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1 Research Objectives 

The aim of the research was to expand the development of chemistry of polycyclic heteroaromatics 

(PHAs), in particular to explore the following issues:  

 applicability of hexapyrrolylbenzene–aldehyde condensation reaction, 

 possibility of modification of azacoronene core, 

 palladium-induced double C‒H bond activation process, 

 tandem palladium-catalyzed reactions for the synthesis of fused oligopyrroles, 

 methods for the synthesis of new (chiral) dyes and fluorescent materials. 

The research on hexapyrrolylbenzene reactivity covered the condensation with aldehydes and 

subsequent oxidative fusion of the resulting condensation products or vice versa. The efforts were directed 

towards developing methods of successful bridging of the sterically congested, electron-poor 

hexapyrrolylbenzene, thereby generating expanded azacoronenes with modified peripheral structures. 

The possibilities of intramolecular and intermolecular bridging were the targets of the study.  

Another section of the work was devoted to expanding the synthetic chemistry of highly conjugated 

oligopyrrole systems through the application of Pd-induced double C‒H bond activation. The project 

integrated methodological advancements with the development of novel structural motifs. Through 

judicious substitution and fusion patterns, it was planned to enhance the photophysical properties of the 

resulting donor-acceptor chromophores, specifically their absorption and emission, fluorescence quantum 

yields, and photostability. Synthesis of bridged bipyrroles with a range of connecting units and substituents 

with the objective of changing the shape and push-pull properties of the chromophore was targeted. The 

reaction conditions were planned to be carefully tweaked to improve the practical feasibility of the double 

C‒H bond activation. It was planned to enlarge the scope of application of tandem palladium-mediated 

processes, such as bis-annulative ring closures and α-oxygenations. 
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2 Abbreviations 

Ac acetyl 

ACID anisotropy of induced current density 

APEX annulative π-extension  

BAHA tris(4-bromophenyl)aminium hexachloroantimonate 

BCOD  bicyclo[2.2.2]octadiene  

BODIPY 4,4-difluoro-4-bora-3a,4a-diaza-s-indacene 

Bpin 4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl 

CD circular dichroism 

COF covalent organic framework 

COSY correlation spectroscopy (NMR) 

CSA  camphorsulfonic ((7,7-dimethyl-2-oxobicyclo[2.2.1]heptan-1-yl)methanesulfonic) acid 

CT charge transfer 

CV cyclic voltammetry 

dba trans,trans-dibenzylideneacetone 

(o-)DCB (ortho-)dichlorobenzene 

DBU 1,8-diazabicyclo(5.4.0)undec-7-ene 

DCE 1,2-dichloroethane 

DCM dichloromethane 

DCTB trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malononitrile 

DDQ 2,3-dichloro-5,6-dicyano-1,4-benzoquinone 

DFT density functional theory 

DIPA 2,6-diisopropylaniline 

dipp 2,6-diisopropylphenyl 

DMA, DMAc N,N-dimethylacetamide 

DMF N,N-dimethylformamide 

DMM dimethoxymethane 

DMSO dimethyl sulfoxide 

DOSY diffusion-ordered spectroscopy (NMR) 

dppb 1,1-bis(diphenylphosphino)butane 

DSSC dye-sensitized solar cell 
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ESR electron spin resonance 

Et ethyl 

EXSY exchange spectroscopy (NMR) 

Fc ferrocene 

FET field-effect transistor 

GNR graphene nanoribbon 

GQD graphene quantum dot 

HBC hexa-peri-hexabenzocoronene 

HFB hexafluorobenzene 

HLG HOMO–LUMO gap 

HMBC heteronuclear multiple bond coherence (NMR) 

HOMO highest occupied molecular orbital 

HPHAC hexapyrrolohexaazacoronene 

HPLC high-performance liquid chromatography 

HSQC heteronuclear single quantum correlation (NMR) 

KS Kohn–Sham orbital  

LC liquid crystal or liquid-crystalline 

LUMO lowest unoccupied molecular orbital 

MALDI matrix-assisted laser desorption ionization 

MCD magnetic circular dichroism 

Me methyl 

Mes mesityl 

MO molecular orbital 

NBS N-bromosuccinimide 

NDA naphthalene diamide 

NDI naphthalene diimide 

NHC N-heterocyclic carbene 

NICS nucleus-independent chemical shift 

NIR near infrared 

NIS N-iodosuccinimide 

NMI naphthalene monoimide 

NMP N-methylpyrrolidone 
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NMR nuclear magnetic resonance 

NOESY nuclear Overhauser effect spectroscopy (NMR) 

ovn overnight 

PAH polycyclic aromatic hydrocarbon 

PCy3 tricyclohexylphosphine 

PDI perylene diimide 

Ph phenyl 

PHA polycyclic heteroaromatic (system) 

Piv pivalate 

ROESY rotation frame nuclear Overhauser effect spectroscopy (NMR) 

rt room temperature 

SCE standard calomel electrode 

SEM scanning electron microscope 

sm starting material 

SPhos 2-dicyclohexylphosphino-2',6'-dimethoxybiphenyl 

TADF thermally activated delayed fluorescence 

TBHP tert-butyl hydroperoxide 

TD-DFT time-dependent DFT 

TDA-DFT time-dependent DFT with Tamm-Dancoff approximation 

TEA triethylamine 

TEM transition electron microscopy 

Tf trifluoromethanesulfonyl 

TFA trifluoroacetic acid 

TFT thin-film transistor 

THF tetrahydrofuran 

Tip 2,4,6-triisopropylphenyl 

TOF time of flight 

Tol tolyl 

p-TSA p-toluenesulfonic acid 

XRD X-ray diffraction 
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3 Literature Review 

The chemistry of heteroaromatic compounds is a large field of study with nearly two centuries of 

history.1,2 The scope of heterocyclic chemistry has been changing over time, and now cover diverse topics, 

such as organic synthesis and physical chemistry, natural product research, molecular biology, and 

materials science. The beginning of polycyclic heteroaromatic compounds (PHAs) dates back to the early 

investigations of natural and manufactured dyes.3,4 However, early development of the discipline was 

generally hindered by the lack of proper analytical methods.  

Chart 1. Examples of Early Polycyclic Heteroaromatic Compounds Obtained by Chemists 

 

The field gradually expanded beyond dyestuff research in the ensuing years to encompass additional 

areas of theoretical and practical significance. In the 1950s, interest in the mechanism of PAH 

carcinogenesis5 became a prominent research impetus. Over the next two decades, a remarkable number 

of novel PHA structures were discovered. Subsequent work on large polyheterocycles was motivated by 

supramolecular chemistry requirements, increased interest in porphyrin analogues, and advancements in 

natural product chemistry. 

This development of the field has been facilitated by significant advances in synthetic methods, which 

have effectively resolved the problem of harsh reaction conditions associated with early work on PHAs 

and allowed the production of highly functionalized, solution-processable derivatives. Transition metal-

catalyzed coupling reactions are undoubtedly the most significant recent addition to the synthetic toolbox, 

having found widespread application in current PHA chemistry. Catalyzed coupling reactions are not only 

used for the installation of functional groups or for annulation reactions, but they can also be used to 

elaborate oligoaryl precursors that can later be cyclized to PHA targets by methods such as oxidative 

coupling reactions.6 Newly developed annulative π-extension (APEX) reaction is also considered to have 

a profound impact on materials science, as it allows direct access to fused aromatic systems from very 

simple aromatic molecules.7 Advances in macrocyclic chemistry, particularly in the synthesis of porphyrin 
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analogues, have also altered the field of PHA chemistry, allowing access to structures of extraordinary 

complexity. 

At the turn of the 21st century, the discovery of graphene and the promise of its application in 

molecular electronics rekindled interest in polycyclic heteroaromatics. The use of graphene as 

a semiconductor in postsilicon electronics is constrained by its manufacture and handling difficulties, as 

currently, available technology does not enable easy access to a structurally homogeneous material. 

Additionally, the requirement for a nonzero bandgap precludes large-area graphene from being used in 

certain critical applications, such as field-effect transistors.8 The bandgap can be expanded in graphene 

nanoribbons (GNRs) or nanographenes (graphene quantum dots, GQDs) by lateral or two-dimensional 

confinement. Bottom-up synthetic techniques can produce materials with atomic-level homogeneity, as 

evidenced by several solution chemistry-based syntheses of extended PAHs.9,10 

In molecular electronics, heteroatom doping of graphene is significant because it modifies the 

electronic structure of the molecule, hence enabling novel device applications.11,12 Till 2015 the most 

widely used manufacturing processes for the synthesis on heteroatom-doped nanomaterials were based 

on imprecise vapor deposition and arc-discharge techniques, which result in random dopant inclusion, and 

fine structural control over heteroatom doping is frequently lacking.13,14 Additionally, there are intrinsic 

limitations on the amount and pattern of doping that may be achieved with high-temperature 

procedures.15 Meanwhile, heteroatom inclusion in graphene can induce or improve desirable traits such 

as electrochemical activity, charge polarization, bandgap opening, and n- or p-type semiconductor 

characteristics.12,16,17 This approach holds true for other carbon-rich materials: heteroatom doping is used 

to tune the bandgap in graphene nanoribbons,18–22 as well as to fabricate π-conjugated polymers23–26 and 

small-molecule semiconductors.27–29 

Chart 2. Examples of Heteroatom-Doped Polycyclic Materials 
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Extensively fused heterocyclic systems are viewed in this perspective as doped nanographenes, which 

combine structural homogeneity with tunable electronic structure. The two-dimensional extension of the 

π-conjugated framework, which is a characteristic feature of nanographene structures, can result in 

a more efficient reduction of the HOMO–LUMO gap than is observed in structurally equivalent linear 

(i.e., one-dimensionally extended) molecules.30 It is possible to control important properties such as the 

band gap, optical absorption spectrum, photoluminescence, or redox activity by varying the topology and 

heteroatom concentration of the π-conjugated system. Due to the flexibility with which these properties 

can be modified, various families of PHAs have been investigated as NIR-active dyes,31,32 two-photon 

absorbers,33–35 and fluorescence sensors. The presence of heteroatoms enables the construction of stable 

aromatic cations,36 high-spin organic molecules,37 and transition metal ligands.38 PHAs can provide 

monodentate, chelating, or macrocyclic coordination, resulting in the production of mono- and 

polynuclear complexes with photophysical characteristics, biological activity, and supramolecular 

behavior. 

Nitrogen has been the dominant "dopant" element in PHA chemistry since its inception, a choice driven 

by the availability of synthetic techniques and the stability of N-containing compounds. Nevertheless, 

nowadays the chemistry of PHA has been significantly expanded by the efforts to generate big 

heteroaromatics including boron, chalcogens, or phosphorus. These "suitable" heteroatoms add another 

dimension to the construction of functional PHA molecules. 

Thus, PHA molecules combine unique electronic structures with exceptional self-assembling 

characteristics, which is extremely desirable in materials research. PHAs may be customized into both  

p-and n-type semiconductors through careful selection of ring fusion, heteroatom doping, and 

substitution, and have found widespread usage in organic field-effect transistors and organic light-emitting 

diodes. PHAs are used in photovoltaic applications in both bulk heterojunction and dye-sensitized solar 

cells (DSSCs). 

Recent development in PHA chemistry have been spurred by technological advances and the 

application possibilities of heteroatom-doped π-conjugated structures. Chart 3 highlights representative 

recent examples of PHA-based materials. Numerous bay-annulated perylene diimide (PDI) derivatives, 

frequently with non-planar cores, have emerged as high-performance bulk heterojunction photovoltaic 

materials and as effective DSSC dyes. By using a π-extended PDI as a functional ligand, a highly efficient 

phosphorescent emitter was created. The advancement of azaacene chemistry enabled the development 
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of solution-processable nitrogen-doped nanoribbons. Several of these molecules have been studied for 

use as semiconductors in thin-film transistor (TFT) devices. 

Numerous significant advances have resulted from the investigation of boron-doped PHAs. The 

applicability of B-doping in the construction of novel materials was demonstrated by the synthesis of 

emitters based on thermally induced delayed fluorescence. Hole transporters for perovskite solar cells, 

composed of oxygen-bridged triphenylamines are an example of how diverse the chemistry of PHAs 

became during last few years. PHA motifs have also been introduced into a variety of covalent organic 

frameworks (COFs), which demonstrate advancement in macrocyclic PHAs. 

Chart 3. Recent PHAs for a Variety of Applications 
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3.1 Synthetic strategies 

As in the case of any other class of organic compounds, the most important issue in PHA chemistry is 

the development of effective synthetic strategies. The synthesis of PAHs is largely based on efficient ring-

formation processes, crucial for the production of heterocyclic rings, macrocycles and carbocyclic blocks. 

Due to the structural variety of PHA systems and the intricacy of existing ring fusion patterns, numerous 

distinct synthetic techniques that are applicable to specific classes of compounds were developed, albeit 

in a somewhat limited form. The fundamental ring building procedures are characterized generically as 

ortho- and peri-annulations (the literature examples of different ortho- and peri-annulations are shown in 

Scheme 1).39,40 ortho-Annulations are often employed to extend the fused structure in a lateral or 

peripheral direction. ortho-Annulations involving more than two polycyclic molecules can be used to 

generate cyclic branching points in fused structures. 

Scheme 1. Chosen Examples of the Basic Ring Forming Operations 

 

 

Due to the inherent intricacy, incremental annulation is rarely used to construct a PHA system. While 

there are exceptions to this trend, complete syntheses of naturally occurring PHAs frequently rely on 

customized tandem annulations. The preferred method, which is usually more step-efficient, is to 

synthesize an aromatic oligomer that is usually directly linked (sp2 to sp2, Scheme 1, 1.5) and can have 

a linear or branching topology. The inclusion of "cove" and "fjord" regions in those oligomers provides 

accessible ortho- and peri-annulation sites, making them applicable for the synthesis of extremely large 

PHAs (1.6). Numerous branched oligoaryls with a structure similar to hexaphenylbenzene have been used 
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to synthesize coronenoid systems. The usage of linear oligomers is critical for a variety of applications, 

including the production of rylene derivatives and porphyrin tapes. 

Alternatively, ortho-annulations can be utilized to join two ring systems together, dramatically 

increasing structural complexity. ortho-Diamine condensation with 1,2-diones is particularly advantageous 

for the latter aim, as it results in pyrazine (quinoxaline) linkages (Scheme 2, 2.2). Similar fused connections 

can be formed by condensing aromatic diamines with cyclic anhydrides, resulting in imidazole- or 

pyrimidine-containing junctions (Scheme 2, 2.4a−b), or by performing additional specialized annulations, 

resulting in pyrrole (2.6) or thiophene rings (2.8). 

