

prop-2-en-1-ol 115a and ethyl 9-oxo-9H-fluorene-2-carbimidate 116 are used as substrates for 

the reaction (Scheme 41).36 

 

 

Scheme 41. Synthesis of benzo[5,6]-s-indaceno[1,2-b]pyridin-11(5H)-one 117c. 

 

A synthesis of 6,12-dihydrodiindeno[1,2-b:1',2'-e]pyridine 133 is shown below 

(Scheme 42). The synthetic pathway starts with 2,5-dibromo-3,6-dimethylpyridine 129 and 

phenylboronic acid 108a as substrates. The reaction provides 

2,5-dimethyl-3,6-diphenylpyridine, which is subsequently oxidized to carboxylic acid 131 
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followed by cyclization yielding ketone 132, which is then reduced to the final product 

6,12-dihydrodiindeno[1,2-b:1',2'-e]pyridine 133.5 

 

 

Scheme 42. Synthesis of 6,12-dihydrodiindeno[1,2-b:1',2'-e]pyridine 133. 

 

A synthetic pathway that allows preparation of 

s-indaceno[1,2-b:7,6-b']dipyridine-5,7-dione 138 was published.40 The substrates 134 and 135 

underwent Still coupling yielding the compound 136. The following oxidation provided 

carboxylic acid 137, which underwent cyclization yielding the product 138 and a side product 

139 (Scheme 43). 
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Scheme 43. Synthesis of s-indaceno[1,2-b:7,6-b']dipyridine-5,7-dione 138. 

 

Azaindenofluorene 141 can be synthesized via condensation of ketone 140 and 

ammonium acetate as substrates with DMSO acting as both solvent and reactant (Scheme 

44).41 

 

 

Scheme 44. Synthesis of azaindenofluorene 141. 

 

Although the above-mentioned azaindenofluorenones and azaindenofluorenones 

possess similar scaffolds, to the best of my knowledge, derivatives of 

5,8-dihydrobenzo[7,8]-as-indaceno[1,2-b]pyridine 142, which were the subjects of my work, 

were never synthesized before. 

 

 

Figure 6. 5,8-dihydrobenzo[7,8]-as-indaceno[1,2-b]pyridine 142.  
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4 Results and Discussion 

4.1 Synthesis of azaindenofluorenes 

4.1.1 Synthesis of triyne 146 

The synthetic pathway that I used starts with Sonogashira coupling of commercially 

available 2-bromobenzaldehyde and ethynyltrimethylsilane. Using acetylene instead of 

ethynyltrimethylsilane would save one reaction step but since acetylene is in gaseous state at 

room temperature it is more practical to use ethynyltrimethylsilane and remove the TMS 

group in the next step. Aldehyde 143 was obtained in quantitative yield (Scheme 45). 

 

 

Scheme 45. Sonogashira coupling yielding 2-((trimethylsilyl)ethynyl)benzaldehyde 143. 

 

In order for aldehyde 143 to undergo the next Sonogashira coupling, the TMS group 

must have been removed. (Scheme 46). This reaction provided 2-ethynylbenzaldehyde 144 in 

96 % yield.  

 

 

Scheme 46. Removal of TMS group. 

 

The next step was Sonogashira coupling of 2-ethynylbenzaldehyde 144 and 

2-bromonicotinaldehyde yielding 2-((2-formylphenyl)ethynyl)nicotinaldehyde 145 in 91 % 

yield (Scheme 47). 

The first experiment was done using 2-ethynylbenzaldehyde 144 which I prepared 

myself as described before (Schemes 45 and 46). Later I switched to commercially available 

2-ethynylbenzaldehyde 144 as a time-saving measure. 
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Scheme 47. Sonogashira coupling providing dialdehyde 145. 

 

With dialdehyde 145 at hand, triyne could be synthesized. Therefore, alkynylation of 

dialdehyde 145 by 1-ethynyl-4-methylbenzene was performed. Triyne 146 was obtained in 64 

% yield. 

 

 

Scheme 48. Synthesis of triyne 146. 