Scheme 2. Linking of Fused Systems via ortho-Annulation a 

 

a Reagents and conditions: (a)41 o-phenylenediamine, AcOH, reflux; (b)42 o-phenylenediamine, glacial AcOH, ovn, reflux; (c)43 DDQ, 

TFA, toluene, rt, 1 h; (d)44 sulfur, DMF, reflux, 2 h. 

Due to the strategic importance of macrocycles as reactive building blocks, macrocyclization reactions 

are frequently conducted early in the synthesis, followed by ortho- and peri-annulation processes. 

Nonetheless, macrocyclizations can result in branched ortho-fusion45,46 or even in the formation of peri-

fusion points (Scheme 3, 3.3−4).47 peri-Annulations are occasionally carried out within macrocycles, such 

as those used in porphyrinoid N-fusion48 chemistry and fold-in syntheses (3.6).49–51 Typical 

macrocyclization reactions include electrophilic substitution reactions,52–59 biaryl couplings (such as 

Suzuki60,61 (3.9), Stille62 or Ullmann63 couplings), and acetylene couplings (3.16).64 Glaser acetylene 

couplings macrocyclizations are frequently followed by the conversion of the diacetylene bridges to 

pyrrole or thiophene rings (3.17).65 Additionally, specific classes of macrocyclic rings are synthesized using 
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oxidative couplings, olefination processes and other nucleophilic reactions (3.13).66 Even certain 

annulation reactions can be employed to construct macrocycles (3.11).67,68 

Scheme 3. Macrocyclization Reactions a 

 

a Reagents and conditions: (a)47 (1) p-nitrobenzaldehyde, BF3·OEt2, CHCl3, 2 h, (2) DDQ, 10 min; (b) BF3·OEt2, toluene, TEA, reflux, 

90 min; (c)50,51 THF-d8, air, rt, 253.7 nm; (d)69 (1) Pd2(dba)3, SPhos, CsF, Cs2CO3, reflux, 48 h, (2) MnO2; (e)67 NH4OAc, EtOH, reflux, 

ovn; (f)66 n-BuLi, THF, –78 °C to 25°C, 16 h; (g) 65 Cu(OAc)2·2H2O, pyridine, toluene, air, rt; (h) Na2S·9H2O, toluene,  

2-methoxyethanol, reflux; (i) PbO2, DCM, rt. 

The annulation of peri-fusion points in PHA frameworks can be accomplished in a variety of ways 

(Scheme 4). peri-Annulations can be characterized according to their location inside the substrate 

molecule (zigzag (4.1), fjord (4.2), cove (4.4), or bay (4.7) region) and according to their topology of 

cyclization. Fjord and cove regions can be annulated directly (4.5), yielding six- or five-membered rings. 



20 

For zigzag and bay regions, the presence of a substituent or an incoming reactant is required to generate 

a ring with five or more members.  

Scheme 4. Annulation of peri-Fusion Points in PHA Frameworks a 

 

a Reagents and conditions: (a)70 (1) tributylamine, DMSO, 190 °C, Ar; (2) DDQ, C2D2Cl4, 100 °C; (b) in vacuo on the Ag(111) surface, 

270 °C; (c)71 I2, CHCl3, 1 h at 70 °C, 1 h at 80 °C, 22 h at 90 °C; (d)72 1,3,5-benzenetriboronic acid tris(pinacol)ester, Pd(PPh3)4, 

Na2CO3, THF/H2O 2:1, reflux, 48 h; (e) I2, toluene, hν (Hg lamp), rt, 24 h; (f) HNO3 (fuming), DCM, rt, 12 h; (g) selenium powder, 

NMP, 190 °C, 12 h. 

Dehydrogenation (oxidation) reactions are one of the most versatile and commonly employed in PHA 

(and PAH) chemistry (Scheme 5).73 Typically, the transformation is direct, including the production of 

a new ring through the intramolecular coupling of two aromatic subunits. Although dehydrogenative 

annulations were created in the early stages of aromatic chemistry (most notably by Scholl and coworkers), 

they continue to be of interest due to their utility in the synthesis of large fused systems such as HBC 

derivatives or peripherally fused porphyrinoids. The chemistry is typically carried out via oxidative coupling 

with a stoichiometric oxidant (e.g. FeCl3, DDQ, etc.), Scholl conditions (AlCl3 or AlCl3/NaCl, 5.6),74 or 

photocyclization (Mallory reaction, 5.4), and several other approaches have been investigated, including 
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radical–anion coupling (5.2), catalytic dehydrogenation or even solvent-free ball milling of with potassium 

metal (5.8).75 

Scheme 5. Dehydrogenation (Oxidation) Reactions in PHA Synthesis a 

 

a Reagents and conditions: (a)76 (1) potassium, xylene, 130 °C, 16-17 h, (2) air, 4 h; (b)77 I2, propylene oxide, medium-pressure Hg 

lamp (125 W), toluene; (c)74 AlCl3, NaCl, 140 °C, 4 h; (d)75 potassium, ball milling (30 Hz), rt, 2 h. 

Though the conventional dehydrogenative annulation not only two benzene rings can be connected, 

direct couplings of heterocyclic rings, such as five-membered: pyrrole (C04.1),78 imidazole (C04.5),79 

triazole (C04.7),80 thiophene (C04.2),81 or six-membered: pyridine (C04.3),82,83 pyrazine (C04.4 and 

C04.6),84 and pyrimidine85 are also possible (Chart 4, red lines show new bonds). Dehydrogenative 

couplings between rings and substituents are also feasible.86 The viability of these reactions is highly 

dependent on the characteristics of the units being linked, and electron-donating substituents on the rings 

are frequently necessary to achieve the required reactivity and selectivity.87 Intermolecular couplings may 

be involved in competing processes.88 The most common type of bond being created is a C–C bond, 

however other types of bonds89 can also be formed. The new ring, which may be carbo- or heterocyclic, is 

typically six-membered, though five-membered rings,90 seven-membered rings,91 and eight-membered 

rings92,93 have been prepared as well. Nonetheless, when non-six-membered rings are targeted, 

rearrangements94 may occur. At least in part, the feasibility of closing a certain ring size is dictated by the 

internal strain of the resulting fused ring system. 
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Chart 4. PHAs Synthesized via Direct Coupling of Heterocyclic Rings 

 

One of the primary advantages of the dehydrogenative annulation95 strategy is the potential of 

executing tandem annulations on aromatic oligomers, which result in the formation of many (typically six 

(6.4)96 or more (6.5)97) bonds simultaneously. Individual annulations are typically topologically 

independent (i.e. they can be performed in any order), while zipper-like multi-annulations (Scheme 6, 

6.2)98 can be devised in sufficiently large precursors. Additionally, couplings inside macrocycles are 

feasible.99 Dehydrogenative annulations are predominantly intramolecular,100 as intermolecular variations 

typically exhibit low regioselectivity.101 Nonetheless, relatively selective intermolecular couplings have 

been found on occasion, but their yields are typically modest (6.7).89 Rings of other sizes than six-

membered are rarely formed in this manner; a notable exception is the porphyrin–acetylene coupling that 

results in dehydropurpurin (6.3).102,103 
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Scheme 6. Tandem Dehydrogenative Annulations a 

 

a Reagents and conditions: (a)98 (1) UV irradiation, benzene, 2 h, 10 °C, (2) UV irradiation, DCM, 1 h, RT; (b)89 (1) DDQ, DCM, rt,  

2 h, (2) DDQ, Sc(OTf)3, reflux, 18 h. 

Dehydrohalogenative annulations (C–H + C–X, X = halogen, sulfonate) do not result in a change in the 

substrate oxidation state. Typically, this chemistry is based on metal-catalyzed Heck-like coupling 

reactions,104 and less frequently on radical-induced,105 thermal/base-promoted,106–108 or electrochemical 

couplings.109 Apart from the most common six-membered rings, closures of five-110 and seven-

membered111 rings have been observed. An interesting example of photoinduced radical cyclization used 

for the synthesis of five- and seven-membered ring embedded nanographene was presented recently 

(Scheme 7).112 Typically, reductive annulations are done via Ullmann-type couplings, most notably the 

Ni(0)-based Yamamoto approach,113 which is advantageous due to its ability to impart internal strain into 

fused ring structures. Intramolecular synthesis of 6-membered and bigger rings are examples of such 

reductive cyclizations (cf. Scheme 36).114  
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Scheme 7. Nanographene Embedded with Heptagons Synthesized via Cascade Radical Dehydrogenative 

Photocyclization a 

 

a Reagents and conditions: (a)112 DMSO, t-BuOK, hν (455 nm), 12 h, rt. 

Annulations in bay regions facilitate the lateral expansion of perylenoids, allowing for the production 

of coronene and benzo[ghi]perylene analogues.116 Bay regions in aromatic systems are typically inactive 

as dienes in cycloaddition reactions. However, it is possible to obtain benzene117 or pyridazine118 rings in 

a bay region via Diels-Alder addition (Scheme 8, 8.2–3). Intermolecular benzannulations of bay areas have 

also been accomplished via cyclization of acetylenes (Scheme 8, 8.10).119 Five-membered rings such as 

pyrrole or thiophene can be closed in bay areas using a variety of synthetic methods. Nitroarenes are 

extensively used in the synthesis of rings containing oxygen, sulfur, and selenium in bay regions of 

perylenoids (8.5–7).120–130 Alternatively, bay areas can be annulated via a variety of intramolecular 

substituent–ring cyclizations, including the Pictet–Spengler reaction (Scheme 8, 8.12)131–134 or Friedel–

Crafts cyclizations. There have also been reports of bay-region cyclizations of ethynyl and nitrile 

substituents. A tandem construction of a quinoline component was accomplished using an intramolecular 

cycloaddition of a ketenimine.  
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Scheme 8. Bay Regions Annulations a 

 

a Reagents and conditions: (a)118 (1) maleic anhydride, p-chloranil, 220 °C, (2) 4-heptylamine, 150 °C; (b) p-chloranil, 150 °C;  

(c)135–137 P(OEt)3, reflux, 4 h; (d)137,138 sulfur powder, NMP, 70 °C, 0.5 h, then 180 °C, 17 h; (e)136,137 selenium powder, NMP, 70 °C, 

0.5 h, then 180 °C, 17 h; (f)119 benzaldehyde, NH4OAc, AcOH, reflux, 24 h; (g) [RuCl2(p-cymene)]2, 1-adamantanecarboxylic acid, 

Cu(OAc)2, K2CO3, diphenylacetylene, 120 °C, 16 h; (h)132 (1) DMF or NMP, TfOH, 120 °C, 12 h; (2) K2CO3, 120 °C, 12 h. 

peri-Annulations based on Friedel–Crafts alkylation and acylation are extremely useful for the synthesis 

of six-membered rings (Scheme 9, 9.2),139–153 but they are also relevant for the closure of five-146 and seven-

membered rings or macrocycles.154,155 While alkylations often require an aromatization step (e.g., in 

pyrrole–aldehyde condensations), dehydration, or reductive dehydroxylation, acylations may result in the 

aromatic product via spontaneous tautomerization. By electrophilic cyclization of diazonium salts, six-

membered156 and seven-membered rings can be produced.157 The cyclization of nitrene intermediates 

results in the formation of peri-fused pyridine rings. Both five-158 and six-membered rings can be closed 

via electrophilic heterocyclizations.159 For instance, dehydrative acid-catalyzed cyclization of thioamide  

S-oxide results in the formation of a peri-fused sulfur-containing heterocycle (Scheme 9, 9.4).158 Using an 

intramolecular variation of the Vilsmeier–Haack reaction, peri-fused pyridine rings can also be formed 

(Scheme 9, 9.6).160 

Scheme 9. Electrophilic Condensations in PHA Synthesis a 

 

a Reagents and conditions: (a)147 (1) KOH, MeOH/H2O, (2) SOCl2, DMF, then SnCl4, DCM; (b)158 TfOH, DCM, rt; (c)160 POCl3, toluene, 

120 °C, 2 h 
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Heteroatom bridges can also be formed via electrophilic replacements of C–H, C–Si (Scheme 10, 10.2), 

or C–M bonds using boron (10.2 and 10.4),161 phosphorus,162,163 sulfur (10.9–10),164 selenium (10.7) 165 or 

tellurium (10.6) 166 reagents. S, Se, and Te cyclizations can be accomplished not only by the use of formally 

electrophilic chemicals, but also through direct reactions with elemental chalcogens (Scheme 10).72,167–169 

Borylative annulations have established themselves as a significant method for generating peri-fused 

boron-containing six-membered rings from olefin-170 and alkyne-substituted171 precursors.161 This strategy 

was also extended to double annulations, resulting in the simultaneous formation of three C–B bonds 

(10.4),172–175 or to borylation of both aromatic carbon atoms and heteroatom substituents.176–180  

Scheme 10. Syntheses of Chalcogen- and Boron-Containing PHA a 

 

a Reagents and conditions: (a)82 (1) excess neat BBr3, (2) MesMgBr, toluene/THF; (b)166 tellurium powder, 2-picoline, DMSO, 125 

°C, 12 h; (c)165 selenium powder, t-BuOK, DMSO, 70 °C, 24 h; (d) copper, tetralin, 200 °C, 1–2 h; (e) AcSK, CuCl2, DMSO, 110 °C, 48 

h; (f) sulfur powder, Cs2CO3, DMSO, 140 °C, 12 h; (g) sulfur powder, Cs2CO3, DMSO, 80 °C, 12 h; (h)31 BI3, o-DCB, reflux, 12 h. 

Nucleophilic condensations are a broad class of annulation reactions that are particularly beneficial for 

hetero ring synthesis (Scheme 11). These reactions were widely employed in the classical synthesis of 

nitrogen-rich PHAs,182–188 as well as in subsequent work on pyridoacridine alkaloids189 and 

heteratriangulenes.190 The most important peri-annulation techniques are Schiff-like condensations that 

result in pyridine (11.4),191 pyridazine (11.5)192 and pyrimidine rings.193 Pyridine194 or pyrylium195 rings can 

also be generated via cyclization of ethynyl-substituted precursors. Seven-196,197 and eight-membered198,199 

rings can also be closed via nucleophilic condensations, and a variety of bicyclic systems have been 

assembled via tandem bis-annulations.200 Nucleophilic substitution of haloarenes and aryl sulfonates can 

occur under base-promoted or catalyzed (Pd, Cu) conditions (11.2).201 
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Scheme 11. PHAs via Nucleophilic Condensations a 

 

a Reagents and conditions: (a)201 1,2-benzendithiol, NaHCO3, DMF, 3 h, RT; (b)192 benzylamine, pyridine, 1.5 h, reflux; (c)202 85% 

N2H4 hydrate, pyridine, 1 h, reflux. 

An annulation of a zig zag pattern creates an additional peri-fusion point and is frequently accomplished 

via electrophilic or nucleophilic chemistry. Additional zigzag-region-specific cyclization techniques include 

[3+2] and [3+3] cycloadditions of azomethine ylides203 and other systems, as well as transformations using 

cumulene or acetylene substituents.204,205 

The field of PHA encompasses a vast range of interrelated but distinct topics. The developments are 

constantly enlarging the repertory of synthetic processes and resulting in the emergence of a variety of 

novel molecules. These accomplishments are significant from a fundamental standpoint, as they advance 

the understanding of the physical properties of aromatic molecules and open up previously unexplored 

structural motifs. These novel structures frequently exhibit remarkable properties, such as inherent 

curvature, three-dimensional aromaticity, or an open shell structure. Simultaneously, by adjusting the ring 

fusion and heteroatom arrangement in PHA molecules, it is feasible to modify their electrical 

characteristics and solid-state behavior quite precisely. As a result, practically useful properties are 

induced even in structurally basic motifs, which has obvious implications for materials research. 

Cyclizations based on oxidative, reductive, and transition-metal catalyzed protocols are among the 

most fundamental methods in the synthetic toolbox, and their future improvement will have a direct 

impact on the scope of structures that are created as well as their large-scale availability. Annulative 

techniques which enable the building of complex targets via several components are a significant 

alternative to direct cyclizations and play a growing role in heteroaromatic chemistry. The extraordinary 

advancement of on-surface synthesis over the last decade has created unique preparative options. While 

these approaches do not now enable access to large quantities of products, they can provide exceptional 

chemical selectivity. Given the possibility of single-molecule structural characterization, on-surface 

synthesis undoubtedly remains a critical technique for chemical discovery.  
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3.2 Palladium in the synthesis of PHAs 

Coupling of aromatic subunits, the critical step in the synthesis of polycyclic aromatics, is often 

accomplished using oxidative methods, as it was discussed before. However, oxidative couplings are beset 

by low yields, unpredictable selectivity, and occasional failures in otherwise uncomplicated conditions. 

Additionally, these procedures are frequently incompatible with the synthesis of strained aromatics206,207 

and may fail when using electron-deficient precursors.208 Some of these constraints can be overcome by 

the use of reductive Ullmann-type chemistry,49,209–211 dehydrohalogenative couplings,208,212–215 and 

nucleophilic oxidative arylations,216,217 but at the cost of selective prefunctionalization of at least one 

reactant. This hindrance is solved by transition metal-mediated double C‒H bond activation, a highly 

effective synthetic approach with a rapidly expanding range of applications.218,219 Particular attention has 

been paid to palladium-catalyzed oxidative carbocyclization as a technique of ring closure,220 with recent 

instances of five-221–234 and six-membered228,235–241 ring closures in moderately sized polycyclic aromatics. 

While many of the reported reactions have a limited scope and yields, the double C‒H bond activation 

technique is an appealing strategy for elaboration of π-conjugated targets and may eventually become 

a flexible tool in synthetic aromatic chemistry. The advantage of metal C–H activation is that, unlike the 

classic methodology, prefunctionalization of the starting material is not needed, thus the economy of the 

synthesis is improved. 

Palladium dominates fine organic synthesis over other metals due to its predictable and tunable 

catalytic characteristics and tolerance for a wide variety of functional groups.242–254 Pd compounds can be 

used as efficient catalysts in hydrogenation/dehydrogenation, hydrogenolysis, and dehydrogenative 

coupling reactions, in the Mizoroki-Heck and related reactions, Suzuki-Miyaura, Negishi, Sonogashira, 

Buchwald-Hartwig, and a variety of other C‒C and C‒heteroatom bond formation and C‒H 

functionalization reactions. With the advent of transition-metal catalysis, novel techniques for the 

synthesis of highly decorated π-conjugated polycycles have been established, including C–C bond 

formation, and electrophilic aromatizations.6,255–257 Environmental concerns have recently had 

a considerable impact on the way organic synthesis is practiced by requiring the development of novel 

sustainable transformations.258–261 Direct C–H bond functionalization catalyzed by transition metals is thus 

preferential due to the possibility of using of unfunctionalized substrates and the reduction of chemical 

wastes. Among other methods, palladium-catalyzed intra- and intermolecular C–H bond activation has 

recently garnered considerable attention for its application to the synthesis of decorated π-conjugated 

polycycles, including some novel compounds. The scope of palladium-catalyzed reactions is incredibly 
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huge, that is why it was decided just to summarize the few reactions that served as an inspiration for the 

author’s research, and to show the latest examples of PHA synthesized via palladium catalyzed oxidative 

coupling reactions. 

One of the first example of palladium-catalyzed cyclization reaction was reported in 1985 by Watanabe 

et al. The work described an aerobic oxidative carbocyclization of 6-(allylamino)-1,3-dialkylpyrimidine-

2,4(1H,3H)-diones using PdCl2.262 Their strategy relied on stoichiometric quantities of CuCl and molecular 

oxygen in aqueous DMF to sustain an active catalyst. Despite the use of stoichiometric quantities of copper 

salt and high catalyst loadings, yields of pyrimidines were often moderate to poor (Scheme 12).  

The most intense exploration of palladium-catalyzed reactions for ring closure started with the 

beginning of 21st century. The Tius group reported an aerobic Nazarov-type reaction catalyzed by 

palladium in 2003.263 This technique, using Pd(OAc)2 in DMSO, produced synthetically valuable cross-

conjugated cyclopentenones (like 12.4) under relatively mild conditions (Scheme 12). The most plausible 

mechanistic route includes carbopalladation of the electron-deficient alkene by the electron-rich vinyl-

ether (through an oxonium ion intermediate), followed by β-hydride elimination to produce product 12.4. 

Widenhoefer and colleagues used a similar technique for developing an intramolecular palladium-

catalyzed oxidative alkylation of unactivated olefins using stabilized carbon nucleophiles to create 

substituted cyclohexenones like 12.6 (Scheme 12).264,265 The obvious limitation of this methodology is that 

only stabilized carbon nucleophiles are capable of efficient carbocyclization. This phenomenon is explained 

by the fact that adequate enolization of 12.5, resulting in the formation of 12.5b, is required for reactivity. 

The suggested mechanism of the transformation involves the carbopalladation of the pendant olefin in 

the enol form, which leads to the formation of the σ-palladium(II)-complex of 12.5c. Then 12.5c undergoes 

the β-hydride elimination to yield an exocyclic double bond. Under these conditions, the exocyclic olefin 

rapidly isomers to the endocyclic olefin 12.6 via a hydropalladation-dehydropalladation pathway 

(insertion/β-elimination). Catalytic turnover is accomplished under these conditions by reoxidation of 

Pd(0) with stoichiometric quantities of CuCl2. The Yang group performed a comparable intramolecular 

aerobic oxidative carbocyclization of γ-heteroalkenyl β-ketoamides on the basis of Widenhoefer's work 

(Scheme 12, 12.8).266 The reaction went smoothly in THF at room temperature with good to outstanding 

yields when fairly high palladium catalyst loadings (10 mol%) are used. Notably, this technique eliminates 

the need for copper-based oxidants in favor of molecular oxygen. Along with the palladium catalyst 

[PdCl2(CH3CN)2], Yb(OTf)3 was required to promote enolization of β-ketoamides, boosting the subsequent 
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intramolecular nucleophilic attack on the π-coordinated olefin. This process is effective at forming 

heterocycles with a broad variety of ring sizes. 

Scheme 12. Intramolecular Palladium-Catalyzed Oxidative Cyclizations a 

  

a Reagents and conditions: (a)262 PdCl2, CuCl (1 equiv), O2 (1 atm), DMF/H2O (10:1), rt, 3 h; (b)263 Pd(OAc)2 (20 mol%), O2 (1 atm), 

DMSO, 80 °C, 24 h; (c)264,265 [PdCl2(CH3CN)2], CuCl2, DCE; (d)266 [PdCl2(CH3CN)2], Yb(OTf)3, O2 (1 atm), THF, rt. 

Due to the abundance of naturally occurring compounds having indole- or carbazole-based backbones, 

considerable attention has been paid to oxidative mechanisms that provide access to these critical 

moieties. For instance, Stoltz and colleagues devised a ligand-modulated cyclization of indoles through the 

Pd(OAc)2-catalyzed cyclization using oxygen as the oxidant and ethyl nicotinate as the ligand (Scheme 

13).267 To obtain acceptable yields of indoles, rather large volumes of ethyl nicotinate and Pd(OAc)2 are 

required; nonetheless, the reaction proceeds smoothly under 1 atm of O2. These reactions are quite 

fascinating mechanistically, particularly from a stereochemical standpoint, because multiple mechanistic 

routes may be involved. Indeed, examination of 13.4 reveals that the reaction is initiated by C‒H activation 

of indole 13.1 to create the intermediate 13.2, followed by cis-carbopalladation 13.3 and syn-β-hydride 

elimination (Scheme 13).268 Similar reactions with the same type of substrates were further studied by 

several research groups.269–273  
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Scheme 13. Palladium-Catalyzed Cyclization of Indole a 

 

a Reagents and conditions: (a)267 Pd(OAc)2 (10 mol%), ethyl nicotinate, t-AmOH/AcOH (4:1), O2 (1 atm), 80 °C. 

In 1980 Kibayashi et al. reported the first catalytic example of the synthesis of carbazoles from  

N-vinylanilines (Scheme 14, 14.2).274 Catalytic quantities of Cu(OAc)2 (10 mol%), Pd(OAc)2 (10 mol%), and 

O2 in acetonitrile were used. Later, Li group reported a similar technique, where relatively high catalytic 

quantities of Cu(OAc)2 (40 mol%) and Pd(OAc)2 (15 mol%) were required to convert 14.1 to 14.2 in ethanol 

with moderate to excellent yields.275 Glorius and colleagues presented a similar approach (Scheme 14, 

14.4).276,277 The critical distinction is that this method uses stoichiometric amounts of Cu(OAc)2 rather than 

catalytic amounts of Cu(OAc)2/molecular oxygen. In general, the two distinct techniques generate similar 

indole derivatives (about 50%–80%). Wang et al. later expanded on this technology to include aryl vinyl 

ethers.278 Surprisingly, the reaction conditions for this transformation turned out to be rather dissimilar to 

those used in earlier protocols. (E)-3-Phenoxyacrylate 14.5 cyclized efficiently in benzene in the presence 

of Pd(OAc)2/PPh3 and AgCO2CF3 as the oxidant. These conditions resulted in the production of a variety of 

benzofurans like 14.6 with good to excellent yields (Scheme 14). 

Scheme 14. Synthesis of Indoles and Benzofurans through Palladium-Catalyzed Intramolecular Oxidative 

Carbocyclization a 

 

a Reagents and conditions: (a)275 Pd(OAc)2 (10 mol%), Cu(OAc)2, O2, CH3CN, 12 h, reflux; (b)276,277 Pd(OAc)2 (10 mol%), Cu(OAc)2, 

K2CO3, DMF, 80-140 °C; (c)278 Pd(OAc)2 (5 mol%), PPh3, AgOTf, benzene, 110 °C, 24 h. 

Ames et al. reported one of the earliest examples of palladium-catalyzed intramolecular C–H bond 

arylation for the production of nitrogen-containing PHA in 1982 (Scheme 15).279 They discovered that the 

Heck reaction of 3-bromo-4-phenoxycinnoline or 3-bromo-4-phenylaminocinnoline with ethyl acrylate in 

the presence of Pd(OAc)2 together with TEA in acetonitrile at 150 °C in an autoclave does not result in the 

formation of the Heck-type products 15.3a–b. The cyclized benzofurocinnoline and indolocinnoline  
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15.2a–b were formed instead. Notably, the condensed heterocycles were not produced in the absence of 

ethyl acrylate, which is thought to be necessary for the reduction of Pd(II) to Pd(0). 

Scheme 15. 3-Halogenocinnolines via Palladium-Catalyzed Intramolecular C–H Bond Arylation a 

 

a Reagents and conditions: (a)279 Pd(OAc)2, TEA, CH3CN, 150 °C, 5 h, autoclave. 

In 1994, Knölker and coworkers demonstrated the first example of a palladium-catalyzed synthesis of 

a carbazoloquinone from the corresponding aminoquinoneobtaining 16.2 in 34% yield using 12 mol% 

Pd(OAc)2 and 1.1 equivalents of Cu(OAc)2 as oxidant, with 56% recovery of the starting material.280 

Following that, Åkermark and coworkers demonstrated the formation of carbazoloquinone 16.2 using 

similar aminoquinones as starting materials in palladium-catalyzed oxidations. Two distinct methods 

utilizing Pd(OAc)2 as the preferred palladium catalyst were established for this transformation: one using 

TBHP and another using simply molecular oxygen (Scheme 16).281,282 Both conditions yielded 

carbazoloquinone 16.2 in good to excellent yields. Knölker and colleagues used this synthetically 

advantageous carbocyclization to complete the whole synthesis of the antibiotic carbazole alkaloids 

carbazoquinocin C,283 carbazomycin G and H,284 murrayaquinone A, koeniginequinone A and B (Scheme 

16).285 The carbocyclization was catalyzed by palladium using Pd(OAc)2 (10 mol%) as the catalyst and 

Cu(OAc)2 as the oxidant. Using Pd(OAc)2, Cu(OTf)2, and AgF in DMSO at 100 °C in an O2 environment, 

benzotriazinone 16.3 was cyclized to triazafluoranthenone 16.4 in a similar fashion (Scheme 16).222 Two 

equivalents of AgF were determined to be required in this oxidative transformation. 

The process of intramolecular oxidative double arylation using palladium catalysis is well established. 

Åkermark and colleagues reported a stoichiometric palladium-promoted cyclization of diphenyl ether, 

diphenylamine, and related chemicals in 1975.286 Later, in 1999, Åkermark created the first catalytic 

version of this oxidative arylation.281 This method, which included the use of Pd(OTf)2, Sn(OAc)2, and 

molecular oxygen, produced biaryls 16.6a−c in good to excellent yields (Scheme 16). The Fagnou group 

extended this process by substituting pivalic acid for acetic acid as the solvent.287 This approach does not 

require additional co-oxidants such as benzoquinones or copper salts; pure air in combination with a base 

is sufficient to achieve satisfactory catalyst turnover. Fagnou used this strategy in the complete syntheses 

https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=%C3%85kermark%2C+Bj%C3%B6rn
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=%C3%85kermark%2C+Bj%C3%B6rn
https://chemistry-europe.onlinelibrary.wiley.com/action/doSearch?ContribAuthorRaw=%C3%85kermark%2C+Bj%C3%B6rn
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of murrayfoline A, clausenine, and mukonine, while Knölker used it in the total syntheses of clausine Q, 

clausine R,288 and murrayastine289 (Scheme 16). Menéndez achieved the entire synthesis of murrayafoline 

A and glycozolidine using microwave technology, utilizing a similar method to that used before by Knölker. 