 

This step has proven to be difficult due to the very low solubility of triyne 146 in any 

common solvent. Because of this reason, purification, handling, and analyzing of triyne 146 

became time demanding and inefficient. Furthermore, this reaction was prone to failure, 

yielding no product. 
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4.1.2 Cyclotrimerization and oxidation 

Thanks to its favorable geometry, triyne 146 was able to undergo intramolecular 

cyclotrimerization to produce azaindenofluorenol 147 (Scheme 49). Because the hydroxyl 

groups on azaindenofluorene scaffold are prone to oxidation, this alcohol 147 was not 

isolated. Instead, the crude diol 147 was oxidized to diketone 148. The oxidation was PCC. 

The oxidation provided azaindenofluorenone 148 in two-steps yield of 45%. The approach 

increased efficiency and decreased losses during the purification process.  

 

 

Scheme 49. Cyclotrimerization of 146 to azaindenofluorenediol 147 and its oxidation to 148. 
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4.2 Synthesis of azafluorenes 

Given the difficulties with low solubility of triyne 146, my interest shifted to 

azafluorenes which are smaller counterparts of azaindenofluorenes. Except for the fact that 

azafluorenes are important compounds worthy of research the goal was also to find optimized 

conditions that could then be applied also for synthesis azaindenofluorenes. 

 

4.2.1 Synthesis of diyne 150 

The synthetic pathway that I used started with Sonogashira coupling of 2-

bromonicotinaldehyde and ethynylbenzene (both compounds are commercially available). 

The reaction successfully provided aldehyde 149 in 87 % yield (Scheme 51). 

 

 

Scheme 50. Sonogashira coupling yielding aldehyde 149. 

 

In order to be able to carry out cyclotrimerization, I needed diyne as a substrate. 

Therefore, the next step of my synthetic pathway was alkynylation of aldehyde 149 with 

ethynylbenzene via nucleophilic addition yielding alcohol 150 in 97 % yield (Scheme 52). 

 

Scheme 51. Synthesis of diyne 150. 

 

4.2.2 Cyclotrimerization 

In this step was created a compound with the azafluorene scaffold. Thus azafluorenol 

151 was formed via a catalytic cyclotrimerization reaction of diyne 150 with 3-hexyne, 

(Scheme 53). The 3-hexyne was used in excess to compensate for its loss via undesired 

homocoupling of this alkyne. In order to obtain the best results, a number of different 

conditions were used (Table 1). 
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The first attempts of cyclotrimerization using Wilkinson’s catalysts in three different 

solvents (DCE, THF, and toluene) failed to provide any product (Entries 1-3), even though all 

of diyne 150 was consumed. 

In order to find out, whether this result could have been caused by catalyst inactivity, a 

new batch of Wilkinson’s catalyst was used, and the reaction temperature was increased from 

60 °C to 75 °C. Under these conditions, azafluorenol 151 was obtained in 31, 15, and 11 % 

yields (Entries 4-6). 

The addition of silver carbonate to generate cationic Rh-species was tried, but it led to 

decrease of the yield in DCE from 31% to 16% (Entries 4 and 7), and to no significant 

improvement of yields in THF (13%) or toluene (14%) (Entries 8 and 9).  

Next, I decided to screen the time profile of the cyclotrimerization reaction. It was 

desirable for two reasons. Since diyne 150 was completely consumed after 16 hours, but 

yields were low, there were most likely some undesirable side-reactions taking place with 

either diyne 150 or the product 151. The idea was that during a shorter reaction time, the rate 

of the side-reactions could be lowered. I chose THF as a solvent and reaction temperature of 

80 °C for the reaction time profile screening. The reactions were performed under argon 

atmosphere in sealed pressure-proof tubes and samples were taken at reaction times of 0, 30, 

60, 120, and 180 minutes. Yields of products were determined using NMR spectroscopy. 

Analysis of the samples by NMR spectroscopy revealed that the reaction was finished 

during the first 30 minutes. That was a rather surprising discovery given the fact that reaction 

time published for the synthesis of fluorenols by cyclotrimerization under almost identical 

conditions was 16 hours.25  

Therefore, this experiment was repeated, and samples were taken at reaction times 0, 

10, 20, and 30 minutes. It was found out that diyne 150 was completely consumed within the 

first 10 minutes and, surprisingly, that a shorter reaction time increases yield. The yield was 

15% after 16 hours (Entry 5), but it increased to 30% and 33% when reaction took place for 

180 and 30 minutes, respectively (Entries 10 and 11). 