However, their technique needed extremely high catalytic loadings of Pd(OAc)2 (up to 40%), which 

considerably reduces the attractiveness of this procedure.290 

The carbocyclization of arene to arene has also been extended to anilides, with an example provided 

by Dong and colleagues.291 They developed a method for the direct synthesis of six-membered lactams 

like 16.6c using Na2S2O8, trifluoroacetic acid (TFA), and Pd(OAc)2 (Scheme 16). Electron-rich substituents 

are required for this reaction to proceed smoothly. It was demonstrated that under the same oxidative 

reaction conditions, intermolecular aryl–aryl bond formation is quite effective. To illustrate the 

importance of carbocyclization, N-methylcrinasiadine, a natural product isolated from Lapiedra martinezii 

and Hippeastrum equestre, was obtained using this method. 

DeBoef devised another palladium-catalyzed oxidative carbocyclization between an arene and 

a heteroarene in 2007.221 To ensure efficient carbocyclization of N-benzoylindoles (Scheme 16, 16.9) to 

6H-isoindolo-[2,1-a]indol-6-ones 16.10, this approach employs 20 mol% Pd(OAc)2 and stoichiometric 

quantities of CuOAc in refluxing acetic acid under high O2 pressure. This approach was eventually 

demonstrated to be applicable to compounds other than anilines, anilides, and indoles. Ackermann and 

colleagues were able to activate a triazole C‒H bond using Cu(OAc)2 and air as the oxidant (Scheme 16, 

16.8).292 
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Scheme 16. Carbocyclization through Arene–Arene Coupling a 

  

a Reagents and conditions: (a) Pd(OAc)2 (12 mol%), Cu(OAc)2, AcOH, 95 °C; (b)222 Pd(OAc)2, Cu(OTf)2, AgF, O2 (1 atm), DMSO,  

100 °C; (c)281 Pd(OTf)2 (5 mol%), Sn(OAc)2, O2 (1 atm), AcOH, 87–116 °C; (d)292 Pd(OAc)2, Cu(OAc)2, toluene, PivOH, 140 °C, 20 h, 

under air; (e)221 Pd(OAc)2 (20 mol%), CuOAc, AcOH, O2 (3 atm), 120 °C. 

In 2014, indolo[1,2-f]phenanthridine derivatives 17.1 were synthesized via intramolecular C–H 

arylation of o-brominated indoles (Scheme 17).293 A copper-mediated domino reaction involving  

2-alkynylanilines and boronic acids was used to obtain o-brominated indole precursors 17.2. Then, the 

conventional conditions for intramolecular direct C–H arylation were used, namely 5 mol% Pd(OAc)2 and 

10 mol% P(p-tol)3 in toluene at 110 °C in the presence of Cs2CO3 as the base. Interestingly, tandem 

synthesis of indolo[1,2-f]phenanthridines 17.1 from alkynylanilines and boronic acids via a one-pot two-

step process was also described (Scheme 17). 

Scheme 17. Synthesis of Indolo[1,2-f]phenanthridines via Palladium-Catalyzed Intramolecular C–H 

Arylation a 

 

a Reagents and conditions: (a)293 5 mol% Pd(OAc)2, 10 mol% P(p-tol)3, Cs2CO3, toluene, 110 °C; (b) (1) Cu(OAc)2, decanoic acid, 

Cs2CO3, 2,6-lutidine, toluene, 120 °C, (2) Pd(OAc)2, P(p-tol)3, Cs2CO3, toluene, 110 °C. 

The most recent and the most interesting examples of extended PHAs obtained via palladium mediated 

reactions are discussed below. The following part of the chapter was divided into three subsections. The 
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first one shows the formation of six-membered rings via palladium catalyzed reactions. Latter ones, thus, 

are presenting five- and seven/eight-membered ring formation, respectively. 

Ito, Tokimaru, and Nozaki published a paper in 2015 describing the synthesis of quintuply benzo-fused 

6b2-azacorannulene 18.2 (Scheme 18).294 Their technique involved the [3+2] cycloaddition of a substituted 

diarylacetylene to the fused 9a-azaphenalene ylide, which was obtained in situ from 18.1. The resulting 

fused pyrrole derivative 1,2,3,4,5-pentaarylpyrrole intermediate was heated in DMA at 170 °C in the 

presence of 20% PdCl2(PCy3)2 as catalyst and Cs2CO3 as base to generate 8-tert-butyl-6b2-

azapentabenzo[bc,ef,hi,kl,no]corannulene 18.3 in 14% yield. Interestingly, the bowl shape of 18.3 is 

significantly distorted due to the presence of nitrogen atom. The huge size of the bowl facilitates π-stacking 

interactions, and convex-to-concave aggregation was observed in both the solid-state and the liquid-state 

packing pattern. In solution, 18.3 has a bright yellow color with a maximum absorption at 466 nm and 

a blue-green fluorescence (λmax = 490 nm, ΦPL = 24%). According to NICS calculations, the conjugation in 

18.3 is mostly defined by assigning Clar sextets to all of the outermost benzene rings, with small 

contributions from carbazole-like resonances. Although the bowl inversion barrier in 18.3 was not 

established experimentally, DFT simulations produced a value of 17 kcal/mol. In 2018, Nozaki, Ito, et al. 

also reported the preparation of liquid-crystalline (LC) fivefold functionalized azapentabenzocorannulene 

derivatives, which were synthesized via palladium-catalyzed threefold cyclization in a similar manner.295 

A different approach for a similar 6b2-azapentabenzo[bc,ef,hi,kl,no]corannulene was later discovered 

by the Shinokubo group.43 Their synthesis began with an oxidative self-coupling of phenanthrenoamine 

18.4, resulting in the bis(phenanthro)-fused pyrrole intermediate 18.5. Intramolecular C–H bond arylation 

with a stoichiometric quantity of Pd(OAc)2/PCy3 produced a singly fused product 18.6 in 63%. The tris-

brominated product 18.7 was then obtained in 56% yield upon treatment with an excess of bromine in 

carbon tetrachloride. Interestingly, the bromo substituents were inserted in the correct location to 

facilitate the cyclization reaction, which was carried out using 2 equiv of Pd(OAc)2/PCy3, resulting in the 

formation of nitrogen-embedded buckybowl 18.8 in 46% yield. The N-aryl group was similarly brominated 

under these conditions, but fortunately protodehalogenation occurred during the palladium-catalyzed  

C–H bond arylation step. In 2017, Shinokubo, Hiroto, et al. reported the synthesis of 

azapentabenzocorannulene dimer 18.9 in which the two buckybowl units are linked through a C–C bond 

(Scheme 18).296 The synthesis involved subjecting the known polyaromatic precursor 18.7 to palladium-

catalyzed intra- and intermolecular C–C bond formation using the catalyst system of Pd(OAc)2 (0.2 equiv) 

and PCy3·HBF4 (0.4 equiv). 
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Scheme 18. 6b2-Azapentabenzo[bc,ef,hi,kl,no]corannulenes a 

 

 a Reagents and conditions: (a)294 DMSO, N,N-diisopropylethylamine, 100 °C, 17 h; (b) Pd(PCy3)2Cl2, Cs2CO3, DMA; (c)43 DDQ, TFA, 

toluene, RT, 1 h; (d) Pd(OAc), PCy3·HBF4, K2CO3, DMA, 130 °C, 43 h; (e) Br2, CCl4, 70 °C, 12.5 h; (f) Pd(OAc)2, PCy3·HBF4, K2CO3, DMA, 

130 °C, 16 h; (g)296 Pd(OAc)2 (0.2 equiv), PCy3·HBF4 (0.4 equiv), K2CO3 (8 equiv), DMA, 130 °C, 29 h. 

Gryko and coworkers reported the synthesis of butterfly-shaped pyrrolo[3,2-b]pyrroles containing dual 

[6]helicene substructures using an intramolecular 6-membered ring C–H bond arylation catalyzed by 

palladium (Scheme 19).297 Compounds 19.4–5 were obtained in a three-step procedure, involving efficient 

intramolecular oxidative aromatic coupling. Twofold cyclization reactions of tetraarylpyrrolopyrrole 19.2 

possessing two o-bromoaryl units at the 2 and 5 positions were carried out utilizing Pd(OAc)2/PPh3 as the 

catalytic system. Additionally, using the conventional Scholl reaction, π-extensions on the third 

(hetero)aromatic were carried out, resulting in formation of 19.4. The introduction of heterocycles 

enabled fine-tuning of the energy barriers and precluded structural planarity due to van der Waals 

overlapping between spatially adjacent hydrogen atoms from distinct aromatic rings. This forced 

conformation resulted in the production of intriguing optical characteristics. These nanographenoids were 

emissive in solution (ΦPL up to 32%) with observable solvatochromism. The synthesis of a bowl-shaped 

nitrogen-doped nanographene 19.6 was reported by Sobolewski, Cyrański and Gryko in 2021.298 Its 

synthesis involved the multicomponent tetraarylpyrrolopyrrole synthesis, the Scholl reaction, and 
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intramolecular direct arylation. In that case a sequence of intramolecular direct arylation reactions that 

involved the differing reactivity of C–Br and C–Cl bonds was used. Two central pentagons confined 

between the two adjacent heptagons in the target compound, forming the inverse Stone–Thrower–Wales 

topology. The final structure contains both five- and seven-membered rings, which results in interesting 

properties such as a perpendicularly aligned dipole moment, absorption and fluorescence in the orange-

red region, weak emission due to the charge-transfer character of a low-energy absorption band, and 

a high-lying HOMO. The solid state is dominated by slid convex-to-convex stacking. 

Scheme 19. π-Extended Pyrrolopyrroles with a Double-Helicene Structure a 

 

a Reagents and conditions: (a)297 p-TsOH, AcOH, 90  °C, 3 h; (b) Pd(OAc)2, PPh3, Cs2CO3, toluene, 120  °C, 3 h; (c) FeCl3, DCM, MeNO2, 

rt, 0.5 h. 

Li and colleagues established an efficient one-pot N–H/C–H coupling technique for the synthesis of 

benzo[kl]acridines in 2016, including the N,S- and N,O-containing benzoperylenes 20.3 and 20.4, 

respectively (Scheme 20).299 This methodology involves a reaction of 1,8-dihalonaphthalene 20.1a or 20.1b 

with a secondary aromatic amine, which is believed to proceed via Buchwald–Hartwig amination followed 

by intramolecular C–H arylation. The catalyst system employed in this study was simply a blend of Pd 

sources and ligands previously identified as effective for these two transformations (Pd2(dba)3/P(t-Bu)3 for 

amination and Pd(OAc)2/PCy3 for C–H arylation). The same palladium-catalyzed domino strategy facilitated 

the synthesis of additional benzo[kl]acridine derivatives. High yields were achieved when 20.2 and other 

cyclic and acyclic diarylamines were used as substrates; carbazoles, on the other hand, were not suitable. 
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Scheme 20. Synthesis of N,S- and N,O-Containing Benzoperylene Derivatives a 

 

a Reagents and conditions: (a)299 t-BuONa, Pd(OAc)2, Pd2(dba)3, PCy3, P(t-Bu)3, toluene, 90 °C, 10 h. 

Park, Shin, et al. reported the synthesis of B2N2-ixene in 2020 (21.2, Scheme 21).300 The palladium-

catalyzed cyclization of the phenyl groups and the C–Cl bonds resulted of the target B2N2-ixene (21.2). This 

compound exhibited a twisted structure in the solid state, with the four exterior benzene rings deviating 

from planarity. The molecules were arranged in a one-dimensional columnar arrangement with a short 

intermolecular distance of 3.685 Å, which may have been caused by favorable dipolar interactions. 

Scheme 21. B,N-Doped Pyrenoid a 

 

a Reagents and conditions: (a)300 Pd(OAc)2, PCy3, Cs2CO3, o‐xylene, reflux, ovn. 

Twistacenes (also known as twistarenes) have been investigated as functional dyes for a variety of 

applications. These molecules are composed of 9,14-diphenyldibenzo[de,qr]tetracene and a fused 

heterocyclic subunit. A pyran-containing system 22.2 was synthesized through a one-step Pd-catalyzed 

annulation of 22.1 and 1-naphthol. (Scheme 22).301 22.2 organized into a variety of morphologies 

(nanowires or nanospheres) under controlled conditions, as indicated by SEM, UV–vis absorption, and 

emission measurements. The electroluminescent devices produced on the basis of 22.2 had a maximum 

brightness of 4355 cd/m2 (bias voltage set to 9.0 V) and a CIE coordinate of (0.14, 0.53). 
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Scheme 22. Synthesis of Oxygen- and Nitrogen-Doped Twistacenes a 

 

a Reagents and conditions: (a)301 1-naphthol, PPh3, Cs2CO3, Pd(OAc)2, DMF, 140 °C, 24 h. 

In 2020, Murakami and Itami described a method for synthesizing thiophene-fused PAHs via palladium-

catalyzed annulative dimerization of phenylene triflate via bimolecular C–H activation (Scheme 23).302 

Palladium chloride, tributylphosphonium tetrafluoroborate, K2CO3, and pivalic acid in cyclopentyl methyl 

ether at 140 °C were used as optimized conditions. The benzothiophene-substituted phenylene triflate 

23.1 was transformed to 23.2a and 23.2b as a 4:1 mixture of regioisomers (Scheme 23).  

Scheme 23. Annulative Dimerization of Phenylene Triflate a 

 

a Reagents and conditions: (a)302 PdCl2, P(n-Bu)3·HBF4, K2CO3, PivOH, cyclopentyl methyl ether, 140 °C, 20 h. 

Li et al. demonstrated that the one-pot N–H/C–H coupling process was also applicable to the annulation 

of 5H-dibenzo[b,f] azepine (24.1).299 As illustrated in Scheme 24, using either 1,8-dibromo or  

1,8-diiodonaphthalene as the coupling partner under optimum reaction conditions results in a formation 

of [de]annulated dibenzoazepine 24.2. X-ray crystallography was used to determine the nonplanar 

geometry of 24.2. Jiao et al. reported the annulation of the dibenzoazepine-based carbamic chloride 24.3 

with 2-iodotoluene in 41% yield in 2016.303 Norbornene was required in addition to the precatalyst, the 

phosphine ligand, and the base. DFT calculations indicated that the presence of norbornene facilitated 

a Pd(0)–Pd(II)–Pd(IV) catalytic cycle. The two new C–C bonds were generated by acylation of 2-iodotoluene 

at the C3 position and then by arylation of dibenzoazepine at the C4 position. Doucet, Soulé, and 

colleagues demonstrated that dibenzo[b,f]azepines can be pentannulated via palladium-catalyzed direct 

C10-arylation with aryl bromides (Scheme 24).304 In one case, the diazepine 24.5 and 1,2-dibromobenzene 
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were heated in DMA in the presence of PdCl(C3H5)(dppb) and KOAc under optimal conditions. Two 

consecutive C–H bond activations led to the indeno-fused product 24.6, which was isolated in 50% yield. 

Scheme 24. Dibenzoazepines via Palladium-Catalyzed Annulation a 

 

a Reagents and conditions: (a)299 t-BuONa, Pd(OAc)2 (3 mol%), Pd2(dba)3 (3 mol%), PCy3 (7 mol%), P(t-Bu)3 (7 mol%), dry toluene, 

90 °C, 10 h; (b)303 Pd(OAc)2 (10 mol%), PPh3 (20 mol%), norbornene (1 equiv), Cs2CO3 (4 equiv), toluene, 95 °C, 6 h;  

(c)304 PdCl(C3H5)(dppb) (2 mol%), KOAc (2 equiv), DMA, 150 °C, 72 h. 

The most recent examples of formation of five-membered rings via palladium catalyzed reactions are 

shown here. In 2018, Xu, Tan, and colleagues described the oxidative cyclization of 2-biphenylthiols to 

yield the corresponding dibenzothiophenes using PdCl2 as the catalyst and DMSO as the solvent and 

oxidant.305 This set of conditions was also appropriate for the threefold cyclization of triphenylene-1,5,9-

trithiol 25.1, which resulted in the formation of trithiasumanene 25.2 (2%), in addition to the incompletely 

fused 25.3 (5%, Scheme 25). The low yield of 25.2 was attributed to the molecule volatility under the 

reaction conditions. Even though the yield was low, this was the first example of synthesis of 

trithiasumanene by a direct "stitching" process, rather than the typical desulfurative ring formation. 

Scheme 25. Synthesis of Trithiasumanene from Triphenylenetrithiol a 

 

a Reagents and conditions:(a)305 PdCl2 (90 mol%), DMSO, 120 °C, 24 h. 

Li, Hartl, Yang, et al. reported in 2017 improved conditions for a palladium-catalyzed C–H activation 

reaction of benzo[b]thiophene with 1,8-dibromonaphthalene, yielding the acenaphthylene product 26.1 

in 69% yield. (Scheme 26).306 It was also possible to use this approach to react fused dithiophenes in a 1:2 
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ratio with 1,8-dibromonaphthalene to get compounds 26.2a–c and 26.3 in 26–72% yield. When 

concentrated solutions were subjected to an anodic potential, it was discovered that the neutral molecules 

of 26.2a,c interacted with their own radical cations to produce dimers.  

Scheme 26. Five-Membered Ring Closures Involving a Thiophene Ring a 

 

a Reagents and conditions: (a)306 Pd(OAc)2, t-Bu2PMe·HBF4, K2CO3, DMA, 100 °C, 20 h. 

In 2021, Zhang et al. reported on the synthesis of buckybowl 27.3 in combination with thiazine and its 

derivatives. (Scheme 27).308 The cyclodimerization of dibromophenothiazine 27.1 was catalyzed by 

copper(I). Under Buchwald–Hartwig conditions, the identical transformation resulted in a complicated 

product mixture. The resulting compound 27.2 was then cyclized in 49% yield under palladium catalysis to 

give the target buckybowl 27.3. Chemical oxidation of 27.3 with 1 or 2 equivalents of AgSbF6 results in the 

radical cation 27.3•+ and the dication 27.32+, respectively. The bowl depth of the neutral compound 27.3 

(0.59 Å) was greater than that of the radical cation (0.37 Å), according to single crystal XRD data, although 

the dication had a planar geometry. 

Scheme 27. Synthesis of Thiazine-Fused Buckybowls a 

 

a Reagents and conditions: (a)308 CuI, K2CO3, 18-crown-6, o-DCB, 180 °C, 48 h; Pd(OAc)2, PCy3·HBF4, K2CO3, DMA, 170 °C, 48 h. 

In 2018, Gulevskaya et al. reported a cascade reaction between ethynyl-substituted proton sponge 

derivatives and 1,8-diiodonaphthalene that resulted in the formation of acenaphtho[1,2-b]benzo[g]indole 

skeleton (Scheme 28).309 For example, under Sonogashira coupling conditions, compound 28.1 reacted 

with 1,8-diiodonaphthalene to provide 28.2 in 46% yield. The hypothesized mechanism involves the 

intermediate 28.4, which is thought to form upon activation of the first diarylacetylene product by 

palladium. The nucleophilic dimethylamino group promoted a bicyclization reaction, resulting in the 
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palladacycle 28.5, which, after reductive elimination and removal of methyl iodide, led to the formation 

of the final product. 

Scheme 28. Formation of Benzo[g]indole Skeleton via Cascade Reaction a 

 

a Reagents and conditions: (a)309 Pd2(dba)2, CuI, PPh3, K2CO3, DMF, Ar, 60–75 °C, 8–10 h.  

Hamura et al. published in 2019 a new method for synthesizing the benzo[5,6]indeno[1,2,3-

fg]tetracene skeleton that involves intramolecular benzoallene–alkyne cycloaddition.310 Diacetylene 

derivatives such as 29.1 were synthesized and employed as precursors to pyracylene derivatives (Scheme 

29). Specifically, the palladium-catalyzed bicyclization of 29.1 with aniline under known conditions resulted 

in the 45% yield of the pyrrole-fused pyracylene derivative 29.2. 

Scheme 29. π-Extended Pyrrole-Fused Pyracylene a 

 

a Reagents and conditions: (a)310 PhNH2, PdCl2, TEA, DMSO, 90 °C, 8 h. 

The pyrrolo[3,2,1-hi]indole structure is most frequently encountered in its [a,d]-dibenzannulated form, 

namely the indolo[3,2,1-jk]carbazole structure. The two most frequently used strategies for constructing 

this extended skeleton are intramolecular direct arylation and oxidative coupling, both of which are 

catalyzed by palladium. Scheme 30 illustrates recent examples of the former technique in action.  
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Lee et al. presented sky blue to violet emitters 30.3,311 30.5,312 and 30.6,313 which were synthesized from 

carbazole precursors with ortho-bromoaryl groups linked to the nitrogen atoms. 

Kautny demonstrated that using (NHC)Pd(allyl)Cl as a catalyst allowed for the synthesis of a series of 

aza-substituted indolocarbazoles.314 For example, under optimal conditions, 30.8 was produced in good 

yield from the 9-(2-halo-3-pyridyl)carbazoles 30.7a–b. For the unsymmetrical carbazole 30.9, the C–Br 

bond preferentially reacted with the benzo core to form 30.10 (61% yield), with the regioisomer 30.11 

(16% yield) as a minor product. Interestingly, when the N-oxide 30.12 was subjected to the same 

cyclization followed by reduction, the yields of 30.10 and 30.11 increased to 12 and 57%, respectively, 

implying electronic control during cyclization. 

Langer et al. reported the palladium-catalyzed annulation of 2,3-dibromo-1,4-naphthoquinone (30.13) 

with carbazole, yielding the product 30.14 and the twofold C–N coupling product 30.15 in 28% yield.315 
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Scheme 30. Pentannulated Carbazoles via Direct Arylation Catalyzed by Palladium a 

 

a Reagents and conditions: (a)311–313 Pd(OAc)2, PPh3, [BnNEt3]Cl, K2CO3, DMA, reflux, 6 h; (b) NBS, DMF, rt, 12 h; (c) diphenylamine, 

Pd(dba)2, P(t-Bu)3, t-BuONa, xylene, reflux, 12 h; (d)314 (NHC)Pd(allyl)Cl (5 mol%), K2CO3 (2 equiv), DMA, Ar, 130 °C, 4–6 h; (e) iron 

powder, AcOH, 60 °C, Ar, 2 h; (f)315 Pd(OAc)2, PPh3, t-BuONa, toluene, 90 °C, 24 h. 

Patureau et al. (2015) reported improved conditions for the oxidative cyclization of 9-arylcarbazoles 

such as 31.1a–c to obtain the corresponding indolocarbazoles 31.2a–c in a 38–70% yield (Scheme 31).229 

In addition to palladium(II) pivalate, it was discovered that the presence of Ag2O, CuO, and an oxygen 

environment were required for conversion. Additionally, the trisubstituted products 31.3a–c were 

synthesized from their precursors. However, the dimethoxy-substituted indolocarbazole 31.3d could not 

be produced under these conditions. Following that, the same group discovered a method for direct 
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synthesis of N-aryl-substituted π-extended carbazole compounds such as 31.5a–d from the corresponding 

aryl(2-naphthyl)amines. (Scheme 31).316 The authors demonstrated that by substituting Pd(OAc)2 for 

palladium(II) pivalate, a modified set of reaction conditions successfully induced pentannulation of  

31.5a–d to yield 31.6a–d in isolated yields of 17–62%. 

Scheme 31. Annulated Carbazoles via Palladium-Catalyzed Oxidative Cyclization a 

 

a Reagents and conditions: (a)229 Pd(OPiv)2, Ag2O, CuO, PivOH, O2 (1 atm), 130 °C, 24 h; (b)316 Ag2O, toluene/cumene/AcOH, air, 

60 °C, 2 h; (c) Pd(OAc)2, Ag2O, CuO, PivOH, air, 130 °C, 3 d. 

Miura et al. used palladium(II) trifluoroacetate as the catalyst and silver(I) acetate as the oxidant for 

the oxidative cyclization of di-9-carbazolyl-substituted derivatives 32.1 and 32.3 (Scheme 32).91 The para-

dicarbazolyl substrate 32.3 gave the isomeric doubly cyclized products 32.4 and 32.5 in yields of 28% and 

18%, respectively. The meta-dicarbazolyl substituted benzene 32.1a and pyridine 32.1b gave the 

corresponding double fusion products 32.2a–b in yields of 49% and 30%, respectively. Interestingly, under 

the same conditions, the corresponding ortho-dicarbazolylbenzene formed an eight-membered ring. The 

fused 1,4-diazocine 32.7 was isolated in 13% yield, and its twisted molecular structure was unambiguously 

defined via X-ray crystallography. The capability of closing an eight-membered ring was attributed to the 

closeness of the two carbazole units in 32.6. 



46 

Scheme 32. Annulated Carbazoles via Palladium-Catalyzed Oxidative Cyclization a 

 

a Reagents and conditions: (a)91 (CF3COO)2Pd (30 mol%), AgOAc (6.0 equiv), PivOH, 160 °C, 48 h. 

Plunkett et al. described in 2018 the cyclopentannulated anthracenedithiophene 33.3 (Scheme 33).317 

The five-membered rings in compound 33.3 were formed in 39% yield by palladium-catalyzed 

cyclopentannulation of dibromide 33.1 and diarylacetylene 33.2. 

Scheme 33. Synthesis of a Polyarene via Cyclopentannulation a 

 

a Reagents and conditions: (a)317 Pd2(dba)3, P(o-Tol)3, KOAc, LiCl, DMF/toluene, 130 °C. 

Wang, Han, and colleagues described a palladium-catalyzed C–H annulation process of mono- and 

disubstituted coumarin derivatives employing diaryliodonium cations as coupling partners in 2015.318 

When benzo[g]coumarin 34.1 was heated with diphenyliodonium triflate 34.2 in DMF at 100 °C in the 

presence of Pd(OAc)2, the diarylation product 34.3 was produced in 70% yield (Scheme 34). Preliminary 

mechanistic studies indicated that multiple Pd(II)–Pd(IV) catalytic cycles were involved. 
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Scheme 34. Diarylation with Diaryliodonium Salts a 

 

a Reagents and conditions: (a)318 Pd(OAc)2 (10 mol%), DMF, 100 °C, 24 h. 

Rare examples of formation of seven- and eight-membered rings via palladium catalyzed reactions are 

shown in the following paragraphs. In 2017, Kwong et al. reported a palladium-catalyzed three-component 

reaction involving aryl iodide, 8-bromo-1-naphthoic acid, and norbornadiene that resulted in the 

formation of carbo- and heterocyclic frameworks with seven-membered rings (Scheme 35).319 For 

example, under optimized conditions, 3-iodobenzo[b]thiophene may be transformed to compound 35.1 

with a 95% yield. Similarly, 4-iododibenzofuran can be converted to 35.2 in an 85% yield. The authors 

hypothesized a Pd(0)–Pd(II)–Pd(IV) catalytic cycle for the reaction based on DFT calculations. 

Scheme 35. Three-Component Synthesis of Fused Cycloheptatrienes a 

 

a Reagents and conditions: (a)319 Pd(OAc)2 (5 mol%), PCy3 (15 mol%), Cs2CO3, 1,4-dioxane, 130 °C, 18 h. 

The Pd-catalyzed intramolecular cyclization of a pendant phenyl ether substituent results in the fusion 

of the benzoxepine-fused PDI framework (Scheme 36).114 C–H activation of this substituent at the ortho 

position facilitates its attachment to a bay-brominated PDI core. This approach was attempted on PDIs 

36.1a–d and was found to be ineffective for the corresponding perylene tetraesters. While the yields of 

the cyclized compounds 36.2a–b were low, a higher efficiency was obtained with the brominated 

substrates 36.1c–d, resulting in 36.2c–d. The reaction conditions had no effect on the Br substituents on 

the electron-rich phenyl ether groups. Thus, dehalogenation of 36.2c was a more efficient method of 

preparing 36.2a than direct synthesis from 36.1a. The cyclized products exhibited a curved shape with 

a twist angle of 22° in the perylene core. This resulted in good solubility in organic mediums even in the 

absence of large solubilizing imide substituents. 
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Scheme 36. Benzoxepine-Fused Perylene Diimides a 

 

a Reagents and conditions: (a)114 Pd(OAc)2, PCy3·HBF4, K2CO3, DMA, 100-120 °C, 2−4 h. 

Igarashi, Tobisu, and Chatani reported the synthesis of a series of cyclic diarylborinic acids on a gram-

scale in 2017, including the cyano-substituted analogue 37.1 (Scheme 37).320 Compound 37.1 underwent 

an unexpected ring-opening annulation with 1,8-dibromonaphthalene, giving the fused oxocine derivative 

37.2 in 48% yield. Kumar et al. demonstrated formation of a fused oxocine ring in an annulation reaction 

of the iodonium salt 37.3 (Scheme 37).321 When diphenyleneiodonium triflate 37.3 and quinolin-4(1H)-one 

37.4 were heated in the presence of Pd(OAc)2, yields of the C–H arylation product 37.5 and the annulation 

product 37.6 were 20% and 70%, respectively. NMR and mass spectral data established the identity of the 

oxocine 37.6, and this product was assumed to result from the creation of the C–O bond in the minor 

product 37.5. 