With this knowledge of optimized reaction time being 10 minutes and reactions were 

carried out at 80, 90, 100, 120, 150, and 180 °C. For high temperatures, the reaction was 

performed using microwave heating instead of conventional heating. 

The yields obtained for different temperatures in DCE were as follows: 27% (80 °C), 

27% (90 °C), 31% (100 °C), 25% (120 °C), 20% (180 °C – microwave heating) (Entries 12-

16). The yields obtained for different temperatures in THF were as follows: 33% (80 °C), 
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43% (90 °C), 34% (100 °C), 38% (120 °C), 33% (150 °C – microwave heating) (Entries 17-

21). It was found that the best yield of 151 (43%) was obtained in THF at 90 °C (Entry 18). 

When toluene was used as a solvent complex reaction mixtures were formed and the 

desired azafluorenol 151 could not be unequivocally detected or identified in NMR spectra 

(Entries 22 and 23). Because of the unsatisfactory results, no other reaction conditions were 

screened in toluene. 

In order to find out, whether using microwave heating instead of conventional heating 

does change yields, another two experiments were done. Reactions in DCE were conducted at 

100 °C and 120 °C using microwave irradiation (Entries 24 and 25) and obtained yields were 

compared with those obtained at the same temperatures with conventional heating (Table 1, 

entries 14 and 15). The yield was slightly lower when microwave heating was used reaching 

23% at 100 °C compared to 31% with conventional heating (Entries 24 and 14). The same 

yield was obtained at 120 °C for both types of heating reaching 25% (Entries 25 and 15). 
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Table 1. Optimization of reaction conditions for cyclotrimerization. 

 

Entry Solvent T (°C) t (min or h)) Note Yield (%)a 

1 DCE 60 16 h old batch of catalyst – 

2 THF 60 16 h old batch of catalyst – 

3 toluene 60 16 h old batch of catalyst – 

4 DCE 75 16 h  31b 

5 THF 75 16 h  15b 

6 toluene 75 16 h  11b 

7 DCE 75 16 h Ag2CO3 16b 

8 THF 75 16 h Ag2CO3 13b 

9 toluene 75 16 h Ag2CO3 14b 

10 THF 80 180 min  30 

11 THF 80 30 min  33 

12 DCE 80 10 min  27 

13 DCE 90 10 min  27 

14 DCE 100 10 min  31 

15 DCE 120 10 min  25 

16 DCE 180 10 min MW irradiation 20 

17 THF 80 10 min  33 

18 THF 90 10 min  43 

19 THF 100 10 min  34 

20 THF 120 10 min  38 

21 THF 150 10 min MW irradiation 33 

22 toluene 75 10 min  – 

23 toluene 90 10 min  – 

24 DCE 100 10 min MW irradiation 23 

25 DCE 120 10 min MW irradiation 25 

a 1H NMR yields. b Isolated yields 
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With the aim to better understand the processes that contribute to decrease in yields, 

thermal stability of diyne 150 was tested in DCE, THF, and toluene. It was found out that 

diyne 150 is stable to at least 100 °C in all the above-mentioned solvents but after 1 hour at 

temperature 120 °C, the amount of diyne 150 decreased. The amounts of 150 left were 80% in 

DCE, 73% in THF, and 85% in toluene (Table 2). 

 

Table 2. Thermal stability of diyne 150. 

T (°C) 150 left in DCE (%)a 150 left in THF (%)a 150 left in toluene (%)a 

rt 100 100 100 

60 100 100 100 

80 100 100 100 

100 100 100 100 

120 80 73 85 

a Determined by 1H NMR.  

 

The hypothesis that I wanted to test was that with an increased reaction temperature 

cyclotrimerization outpaces negative processes that are leading to lower yields until the 

temperature at whichdiyne150 loses its stability. The fact that diyne 150 becomes unstable in 

DCE at 120 °C matches data for obtained yields of 151 at different temperatures in DCE 

(Entries 12-16). For DCE yield reached its peak at 100 °C and then decreased with 

temperature as is visualized in Figure 7 which represents data Entries 12-16. 
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Figure 7. Dependency of cyclotrimerization yield of 151 on temperature in DCE. 

 

 

In the case of THF, cyclotrimerization yield dependency on temperature does not 

correspond to the thermal stability of diyne 150. It was stable until 120 °C, but the 

cyclotrimerization yield reached its peak at 90 °C as is seen in Figure 8, which visualizes data 

from Entries 17-21. Therefore, the yields of cyclotrimerization reaction of diyne 150 only 

partially depend on its thermal stability, if at all. 
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Figure 8. Dependency of cyclotrimerization yield of 151 on temperature in THF. 

 

 

The optimized conditions were meant to be used also for cyclotrimerization of triyne 

146 providing azaindenofluorenol 147 (Scheme 49), but due to time constraints, it has not 

been done. 

 

4.2.3 Oxidation of 151 

Azafluorenol 151 obtained by the above-described cyclotrimerization reaction, was 

oxidized by PCC to azafluorenone 152 in 75 % yield (Scheme 54). 

 

 

Scheme 52. Oxidation of 151 yielding azafluorenone 152. 
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5 Experimental part 

5.1 General 

All reagents were commercially available and obtained from Sigma-Aldrich, Acros 

Organics, and Strem Chemicals companies. Solvents were purified and dried by distillation: 

tetrahydrofuran (THF) and toluene from sodium/benzophenone, dichloroethane from calcium 

hydride. Other solvents and all reagents were used without further purification. All reactions 

were performed under argon atmosphere unless otherwise noted. Thin layer chromatography 

was performed on Merck silica gel 60 F254 coated aluminum sheets. The 1H NMR and 13C 

NMR spectra were recorded on a Bruker AVANCE III Spectrometer (1H at 400 MHz and 13C 

at 100 MHz) as solutions in CDCl3, chemical shifts are given in δ-scale (1H NMR spectra 

were referenced to residual peak of CDCl3 at δ 7.26, 13C NMR spectra to CDCl3 at δ 77.16), 

coupling constants J are given in Hz. The IR spectra were recorded on a Bruker IFS 55 

spectrometer in KBr tablets and are reported in wavenumbers (cm-1). The MS spectra were 

recorded on a VG-Analytical ZAB-SEQ device. All melting points are uncorrected and were 

determined on a Kofler apparatus. 
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5.2 Synthesis of azaindenofluorenone 148 

2-((Trimethylsilyl)ethynyl)benzaldehyde (143). 

2-Bromobenzaldehyde (117 µL, 1.0 mmol), Pd(PPh3)2Cl2 (35 mg, 0.005 

mmol) and CuI (19 mg, 0.1 mmol) were dissolved in a Schlenk flask with 

a reflux condenser in triethylamine (4 mL) and THF (4 mL), afterwards 

ethynyltrimethylsilane (207 µL, 1.5 mmol) was added and the reaction 

mixture was stirred for 3 h under reflux. The reaction mixture was cooled down, filtered off 

with Celite/silica, and washed with diethyl ether. The organic fraction was concentrated under 

reduced pressure. Column chromatography of the residue on silica gel (1/1 hexanes/EtOAc) 

yielded 202 mg (100%) of the title compound as a colorless solid. Compound characterization 

data are in agreement with the reported values.42 

 

2-Ethynylbenzaldehyde (144). 

A flask with 2-((trimethylsilyl)ethynyl)benzaldehyde 143 (202 mg, 1.0 mmol) 

was cooled in an ice bath to 0 °C, 3 mL of methanol were added by a Pasteur 

pipette and the reaction mixture was stirred until 143 was fully dissolved. Then 

K2CO3 was added (276 mg, 2.0 mmol) and few drops of distilled water and the 

reaction mixture was stirred for 1 h. After that, HCl was added dropwise until bubbles of CO2 

stopped appearing. The reaction mixture was extracted with diethyl ether (3×15 mL), the 

combined organic fractions were concentrated under reduced pressure. Column 

chromatography of the residue on silica gel (5/1 hexanes/EtOAc) yielded 125 mg (96%) of 

the title compound as a white solid. Compound characterization data are in agreement with 

the reported values.43 

 

2-((2-Formylphenyl)ethynyl)nicotinaldehyde (145).  