Scheme 37. Syntheses of peri-Fused Oxocines via Annulative Coupling a 

 

a Reagents and conditions: (a)320 Pd2(dba)3, t-Bu3P·HBF4, Cs2CO3, H2O/t-amyl alcohol, 100 °C, 48 h; (b)321 Pd(OAc)2 (5 mol%), AcOH, 

100 °C, 12 h.  

Generally, the application of palladium-catalyzed C–H bond activation has had a considerable impact 

on the synthesis of diverse planar, curved, and twisted π-conjugated polycycles in recent years. As 

compared to recognized organic synthetic procedures that need multiple steps and/or harsh conditions 
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with stoichiometric quantities of metallic salts, direct C–H bond activation enabled the creation of PHAs, 

and other important organic molecules, in higher yields and with a greater functional group tolerance. 

Intramolecular C–H functionalizations were carried out in the majority of cases utilizing simple palladium 

salts and affordable bases, allowing for the facile synthesis of π-conjugated polycycles in high yields and 

with a high degree of selectivity. Intramolecular palladium-catalyzed C–H arylations are frequently carried 

out in polar solvents such as DMF or DMA utilizing Pd(II) salts together with phosphine ligands. The nature 

of the phosphine may be irrelevant in some cases. Its primary function is to facilitate the reduction of Pd(II) 

to Pd(0) and, in some situations, to accelerate the oxidative addition of deactivated aryl (pseudo)halides 

to palladium. Previously, preparation of the heavily functionalized substrates was fairly difficult and 

remained a significant disadvantage. With the development of highly selective C–H bond activation, facile 

formation of π-conjugated polycycles from simple substrates via successive C–H bond functionalizations 

became possible. 

The cascade C–H bond annulation enabled the one-pot direct π-extension of a variety of 

heteroaromatics. Palladium-catalyzed C–H bond activation has been used to synthesize not only known 

PHAs, but also unique π-conjugated polycycles via the formation of extremely strained cycles. However, 

numerous difficulties remain in the application of palladium-catalyzed C–H bond activation reactions for 

the production of π-conjugated polycycles. Several examples necessitated the use of stoichiometric 

concentrations of palladium catalysts. As a result, it is important to find better catalysts for more 

economically viable methods. Additionally, the development of more selective catalysts will enable the 

preparation of previously unimagined sophisticated π-conjugated polycycles, which may find additional 

applications in the fabrication of novel optoelectronic devices.  
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3.3 Azacoronenes and related structures  

Recent interest in nanographene chemistry has resulted in the development of a variety of extended 

π-conjugated coronenoid systems, the majority of which contain heterocyclic rings.1,2 On the day of writing 

there were over 130 research papers describing synthesis and properties of heteroaromatic systems 

containing the seven-ring framework of coronene. Here the author describes the newly discovered 

chemistry of pyrrole-fused coronene complexes, which now present a quickly growing family of internally 

doped, peripherally enlarged azacoronenes, so called hexapyrrolohexaazacoronene (HPHAC). HPHAC is 

the prototype nanographene comprising peri-fused pyrrole rings. HPHACs are commonly produced in two 

phases, first by the SNAr reaction of hexafluorobenzene with the appropriate pyrrole and then via oxidative 

cyclodehydrogenation of the resultant hexapyrrolylbenzene. This method allows access to a vast array of 

structurally varied compounds.  

In a preliminary work published in 2003, Jouini et al. attempted to synthesize 38.2a by oxidation of 

hexapyrrolylbenzene in the presence of iron(III) perchlorate.325 MALDI-TOF mass spectrometry detected 

only partial coupling products of 38.1a, possibly due to limited solubility in organic solvents. In comparison, 

oxidation of 38.1b, which contains soluble octyl groups, produced a soluble product with a mass spectrum 

consistent with complete peripheral coupling. The expected product was not examined further because it 

most likely formed as a combination of regioisomers. The oxidation of hexapyrrolylbenzenes was 

demonstrated to proceed via a radical cation/substrate process, in contrast to oxidative polymerizations 

of pyrroles, which often result from radical cation dimerization. Lazerges et al.326 and Jouini et al.327 later 

investigated the electrosynthesis and magnetism of 38.2a. It was synthesized as a soft homogenous thin 

layer on the electrode surface via electrochemical oxidation in organic solutions. In situ electrochemical–

ESR experiments demonstrated that this material was strongly paramagnetic and underwent reversible 

oxidation processes. Additionally, the film demonstrated a continuously controllable spin concentration 

of 0 to 1 per charge at ambient temperature by electrochemical potential control.  

In a later study published in 2007, Müllen and coworkers synthesized and structurally studied a β-aryl 

substituted HPHAC, 38.2d, in its neutral and oxidized dicationic forms.328 The cyclodehydrogenation of the 

suitable hexapyrrolylbenzene in the presence of iron(III) chloride was followed by quenching with 

hydrazine to yield 38.2d. In contrast to Jouini's findings, the unsubstituted 38.2a was found using MALDI-

TOF, but the predicted dodecabromo 38.2c derivative had a mass spectrum compatible with partial 

debromination of the oxidized product. Single-crystal X-ray diffraction validated the molecular structure 

of 38.2d, revealing that the HPHAC core is fully planar, with the centers of the peripheral phenyl groups 
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producing a wavelike pattern above and below the molecular plane. In comparison, DFT models projected 

a bowl-shaped structure for 38.2a, resulting from the rings tight annular fusion. Compound 38.2d 

fluoresced at 570, 617, and 673 nm, whereas HBC fluoresces at substantially shorter wavelengths  

(465, 484, 492, 517, and 528 nm). Electrochemical studies revealed that 38.2d went through four 

reversible one-electron oxidation processes. Chemical oxidation with antimony pentachloride yielded the 

radical monocation 38.2d+ and the dication 38.2d2+ sequentially. By adding tetrabutylammonium iodide 

to the cationic forms, the oxidation can be reversed. The structural data acquired for the dication, as well 

as the NICS computations, were compatible with the oxidized HPHAC core overall aromaticity. 

Scheme 38. Synthesis of Hexapyrrolohexaazacoronenes a 

 

a Reagents and conditions: (a)325 Fe(ClO4)3, MeCN; (b)328 (1) FeCl3, CH3NO2, DCM, 1 h, rt, (2) N2H4. 

Takase, Müllen, Nishinaga, and coworkers created HBC–HPHAC hybrids in 2013 utilizing comparable 

oxidative coupling processes using mixed pyrrole–arene precursors.329 It was discovered that the addition 

of two alkoxy groups to the meta positions of the peripheral phenyl substituents significantly promotes 

the oxidative coupling of precursors, effectively closing the peripheral circuit. This procedure resulted in 

the formation of the pentaaza-, tetraaza-, and triazacoronene derivatives C05.1–3 (Chart 5). The stepwise 

substitution of pyrroles for dialkoxybenzene rings significantly altered the optical characteristics of the 

hybrids. As with the parent HPHAC system, C05.1a–3a allows for some low-energy electronic transitions, 

with a tenfold increase in extinction coefficients for C05.3a compared to C05.1a and C05.2a. Emissions of 

these compounds ranged from red to yellow to deep red to green as the number of pyrrole rings fell from 

38.2d to C05.3a. The X-ray crystal structures of C05.2b and C05.3a in their neutral states corroborated the 

planarization of the azacoronene core. Fluorescence and phosphorescence measurements at ambient 

temperature and 77 K enabled the estimation of the modest S1–T1 gaps (ΔES-T < 0.36 eV). On the basis of 

theoretical calculations, dications of hexaazacoronene 38.2d and pentaazacoronene C05.1a exhibited 
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a closed-shell structure, whereas dications of tetraazacoronene C05.2c and triazacoronene C05.3c 

exhibited an open-shell structure. 

Chart 5. Pyrrole-Fused Azacoronene Derivatives329 

 

The introduction of ethyl substitution by Uno, Takase, and colleagues enables the synthesis of more 

electron-dense and potentially more reactive HPHAC derivatives, such as 39.1,330 which is readily 

oxidizable to the typical globally aromatic dication 39.12+ with a 22 π-electron conjugation pathway. The 

NIR absorption band identified for the dication but not for the parent cyclo[6]pyrrole macrocycle is 

attributable to a CT transition between the core benzene and peripheral pyrrole moieties, as determined 

by magnetic circular dichroism (MCD) analysis and DFT calculations. The oxidation of β-unsubstituted 

HPHACs 39.2 with silver(I) nitrite resulted neither in the reversible creation of the matching dication, nor 

in the oxidative dimerization predicted by the known reactivity of corroles or porphyrins. Rather than that, 

the nitrated derivative 39.3 was obtained, which shares redox characteristics of the parent system.331 

Nevertheless, the introduction of functional groups onto a β-conjugated system is a highly promising 

strategy for modulating its chemical and physical properties. DinitroHPHAC 39.4, which contains two nitro 

groups attached to the same pyrrole ring was also synthesized by the same group.332 The dinitroHPHAC 

molecule exhibits a significant dipole moment (μ = 11.7 D at B3LYP/6-31G(d,p)) and solvatochromism with 

a decreased HOMO–LUMO energy gap. Surprisingly, the solid seems to be black to the human sight. The 

dication state has a lower global aromaticity than pristine HPHAC and mononitroHPHAC. 
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Scheme 39. The "Smallest" HPHAC a 

 

a Reagents and conditions: (a)330 NOSbF6 (2.0 equiv) and DCM, rt, 10 min; (b)331 AgNO2 (9.7 equiv), DCM, rt. 

In 2019, Uno, Takase, and colleagues published the synthesis of 1,3-dihydrothieno[3,4-a]- and 1,3,8,10-

tetrahydrothieno[3,4-a;3',4'-m]-HPHACs (40.3 and 40.7, respectively) by sequential SNAr reactions of 

hexafluorobenzene with 1,3-dihydrothieno[3,4-c]pyrrole and 3,4-dihexylpyrrole, followed by oxidative 

coupling.333 1,3-Dihydrothieno[3,4-a] HPHAC 40.3 was synthesized starting with 1,3-dihydrothieno[3,4-

c]pyrrole. First, the pyrrole was deprotonated with NaH followed by the treatment with 

hexafluorobenzene, which resulted in the formation of the N-pentafluorophenyl derivative 40.1 in 47% 

yield, along with a trace of N,N-(tetrafluoro-1,4-phenylene)bis(1,3-dihydrothieno-[3,4-c]-pyrrole) 40.5. 

A subsequent SNAr reaction of 40.1 with 3,4-dihexylpyrrole produced hexapyrrolylbenzene 40.2. Scholl 

oxidation of 40.2 resulted in the formation of 1,3-dihydrothieno[3,4-a]HPHAC 40.3 in a 42% yield. When 

two molar equivalents of dihydrothienopyrrole were utilized in the SNAr reaction with hexafluorobenzene, 

N,N-bis(tetrafluoro-1,4-phenylene)bis(dihydrothienopyrrole) 40.5 was produced preferentially. In 

a similar fashion, via Scholl oxidation, hexapyrrolylbenzene 40.6 was converted to 

bis(dihydrothieno)HPHAC 40.7. The dehydrogenation of dihydrothienoHPHAC 40.3 could not be 

accomplished via m-CPBA oxidation to sulfoxide followed by Pummerer rearrangement or by NBS 

oxidation. 40.3 produced a dehydrogenated dicationic species 40.4 upon oxidation with diiodine, which 

was not isolated in its neutral form. The dication was stable, and its NMR spectrum indicated global 

diatropicity, compatible with an aromatic route in the periphery. A CV measurement at high concentration 
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and slow scan speed revealed the formation of a mixed-valence dimer composed of the neutral 40.3 and 

its radical cation. 

Scheme 40. Dihydrothieno-Fused HPHACs a 

 

a Reagents and conditions: (a)333 3,4-dihexylpyrrole, NaH, DMF, rt; (b) FeCl3, CH3NO2, rt; (c) I2 (excess), reflux, under N2 flow. 

Heteroaromatic "5-6-7" nanographenes were also synthesized in 2015 in our group.334 This new 

structure features an assembly of five-, six-, and seven-membered rings (Scheme 41). The oxidative 

coupling of an indole-containing precursor 41.3a (Scheme 41) with 12 equivalents of  

tri(4-bromophenyl)ammoniumyl hexachloroantimonate (BAHA) resulted in the direct formation of 

a dicationic 5-6-7 nanographene [41.4a]2+, which was separated as a hexafluoroantimonate salt. 

Interestingly, the reaction with BAHA substantially favored the production of [41.4a]2+, and even when 

2 equivalents of the oxidant was applied, trace amounts of the salt could be separated. By reducing  

[41.4a][SbCl6]2 with zinc amalgam, the neutral species 41.4a was obtained quantitatively. When the same 

BAHA-induced oxidation was performed on the benzyl-substituted derivative 41.3b, the result was 

different. The resulting green precipitate contained primarily the partially coupled product [41.5b][SbCl6]2, 

which was easily reduced to the equivalent neutral species 41.5b by zinc amalgam. At all oxidation levels, 

peripheral expansion and ring fusion boosted the nanographene core near-infrared absorption and 

emission capabilities. The dicationic states (41.4) exhibited global aromaticity, indicating that they 

originated from a peripheral π-conjugated cycle. The partially linked intermediate [41.5b][SbCl6]2, which 
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was trapped during the synthesis of the 5-6-7 nanographene, was investigated as a reference system, and 

revealed an unexpected decrease in the optical band gap due to intramolecular charge transfer. 

Scheme 41. Synthesis of a Peripherally Conjugated 5-6-7 Nanographene a 

 

a Reagents and conditions: (a)334 Ag2CO3, Pd(OAc)2, pentafluorobenzene, DMF, DMSO, 120 °C; (b) (1) NaH, diarylpyrrole, DMF, ice 

bath, (2) 41.2a or 41.2b, 50 °C; (c) BAHA, Et2O, THF, rt; (d) zinc amalgam or zinc powder, DCM or CDCl3; (e) BAHA, NOSbF6 or DDQ, 

DCM or MeCN; (f) BAHA, Et2O, THF, rt. 

Although various azulene-containing systems have been reported, PAH analogues containing azulene 

are uncommon, with the exception of porphyrinoids. 42.3, an HPHAC counterpart with an azulene moiety 

in place of one of the pyrroles, was synthesized from a Bpin-substituted azulene derivative in three steps 

ending with FeCl3 oxidation.335 42.3, like its parent HPHAC, exhibited stable oxidized forms, and its dication 

was isolated and described. The presence of a 22 π-electron conjugation surrounding the azacoronene 

core and a tropylium-like conjugation in the outer seven-membered ring was demonstrated structurally 

and theoretically. Precursor 42.1 was synthesized via Suzuki–Miyaura cross-coupling of Bpin-azulene with 

bromopentafluorobenzene, yielding coupling adduct 42.2, followed by its nucleophilic aromatic 

substitution with 3,4-diethylpyrrole. The Scholl reaction of 42.2 with FeCl3 resulted in the formation of 

42.3 in moderate yield. The five-membered ring of azulene can be regarded as a carbon analogue of 

pyrrole due to its electron-rich character, and behaves similarly in the oxidative coupling reaction. 

Additionally, the oxidized form of [42.3]2+ is stabilized by the electron-deficient seven-membered ring of 

azulene by creating an aromatic tropylium cation.  
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Scheme 42. Azulene-Fused Azacoronene a 

 

a Reagents and conditions: (a)335 3,4-diethylpyrrole, NaH, DMF, rt; (b) FeCl3, CH3NO2, rt; (c) AgPF6 or SbCl5, DCM, rt. 

Non-planar core-expanded HPHAC homologue comprising two N-doped seven-membered rings 43.3 

was synthesized by SNAr and oxidative coupling processes from commercially available 

octafluoronaphthalene and 3,4-diethylpyrrole.336 3,4-Dialkylpyrrole was used in this investigation to 

reduce steric hindrance and thus facilitate the production of a core-expanded analogue. As illustrated in 

Scheme 43, the SNAr reaction was carried out using 3,4-diethylpyrrole, yielding 1,2,3,4,5,6,7,8-octakis(3,4-

diethylpyrrol-1-yl)naphthalene (43.2). The naphthalene skeleton was slightly deformed as a result of the 

steric hindrance between peripheral pyrrolyl groups. The oxidative cyclodehydrogenation of 43.2 with 

DDQ and TfOH followed by quenching with hydrazine resulted in fully fused 43.3 as a dark brown powder 

in good yield. Despite its high HOMO level, 43.3 was isolated as a neutral molecule with a good solubility 

in common organic solvents, including hexane. Due to the D2-symmetry of the molecule in solution, the 

1H and 13C NMR spectra of 43.3 revealed simple signals in CDCl3. X-ray diffraction investigations of the 

neutral 43.3 and the dication [43.3]2+[PF6]2 (prepared with AgPF6) revealed deformed structures. Despite 

the twisted structure, the nucleus-independent chemical shift (NICS) data 43.32+ suggested a considerable 

increase in aromaticity in the dicationic state, while the anisotropy of induced current density (ACID) plot 

revealed an amplified current density over the peripheral pathway. These findings support global Hückel 

aromaticity of 43.3 in the dicationic state, which corresponds to peripheral 30 π-electron conjugation.  
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Scheme 43. Twisted Core-Expanded Azacoronene Analogue a 

 

a Reagents and conditions: (a)336 3,4-diethylpyrrole, NaH, DMF, rt, ovn; (b) DDQ, TfOH, DCM, 0 °C, 2 h. 

By introducing extra bridges or rings into the rim of the π-conjugated framework, it is possible to 

drastically modify the electronic characteristics of HPHACs. Our group reported in 2014 a family of 

extended hexapyrrolohexaazacoronenes 44.3 and 44.6 including one or two saturated bridges at the 

periphery.337 Additional carbon bridges between the pyrrole subunits were used to expand the peripheral 

circuit of these nanographenes. 44.3 and 44.6 were synthesized by a two-step condensation–

aromatization method from substituted hexapyrrolylbenzenes (Scheme 44). Compound 44.1 was initially 

reacted with p-nitrobenzaldehyde, resulting in the formation of two consecutive bridging species: 44.2 

and 44.4, respectively. The oxidative coupling of 44.2 mediated by DDQ, followed by reductive workup 

with aqueous hydrazine, resulted in the formation of 44.3. In the case of the more congested 44.4, 

oxidation with DDQ followed by acidic workup resulted in the isolation of a monocationic molecule, 

[44.5][BF4]. In contrast to 44.3, which included one fully conjugated seven-membered ring connected by 

a saturated benzylidene bridge between two pyrroles, cation [44.5]+ contained one fully conjugated seven-

membered ring. Steric effects on the nucleophilic additions to the 44.5 cation facilitated stereocontrolled 

synthesis of cis- and trans-44.6. The oxidative dehydrogenation of benzylidene bridges in 44.3, [44.5]+, and 

stereoisomers of 44.6 was found to be stereochemically controlled: it was kinetically hindered in the 

predominant endo configuration of the sp3 bridges but proceeded freely in the exo configuration. Despite 

the disrupted conjugation on the perimeter, enlarged azacoronenes have readily accessible higher 

oxidation states. Electrochemical study of the bridging systems revealed that the core-conjugated system 

can reach up to six oxidation level (for cis-44.6) and one reversible one-electron reduction (for [44.5]+). For 

cis-44.6, a chemical reaction with SbCl5 produced a diamagnetic, quadruply charged species. Oxidized 

hexapyrrolohexaazacoronenes exhibit substantial π-electron conjugation and are effective UV–vis–NIR 

absorbers with an active wavelength of around 2400 nm. Computational studies demonstrated 

a preference for biradicaloid electron configurations in the doubly oxidized species [44.6]2+. 



58 

Scheme 44. Synthetic Routes to Expanded Hexapyrrolohexaazacoronenes a 

 

a Reagents and conditions: (a)337 p-nitrobenzaldehyde, BF3·Et2O, DCM, rt, 1 h; (b) (1) DDQ, DCM, rt, 1 h, (2) H2O, (3) N2H4;  

(c) p-nitrobenzaldehyde, BF3·Et2O, CHCl3/EtOH, rt, 1 h; (d) (1) DDQ, DCM, rt, 2 h, (2) H2O, (3) 12% HBF4 (aq); (e) NaCN, THF, DMF, 

N2, rt, 1 h; (f) Na2CO3, DCM/MeOH, rt, 1 h; (g) NaBH4, THF, N2, rt, 1 h; (h) (1) N2H4, DCM, rt, 5 min, (2) CuSO4, DMF, rt, ovn. 

This strategy was also used to synthesize an antiaromatic extended azacoronene cation [45.2]+, which 

was reported in 2019 by the Uno group (Scheme 45).338 The synthesis of partially unfused HPHAC 45.1 was 

carried out using Scholl reaction, but with a careful control of the amount of oxidant. As illustrated in 

Scheme 45, the Vilsmeier–Haack reaction of 45.1 with DMF and POCl3 resulted in the formation of 

intramolecular cyclized compound [45.2a]+. NMR and IR analyses were used to verify the formation of 

[45.2a]+. There were no vibrations in the IR spectra that might be attributed to C=O stretching. 

Additionally, LDI-TOF MS analysis determined an accurate mass of m/z = 805.5041, which corresponds to 

[45.2a]+. A possible mechanism is as follows. Initially, an electron-rich carbon at the pyrrole α position 

attacks the Vilsmeier reagent, forming an iminium intermediate. During the workup of the reaction, that 

sort of intermediate is normally hydrolyzed to the appropriate aldehyde or ketone. However, in this case 
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intramolecular cyclization was preferential to hydrolysis due to the close proximity of another electron-

rich pyrrole moiety to the active iminium group. The cationic salt of expanded azacoronene [45.2a]+Cl was 

produced as a 24π antiaromatic molecule following elimination of dimethylamine. When  

N,N-dimethylbenzamide was substituted for DMF, the meso-phenyl analogue [45.2b]+ was likewise 

produced in 88% yield. Although [45.2a]+ was a monocation, its 1H NMR spectrum exhibited upfield shifts 

of around 1 ppm for the ethyl groups in comparison to its precursor 45.1. This provides compelling 

evidence for the paratropic ring current and antiaromatic properties of [45.2a]+ resulting from  

24π-electron conjugation. The antiaromatic monocation [45.2a]+ converted rapidly to the aromatic 

trication [45.2a]3+ upon oxidation with NOSbF6 or BAHA.  

Scheme 45. Antiaromatic Azacoronene via Vilsmeier-Type Reaction a 

 

a Reagents and conditions: (a)338 DMF or N,N-dimethylbenzamide, POCl3, KPF6, DCE; (b) NOSbF6 or BAHA, DCM. 

HPHACs can easily be extended radially by utilizing β–β-fused pyrrole building blocks. Our lab reported 

the first such system, the massive electron-deficient heterocycle 46.2, which was synthesized through the 

conventional two-step process from the naphthalenemonoimide-fused NMIH pyrrole (Scheme 46).339 An 

XRD examination of 46.2 revealed a "monkey saddle" shape, with the peripheral helicene fragments 

alternating in handedness. 46.2 exhibited a strong band in the visible area with a vibronic pattern typical 

of several rylene imide derivatives. In solution, 46.2 exhibits significant solvatochromism, shifting hue from 

purple in toluene to bluish in dichloromethane to bluish gray in methanol. While 46.2 oxidized similarly to 

its HPHAC parent, the novel ring system demonstrated an outstanding ability to take 10 electrons 

consecutively at widely accessible potentials, resulting in anions with minimal electronic band gaps and 

panchromatic UV–vis–NIR absorption. The nanographenoid resistance to decomposition was 

demonstrated by its efficient aerial reoxidation.  
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Scheme 46. Radially π-Extended Electron-Deficient Azacoronene a 

 

a Reagents and conditions: (a)339 (1) NaH, DMF, 20 °C, (2) C6F6, 50 °C, 12 h; (b) FeCl3, DCM, 50 °C, 1 h. 

Uno's group produced 47.5, an electron-dense counterpart of 46.2 with tert-butyl groups replacing the 

peripheral imide moieties (Scheme 47).340 CaH2 was found to be an effective promoter of the complete 

SNAr reaction of C6F6 with the bulky 2,5-di-tert-butyl-8H-acenaphtho[1,2-c]pyrrole in that synthesis. As 

with previous azacoronene derivatives, 47.5 was stable in its oxidized state, and NICS calculations 

established the global aromaticity of the dication form. 

By incorporating helical motifs into polyaromatic structures, curved and multilayered aromatic 

compounds with remarkable chiroptical characteristics and the potential for usage in organic electronics 

can be obtain. However, such alterations are rarely attempted due to the difficulty of synthesis. HPHAC 

systems are formed via oxidative annulation of hexapyrrolylbenzene, a propeller-shaped molecule that 

assumes a chiral (albeit non-rigid) D6 symmetry conformation. However, HPB chirality is typically lost 

during oxidation: the unsubstituted HPHAC is predicted to have a shallow bowl structure, whereas its 

dodecaaryl derivatives have a completely planar ring system. A sixfold helicene motif is present in the 

hybrid HPHAC system like 46.2 or 47.5; however, because the molecule possesses the D3d symmetry, it is 

achiral. The change in relative helical configuration upon oxidation is induced by a lack of steric hindrance 

in the helicene regions of 46.2 and 47.5, which allows for rapid inversion of the individual helices and 

eventual production of the most stable, D3d-symmetrical conformer. Our group showed that by blocking 

the NMI units "bay" positions in 46.2, it is possible to preserve the propeller shape of the precursor HPB, 

thereby stereospecifically producing the configurationally stable D6-symmetrical hexapole helicene. For 

the synthesis of azacoronene propellers, "bay-substituted" NMI–pyrrole hybrids 47.1a–c were used.341,342 
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Pyrroles 47.1a–c easily reacted with C6F6 to form hexapyrrolylbenzenes 47.2a–c. However, the final 

cyclodehydrogenation was difficult: the FeCl3 oxidation previously employed to synthesize 46.2 failed with 

the hindered HPBs 47.2a–c, resulting in mixtures of ill-defined, probably polymeric products rather than 

the predicted 47.3a–c. In contrast, treatment of 47.2a–c with palladium(II) acetate under C–H bond 

activation conditions resulted in practically complete recovery of the starting materials. These failures 

suggested that steric barrier and internal strain may operate as limiting factors during the 

cyclodehydrogenation phase. However, when the respective HPBs 47.2a–b were heated with NBS in 

dioxane or in lactic acid, the formation of 47.3a–b was observed. NMR spectroscopy revealed the  

D6 molecular symmetry of 47.3a–b, as well as the stereospecificity of the coupling. Additionally, an 

unanticipated change in stereoselectivity occurred under different reaction conditions. The low-symmetry 

isomer 47.4b was obtained as the primary product upon treatment of 47.2b with bromine, or under acid-

free conditions with NBS. The relatively low oxidation potentials of NBS and Br2, as well as the 

extraordinary stereoselectivity switching found with these two chemicals, appear to be incompatible with 

the radical-cation process commonly observed under usual oxidative coupling conditions. The propeller 

HPHACs 47.3a–c and 47.4b are the first chiral nanographene analogues with deeply embedded nitrogen 

atoms. They exhibit narrow band gaps, nearly panchromatic absorption, and multi-redox behavior. 
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Scheme 47. Synthesis of Azacoronene Propellers a 

 

a Reagents and conditions: (a)341 C6F6, NaH, DMF, 30 °C, 1.5 h, glove box; (b) 25 equiv NBS, lactic acid, 95 °C, 12 h; (c) 25 equiv NBS, 

dioxane, 1 h at 50 °C, then 90 °C, 12 h; (d) pressure tube, 8 equiv Br2 (0.6 M solution in CHCl3, dropwise), 1 h at rt, then ovn at  

75 °C. 

A method for synthesizing bicyclo[2.2.2]octadiene (BCOD)-bridged HPHAC dimer 48.3 with a rigid wing-

shaped three-dimensional conformation starting with N,N-bispentafluorophenylated dipyrrole was 

recently described by Uno group.343 This newly synthesized BCOD-fused 48.3 is a potent four-electron 

donor with a low (–0.50 V) first oxidation potential. Its stable biradical dication and aromatic tetracation 

were easily obtained. X-ray diffraction measurements were used to determine the geometrical and 

structural properties of dimer 48.3 in various oxidation states. Interestingly, two HPHAC flakes can adopt 

a variety of distinct conformations (planar vs bowl-shaped) and packing arrangements (both π−π stacking 

vs nonstacking) in the single crystal structure, resulting in a variety of packing patterns at various oxidation 
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levels. Scheme 48 illustrates the synthesis of 48.3. The N,N-bispentafluorophenylated dipyrrole 48.1 was 

synthesized in 45% yield by the SNAr reaction of BCOD-fused dipyrrole with excess hexafluorobenzene. 

Then, using 3,4-diethylpyrrole, another SNAr reaction of 48.1 was carried out, yielding compound 48.2 as 

a colorless solid (67%). Oxidative annulation of 48.2 with FeCl3 in DCM solution and subsequent quenching 

with hydrazine resulted in the formation of the fully fused 48.3 as an orange solid in high yield (88%). With 

a BCOD bridge it was possible to isolate its stable high-valence cations, including radical dication 48.32+ 

and aromatic tetracation 48.34+ of HPHAC dimer 48.3. Dimer 48.3 retained the redox properties of the 

HPHAC monomer in solution, but exhibited distinct solid packing patterns in single crystal structures at 

varied oxidation states. For 48.3 and 48.32+, the distinctive one-flake–stacking dimeric structures were 

disclosed. For 48.34+, the two HPHAC walls have an additive effect on their aromaticity, resulting in specific 

areas of enhanced magnetic shielding and deshielding. This synthetic technique may be used to construct 

3D nanographene oligomers and nanocages, with potential applications in material science and 

supramolecular chemistry. 