2-Ethynylbenzaldehyde 144 (125 mg, 1.0 mmol), Pd(PPh3)2Cl2 

(35 mg, 0.005 mmol) and CuI (19 mg, 0.1 mmol) were dissolved in a 

Schlenk flask with a reflux condenser in triethylamine (4 mL) and 

THF (4 mL), afterwards 2-bromonicotinaldehyde (186 mg, 1.0 mmol) 

was added and the reaction mixture was stirred for 3 h under reflux. The reaction mixture was 

cooled down, filtered off with Celite/silica and washed with diethyl ether. The organic 

fraction was concentrated under reduced pressure. Column chromatography of the residue on 

silica gel (1/1 hexanes/EtOAc) yielded 185 mg (91%) of the title compound as a light brown 

solid: mp 142 °C; 1H NMR (400 MHz, CDCl3) δ 10.69 (d, J = 0.8 Hz, 1H), 10.59 (d, J = 0.6 
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Hz, 1H), 8.87 (dd, J = 4.8, 1.8 Hz, 1H), 8.25 (dd, J = 7.9, 1.8 Hz, 1H), 7.97 (dd, J = 7.6, 1.1 

Hz, 1H), 7.79–7.76 (m, 1H), 7.66 (dt, J = 7.5, 1.5 Hz, 1H), 7.58–7.54 (m, 1H), 7.47 (ddd, J = 

7.9, 4.8, 0.8 Hz, 1H); 13C NMR (100 MHz, CDCl3) δ 190.8, 190.4, 154.5, 145.0, 136.7, 135.6, 

134.4, 134.0, 132.5, 130.3, 129.0, 124.0, 123.9, 91.9, 90.7; IR (KBr) νmax 3372, 3070, 3046, 

2986, 2926, 2842, 2803, 2753, 2214, 2184, 1993, 1972, 1927, 1888, 1850, 1772, 1697, 1652, 

1586, 1574, 1556, 1473, 1446, 1422, 1383, 1353, 1299, 1257, 1192, 1156, 1093, 1048, 1006, 

967, 893, 875, 815, 767, 731, 722, 641, 573, 525 cm-1; HRMS (m/z) for C15H9NO2 (M+) 

calcd: 236.0712, found: 236.0714; Rf (1/1 hexanes/EtOAc) = 0.19 (silica gel plate). 

 

1-(2-((2-(1-Hydroxy-3-(p-tolyl)prop-2-yn-1-yl)phenyl)ethynyl)pyridin-3-yl)-3-(p-

tolyl)prop-2-yn-1-ol (146).  

A solution of n-BuLi 1.6M (1875 µL, 3.0 mmol) was 

added dropwise to a solution of 1-ethynyl-4-

methylbenzene (380 µL, 3.0 mmol) in anhydrous THF (10 

mL) at -78 °C. After 30 min of stirring, alkyne 145 

(235 mg, 1.0 mmol) dissolved in THF (10 mL) was added 

and the reaction mixture was stirred for 15 min at -78 °C, 

afterwards it was allowed to warm up to ambient temperature and the reaction mixture was 

stirred 3 h. Then it was quenched with H2O, extracted with diethyl ether (3×15 mL), the 

combined organic fractions were washed with a saturated solution of NaCl, dried over 

anhydrous CaSO4, filtered, and concentrated under reduced pressure. Column 

chromatography of the residue on silica gel (1/1 hexanes/EtOAc) yielded 301 mg (64%) of 

the title compound as a dark orange solid.: mp 139 °C; 1H NMR (400 MHz, CDCl3) δ 8.60 

(dd, J = 4.8, 1.7 Hz, 1H), 8.11 (dd, J = 7.9, 1.7 Hz, 1H), 7.80 (dd, J = 7.7, 1.4 Hz, 1H), 7.72 

(dd, J = 7.5, 1.5 Hz, 1H), 7.44 (td, J = 7.6, 1.5 Hz, 1H), 7.38–7.30 (m, 7H), 7.10–7.07 (m, 

5H), 6.25 (s, 1H), 6.25–6.22 (m, 1H), 2.37−2.33 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 

149.3, 143.0, 141.8, 139.2, 138.9, 138.7, 135.4, 133.7, 131.84 (3C), 131.82 (2C), 129.7, 

129.15 (2C), 129.10 (2C), 128.5, 127.6, 123.3, 121.1, 119.5, 119.2, 92.4, 91.3, 87.7, 87.4, 

87.2, 87.1, 63.8, 62.4, 21.6 (2C); IR (KBr) νmax 3324, 3306, 3282, 3183, 3085, 3058, 3034, 

2926, 2860, 2214, 2196, 1775, 1739, 1703, 1655, 1601, 1577, 1509, 1485, 1449, 1425, 1374, 

1311, 1263, 1251, 1195, 1180, 1108, 1042, 1018, 970, 875, 821, 767, 722, 710, 695, 579, 528 

cm-1; HRMS (m/z) for C33H26O2N (M + H) calcd: 468.19534 found: 468.19581; Rf (1/1 

hexanes/EtOAc) = 0.32 (silica gel plate). 
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6,7-Di-p-tolylbenzo[7,8]-as-indaceno[1,2-b]pyridine-5,8-dione (148).  

A dry microwave vial was charged with tryine 146 (119 mg, 0.26 

mmol) and dissolved in THF (7 mL) under argon atmosphere. After 

addition of Wilkinson’s catalyst (7 mg, 0.0078 mmol) and Ag2CO3 

(7 mg, 0.0156 mmol) the reaction mixture was sealed and heated at 180 

°C for 1.5 h in a microwave reactor. The reaction mixture was cooled 

down to room temperature and the solvent was evaporated under 

reduced pressure. The crude product was dissolved in anhydrous CH2Cl2 (20 mL) and 

pyridinium chlorochromate (162 mg, 0.75 mmol) and Celite (162 mg) waere added and the 

reaction mixture was stirred for 3 h at 20 °C. Afterwards it was filtered through a Celite/silica 

gel plug and concentrated under reduced pressure. Column chromatography of the residue on 

silica gel (1/1/1 hexanes/EtOAc/CH2Cl2) l yielded 54 mg (45%) of the title compound as an 

orange solid: mp (decomposition) 220–222°C; 1H NMR (400 MHz, CDCl3) δ 9.70 (d, J = 7.7 

Hz, 1H), 8.86 (dd, J = 5.5, 1.7 Hz, 1H), 7.90 (dd, J = 7.4, 1.8 Hz, 1H), 7.69 (td, J = 7.5, 1.3 

Hz, 1H), 7.65–7.63 (m, 1H), 7.40 (td, J = 7.4, 0.9 Hz, 1H), 7.30 (dd, J = 7.5, 5.1 Hz, 1H), 7.04 

(d, J = 8.0 Hz, 4H), 6.92–6.88 (m 4H), 2.32 (s, 6H); 13C NMR (100 MHz, CDCl3) δ 192.6, 

190.75, 164.2, 154.4, 145.2, 143.8, 142.8, 139.7, 137.39 (2C), 137.36 (2C), 137.0, 136.6, 

136.1, 135.7, 135.4, 132.4, 132.3, 131.7, 130.2, 129.69 (2C), 129.68 (2C), 129.6, 128.9, 

128.6, 128.5, 124.2, 123.6, 21.8 (2C); IR (KBr) νmax 3060, 3028, 2920, 2860, 2195, 1780, 

1674, 1606, 1581, 1564, 1512, 1469, 1423, 1410, 1379, 1317, 1300, 1286, 1261, 1244, 1198, 

1095, 1066, 1039, 1022, 972, 945, 931, 839, 825, 816, 798, 785, 771, 762, 741, 710, 673, 661, 

600, 550, 528, 465 cm-1; HRMS (m/z) for C33H22NO2 (M + H+) calcd: 464.16451, found: 

464.16461; Rf (1/1 hexanes/EtOAc) = 0.84 (silica gel plate). 
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5.3 Synthesis of azafluorenone 152 

2-(Phenylethynyl)nicotinaldehyde (149).  

2-Bromonicotinaldehyde (1.860 g, 10 mmol), PdCl2(PPh3)2 (175 mg, 

0.25 mmol) and CuI (95 mg, 0.5 mmol) were dissolved in a Schlenk 

flask with a reflux condenser in triethylamine (20 mL) and THF (25 

mL), afterwards ethynylbenzene (1098 µl, 10 mmol) was added and the reaction mixture was 

stirred 3 h under reflux. Then it was cooled down, filtered off with Celite/silica and washed 

with diethyl ether. The organic fraction was concentrated under reduced pressure. Column 

chromatography of the residue on silica gel (1/1 hexanes/EtOAc) yielded 1.8 g (87%) of the 

title compound as a light yellow solid: mp 94 °C; 1H NMR (400 MHz, CDCl3) δ 10.67 (d, J = 

0.7 Hz, 1H), 8.83 (s, 1H), 8.21 (dd, J = 7.9, 1.2 Hz, 1H), 7.66–7.63 (m, 2H), 7.45–7.37 (m, 

4H); 13C NMR (100 MHz, CDCl3) δ 190.8, 154.5, 146.11, 134.8, 132.2 (2C), 131.9, 129.9, 

128.6 (2C), 123.2, 121.3, 96.1, 84.7; IR (KBr) νmax 3067, 3052, 3037, 2872, 2806, 2756, 

2214, 2178, 1966, 1900, 1817, 1778, 1685, 1652, 1628, 1598, 1577, 1562, 1494, 1452, 1428, 

1392, 1281, 1257, 1228, 1189, 1153, 1087, 1072, 1051, 1030, 991, 929, 872, 818, 800, 761, 

719, 689, 579, 552, 525 cm-1; HRMS (m/z) for C14H10NO (M + H+) calcd: 208.07569, found: 

208.07572; Rf (1/1 hexanes/EtOAc) = 0.45 (silica gel plate). 

 

3-Phenyl-1-(2-(phenylethynyl)pyridin-3-yl)prop-2-yn-1-ol (150). 

 n-BuLi 1.6M (4073 µL, 6.52 mmol) was added dropwise to a 

solution of ethynylbenzene (716 µL, 6.52 mmol) in anhydrous THF 

(30 mL) at -78 °C. After 30 min of stirring, aldehyde 149 (902 mg, 

4.35 mmol) in THF (10 mL) was added and the reaction mixture was 

stirred for 5 min at -78 °C, afterwards it was allowed to warm up to 

ambient temperature and was stirred for 3 h. Then it was quenched with H2O, extracted with 

diethyl ether (3×15 mL), the combined organic fractions were washed with water, dried over 

anhydrous Na2SO4, filtered, and concentrated under reduced pressure. Column 

chromatography of the residue on silica gel (1/1 hexanes/EtOAc) yielded 1297 mg (97%) of 

the title compound as a brown oil: 1H NMR (400 MHz, CDCl3) δ 8.58 (dd, J = 4.9, 1.7 Hz, 

1H), 8.14 (dd, J = 7.9, 1.7 Hz, 1H), 7.65–7.60 (m, 2H), 7.45–7.27 (m, 9H), 6.20 (s, 1H), 3.21 

(s, 1H); 13C NMR (100 MHz, CDCl3) δ 149.5, 141.4, 138.7, 134.6, 132.1 (2C), 131.8 (2C), 

129.3, 128.7, 128.5 (2C), 128.3 (2C), 123.3, 122.1, 121.9, 94.9, 87.6, 86.9, 86.1, 62.4; IR 

(KBr) νmax 3303, 3276, 3165, 3058, 2923, 2226, 2196, 1625, 1583, 1509, 1494, 1473, 1434, 

1407, 1395, 1359, 1332, 1263, 1180, 1090, 1048, 1027, 1000, 955, 920, 884, 755, 689, 603, 
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552, 546, 528 cm-1; HRMS (m/z) for C22H16NO (M + H+) calcd: 310.12264 found: 310.12284; 

Rf (1/1 hexanes/EtOAc) = 0.38 (silica gel plate). 

 

7,8-Diethyl-6,9-diphenyl-5H-indeno[1,2-b]pyridin-5-one (152). 

A dry microwave vial was charged with diyne 150 (31 mg, 0.1 mmol) 

and dissolved under argon atmosphere in THF (3 mL). After addition 

of Wilkinson’s catalyst (9 mg, 0.01 mmol) the reaction mixture was 

sealed and heated at 90 °C for 10 minutes. The reaction mixture was 

cooled down to room temperature, sample for 1H NMR analysis to 

determine yield of alcohol 151 was taken and  the rest of the reaction 

mixture was concentrated under reduced pressure. 1H NMR analysis of yield was done as 

described in the chapter 5.4.  The combined crude products from several experiments were 

subjected  to column chromatography on silica gel (4/1 hexanes/EtOAc) which provided  

alcohol 151 (62 mg, 0.16 mmol). Alcohol 151 was not characterized because of its instability. 

It was dissolved in anhydrous CH2Cl2 (20 mL) and pyridinium chlorochromate (61 mg, 0.28 

mmol) and Celite (113 mg) were added and the reaction mixture was stirred for 3 h at 20 °C. 

Afterwards the solution was filtered through a Celite/silica gel plug and concentrated under 

reduced pressure. Column chromatography of the residue on silica gel (4/1 hexanes/EtOAc) 

yielded 45 mg (75 % – oxidation yield only) of the title compound as a bright yellow solid: 

mp 160 °C; 1H NMR (400 MHz, CDCl3) δ 8.19 (dd, J = 5.1, 1.7 Hz, 1H), 7.60 (dd, J = 7.4, 

1.7 Hz, 1H), 7.53–7.43 (m, 6H), 7.37–7.34 (m, 2H), 7.31–7.28 (m, 2H), 6.92 (dd, J = 7.4, 5.1 

Hz, 1H), 2.62–2.54 (m, 4H), 1.04–0.99 (m, 6H); 13C NMR (100 MHz, CDCl3) δ 191.4,165.4, 

153.5, 149.3, 144.2, 140.9, 138.7, 138.6, 137.9, 137.8, 130.1, 129.8, 129.4 (2C), 128.8, 128.6 

(2C), 128.1 (2C), 128.0 (2C), 127.4, 127.2, 121.9, 23.3, 22.6, 15.5, 15.3; IR (KBr) νmax 3058, 

3025, 2971, 2932, 2872, 1607, 1580, 1551, 1500, 1470, 1443, 1398, 1374, 1326, 1290, 1260, 

1237, 1093, 1060, 1027, 1015, 970, 949, 893, 866, 791, 773, 743, 731, 704, 656, 612 cm-1; 

HRMS (m/z) for C28H24NO (M + H+) calcd: 390.18524, found: 390.18530; Rf (1/1 

hexanes/EtOAc) = 0.68 (silica gel plate). 
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5.4 Sampling for time profile 1H NMR analysis 

In order to take samples (0.5 mL), a pressure-proof tube with reaction mixture was 

cooled down, unsealed, a sample was taken very quickly by a syringe, the tube was flushed 

with argon and sealed and heated again. 

Taken samples of the reaction mixture were evaporated on a rotary evaporator. The 

solid left after evaporation was dissolved in deuterated chloroform and transformed into a vial 

for 1H NMR spectroscopy. A precise volume (250 µl) of a solution of mesitylene in 

deuterated chloroform was added to this vial with the sample. Mesitylene acted as an internal 

standard and its solution in CDCl3 was prepared beforehand. The concentration of mesitylene 

in this solution was 0.033 mol · l-1 which corresponds to approximately half (depending on 

the exact mass of the starting material 150 added which varies slightly because of difficult 

handling of diyne 150 and because of the small scale, specifically 0.1 mmol of the starting 

material 150) of the concentration of the starting material 150 in the reaction mixture before 

the beginning of the reaction. The samples were measured as soon as possible. To determine 

yields, the area of the peak corresponding to signal of the hydrogen attached C9 in 151. 

Before comparison, the area of the signals was normalized according to signals of the methyl 

groups on mesitylene. 

  



53 

 

5.5 Thermal stability measurement 

A pressure-proof tube was charged with 0.1 mmol of diyne 150 in 3 mL of DCE, THF 

or toluene. The tube was sealed and heated to the designated temperature for 1 h. After that 

0.5 mL of sample was taken for 1H NMR analysis. Then the tube was sealed again, and the 

temperature was increased. This process was repeated for all measured temperatures.  

Taken samples were handled and measured as described in chapter 5.4. 
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6 Conclusion 

1. Cyclotrimerization of triyne 146 was carried out and followed by oxidation of the 

crude diol 147. 6,7-di-p-tolylbenzo[7,8]-as-indaceno[1,2-b]pyridine-5,8-dione (148) was 

obtained as the final product in 45 % yield. 

 

 

Figure 9. Azaindenofluorenone 148. 

 

2. Cyclotrimerization of diyne 150 was carried out and reaction conditions for this 

reaction were optimized, providing azafluorenol 151 in 43 % yield. After the subsequent 

oxidation, 7,8-diethyl-6,9-diphenyl-5H-indeno[1,2-b]pyridin-5-one (152) was obtained as the 

final product. 

 

 

Figure 10. Azafluorenone 152. 
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