Scheme 48. Synthesis of Bicyclo[2.2.2]Octadiene-Fused Bis-HPHAC a 

 

a Reagents and conditions: (a)343 3,4-diethylpyrrole, NaH, DMF; (b) FeCl3, CH3NO2, DCM, then N2H4. 
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4 Bridged Azacoronenes via Electrophilic Condensations with 

Aldehydes 

4.1 Initial synthetic attempts 

Hexapyrrolohexaazacoronenes (HPHAC) and related hybrids are structurally and synthetically 

comparable to hexa-peri-hexabenzocoronenes HBCs in that they may also be generated from star-shaped 

precursors, specifically substituted derivatives of hexapyrrolylbenzene.337 Due to their potential use as 

precursors to huge fused heteroaromatics, the synthetic chemistry of hexapyrrolylbenzenes has been 

widely explored, including not only oxidative coupling reactions but also attempts to modify the 

azacoronene core structure. Dr. Gońka showed that peripheral bridges exhibit an extraordinarily 

stereospecific resistance to oxidative dehydrogenation. When the bridge is dehydrogenated, it becomes 

a reactive site for nucleophilic addition. The chemical and electrochemical oxidation of extended 

azacoronenes demonstrated their potential as optical redox switches active over a broad range of 

wavelengths, that is why it was decided to expand this research topic. 

In principle, the synthesis of extended PHA systems can be simplified by using a modular approach in 

which appropriately designed monomers are covalently combined to form bigger fused structures. 

Bandgap engineering should be undertaken at the building block level to maximize design flexibility. 

However, such a method necessitates not just effective bandgap tuning strategies, but also a thorough 

understanding of the link between the electronic structure of building blocks and the properties of its 

oligomeric counterparts. For these molecules to be used in organic electronics, precise regulation of their 

π-conjugation is required, most notably their frontier orbital energies and electronic bandgaps. 

The design of chosen monomer building block – NMIH pyrrole – was reasoned by DFT calculations, 

which provided theoretical estimates of HOMO–LUMO gaps (HLGs), from Kohn–Sham (KS) orbital energies 

and TD-DFT excited-state calculations. It was known that the HLG could be progressively reduced by 

structural elaboration of the acceptor end of the fused pyrrole. In NMIH pyrrole, the reduction of the 

bandgap, in compare with similar electron-rich systems, like the unsubstituted acenaphthopyrrole and its 

2,5-di-tert-butyl derivative (3.89 and 3.97 eV, respectively), is achieved principally by the increasing 

electron-withdrawing effect of the functional groups, which is demonstrated by decrease of the KS HOMO 

and LUMO energies and by the increase of the partial charge residing on the pyrrole ring.  

The NMI-fused pyrrole bearing a bulky dipp group on the imide nitrogen was chosen as the ideal 

building block because of its electron-poor behavior and strong chemical stability. This modular technique 
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was successfully used in our group for the azacoronene chemistry, in nucleophilic substitution–oxidative 

coupling sequence. This strategy enabled the rapid synthesis of a novel, large, radially fused HPHAC 

(Scheme 46, 46.2) derivative with an extended redox behavior encompassing at least 13 oxidation levels.339 

One of the ideas of the work was to extend the huge radially π-extended azacoronene 46.2 into even 

larger conjugated motifs 49.4. As the precursor for the study 46.1 was chosen, because of exciting cited 

electrochemical properties driven by the pyrrole structure.  

Dr. Gońka in her studies showed that HPB with 3,4-di(4-butoxyphenyl)pyrrole reacts with  

p-nitrobenzaldehyde, resulting in the formation of two bridging species.337 The trifluoromethanesulfonic 

acid and BF3·Et2O activated the reactants enough at ambient temperatures, with the latter catalyst 

providing better yields. The condensation reagent p-nitrobenzaldehyde was chosen because it exhibited 

significant reactivity toward that HPB while exhibiting high bridging selectivity. However, in that case, the 

electron-donating butoxyl groups attached to the aryl substituents in HPB were shown to be critical for 

the proper activation of the pyrroles toward electrophilic substitution. 

Considering all this previously successful chemistry of acid-catalyzed condensation reactions between 

the HPB and aldehydes, and promising properties of NMI-fused systems, the following strategy was 

developed: 1) introduce the para substituted phenyl aldehyde into HPB core, 2) oxidize the HPB to HPHAC, 

3) functionalize para position of phenyl, 4) connect the two molecules via condensation or coupling 

reactions (Scheme 49).  
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Scheme 49. Initial Idea of the Development of Bridged Azacoronene Chemistry 

 

 

The initial step of the research was the synthesis of the key HPB (46.1) according to the procedure 

reported by our group.339 Synthesis of the penultimate NMIH pyrrole encompasses 8 steps. In the first step, 

acenaphthene 50.1 was subjected to the double electrophilic acylation via the classical Friedel–Crafts 

reaction, yielding the N5,N5,N6,N6-tetramethyl-1,2-dihydroacenaphthylene-5,6-dicarboxamide 50.2. Then 

50.2 almost quantitatively undergoes bromination in the presence of NBS, yielding 50.3, which was later 

reduced by refluxing in ethanol with zinc powder. Next, the suitable for Barton-Zard reaction electron 

withdrawing group is introduced via iodosulfonylation. The elimination of hydrogen iodide conducted on 

50.5 in the presence of DBU base led to the formation of 50.6. Latter, 50.6 was used for a pyrrole-ring 

forming reaction with ethyl isocyanoacetate, which resulted in the formation of NDAEE pyrrole. Next, the 

imide-group was introduced via the condensation reaction between NDAEE pyrrole and DIPA·HCl. Formed 

in such a way NMIH pyrrole was subjected to saponification and decarboxylation reactions, yielding NMIH 
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pyrrole. Finally, the nucleophilic aromatic substitution reaction set in water- and oxygen-free condition in 

glovebox for hexafluorobenzene and NMIH pyrrole led to the formation of the desired HPB 46.1. 

Scheme 50. Synthesis of the Key Precursor a 

 

a Reagents and conditions: (a)344 Me2NCOCl, AlCl3, PhCl, 80 °C to reflux, 8 h; (b) NBS, (PhCOO)2, CHCl3, reflux, 2 h; (c) zinc powder, 

EtOH, reflux, 1 h; (d) p-TolSO2Na, I2, DCM/H2O (1:1), rt, 17 h; (e) DBU, DCM, rt, 1 h; (f) t-BuOK, ethyl isocyanoacetate, THF, 0 °C, 4 

h; (g) 2,6-diisopropylaniline hydrochloride, AcOH, 160 °C, 16 h; (h) KOH, (CH2OH)2, 196 °C, 2 h; (i)339 (1) NaH, DMF, rt, 15 min, (2) 

C6F6, 27 °C, 1 h. 

First attempts to obtain 49.2 like molecules were based on "porphyrin style" condensation reaction. 

Firstly, p-nitrobenzaldehyde was considered as the best option the reaction, due to the electron-

withdrawing nitro group in the para position, which was shown to work smoothly for this type of acid-

catalyzed condensation reactions.337 However, this step appeared to be a huge constraint to overcome. 

The numerous synthetic attempts with varying conditions (such as aldehyde coupling partners, catalysts, 

solvents, temperatures) are collected in Table 1. 

In efforts to synthesize the new bulky bridged NMI azacoronene-like structure the author initially 

followed the group’s earlier strategy, trying to obtain bridged hexapyrrolylbenzenes by acid-catalyzed 

condensation between various aldehydes and the naphthaleneimide-fused 46.1 bearing bulky  
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2,6-diisopropylphenyl (dipp) substituents. Thus, the reaction conditions, which were developed by  

Dr. Gońka were tested for the 46.1. In that case the BF3·Et2O was used as an acidic catalyst, DCM as 

a solvent, the reaction was set under nitrogen condition for one hour in room temperature. No any 

formation of a desired product was observed. Then, other catalysts, such as p-toluenesulfonic acid, 

camphorsulfonic acid, scandium(III) triflate and so on were used for the reaction. However, that did not 

result in any improvement. It was previously known, that solvent and concentration of starting material 

have crucial influence on the outcome of the reaction, therefore various solvent (DCM, DCE, chloroform, 

AcOH, MeCN) and concentration (1.0·10-1 to 1.0·10-3) were checked. By drying of all the staring set of 

reagents and glassware, by introducing of all of that into a Glovebox, it was tried to set the reaction in as 

much water-free conditions, as it is only possible, because it was considered, that, in case, if the reaction 

is reversible, the equilibrium of the reaction might be shifted to the formation of starting material when 

the water is present in the reaction mixture. But that also did not result in the formation of the desired 

product.  

Than it was considered, that, since the HPB possesses electron-poor NMI parts, maybe some less 

electron-deficient aldehyde will work. p-Cyanobenzaldehyde, 5-methyl-2-thiophenecarboxaldehyde and 

p-(dimethylamino)benzaldehyde were used, and again, it did not improve the results. Also the increase in 

reaction temperature and elongation of the reaction time did not give any better results. In cases, when 

the reaction temperature was high, the formation of partially oxidized HPB was observed, and that was 

the only noted change. 

 Since, no any attempt with "big" benzaldehydes were successful, it was mulled to use the 

paraformaldehyde as a bridge source, because of the fact, that 46.1 is sterically congested and, simply, 

there might be not enough space for an additional benzene ring. However, all the attempts with 

paraformaldehyde gave the same result: no formation of the desired product was observed. All together 

32 different conditions were check, but none of those was successful.  
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Scheme 51. Initial Synthetic Strategy Toward Bridged Azacoronenes  

 

 

Table 1. Tested reaction conditions for the reaction between different aldehydes and 46.1.  

Entry Aldehyde (equiv) Catalyst 

(equiv) 

Solvent  

[M]a 

Reaction 

conditions 

Results 

1.  p-nitrobenzaldehyde 

(1 equiv) 

BF3·Et2O 

(32 equiv) 

DCM 

(1.0·10-2) 

N2, rt, 1 h Mainly starting material was 

recovered, some slight 

decomposition was observed 

2.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(12 equiv) 

DCM 

(4.0·10-3) 

N2, rt, 1 h Starting material was recovered 

3.  p-nitrobenzaldehyde 

(1.2 equiv) 

p-TsOH 

(11 equiv) 

CHCl3 

(1.0·10-2) 

N2, 65 °C, 1 h Mainly starting material was 

recovered, some slight 

decomposition was observed 

4.  p-nitrobenzaldehyde 

(5 equiv) 

p-TsOH 

(12 equiv) 

DCM 

(1.2·10-2) 

N2, rt, 1 h Mainly starting material was 

recovered, some side reactivity 

observed, no product identified 

5.  p-nitrobenzaldehyde 

(2 equiv) 

p-TsOH 

(12 equiv) 

CHCl3 

(1.5·10-2) 

N2, rt, 2 h Mixture of inseparable, 

unidentified products 

6.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(4 equiv) 

CHCl3 

(1.5·10-2) 

N2, 70 °C, 1 h Mainly starting material was 

recovered, some side reactivity 

observed, no product identified 

7.  p-nitrobenzaldehyde 

(1.2 equiv) 

p-TsOH 

(4 equiv) 

CHCl3 

(2.6·10-2) 

N2, 50 °C,  

1.5 h 

Starting material was recovered 

8.  p-nitrobenzaldehyde 

(1.2 equiv) 

p-TsOH 

(4 equiv) 

H2O/MeOH 

(1:1) 

(1.5·10-3) 

N2, rt, ovn Starting material was recovered 

9.  p-nitrobenzaldehyde 

(2.5 equiv) 

p-TsOH 

(4 equiv), 

DEA (8 equiv) 

H2O/EtOH 

(1:1) 

(2.5·10-3) 

N2, 70 °C, 

ovn 

Mainly starting material was 

recovered 
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10.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(4 equiv) 

CHCl3 

(5.7·10-2) 

Ar, 75 °C, 1 h Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

11.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(4 equiv) 

CHCl3 

(5.7·10-2) 

Ar, 85 °C, 2 h Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

12.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(4 equiv) 

CHCl3 

(5.7·10-2) 

Ar, 85 °C, 

ovn 

Partial decomposition of 

starting material to pyrrole and 

lower substituted 

pyrrolylbenzenes 

13.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(12 equiv) 

CHCl3 

(5.8·10-2) 

Ar, 90 °C, 2 h Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

14.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(12 equiv) 

CHCl3 

(1·10-1) 

Glovebox, 

 90 °C, ovn 

Partially oxidized HPBs and 

other unidentified products 

15.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(14 equiv) 

CHCl3 

(1.3·10-1) 

Glovebox,  

90 °C, ovn 

Quadruple and quintuple 

coupled HPB and other 

unidentified products 

16.  p-nitrobenzaldehyde 

(1 equiv) 

CSA 

(2 equiv) 

CHCl3 

(1.3·10-1) 

Glovebox,  

90 °C, ovn 

Mixture of inseparable, 

unstable, unidentified products 

17.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(2 equiv) 

DCM 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

18.  p-nitrobenzaldehyde 

(1 equiv) 

Sc(OTf)3 

(2 equiv) 

DCM 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Recovery of starting material 

19.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(2 equiv) 

AcOH 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Recovery of starting material 

20.  p-nitrobenzaldehyde 

(1 equiv) 

Pd(OAc)2 

(0.5 equiv) 

DCM 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Recovery of starting material 

21.  p-cyano-

benzaldehyde 

 (1 equiv) 

p-TsOH 

(2 equiv) 

DCM 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Recovery of starting material 

22.  5-methyl-2-

thiophenecarbox-

aldehyde (1 equiv) 

FeCl3 (0.1 

equiv) 

MeCN 

(8.0·10-3) 

N2, rt, 1.5 h Mainly starting material with 

partial decomposition to pyrrole 

and lower substituted 

pyrrolylbenzenes, 

23.  5-methyl-2-

thiophenecarbox-

aldehyde (1 equiv) 

FeCl3 (0.1 

equiv) 

MeCN 

(1.3·10-2) 

N2, 60 °C, 2 h Mainly starting material 

24.  p-(dimethylamino) 

benzaldehyde (1 

equiv) 

p-TsOH 

(2 equiv) 

DCM 

(5.0·10-2) 

N2, 60 °C, 2 h Mainly starting material 
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25.  paraformaldehyde  

(4 equiv) 

p-TsOH 

(4 equiv) 

CHCl3 

(4·10-3) 

N2, 60 °C, 1 h Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

26.  paraformaldehyde  

(2 equiv) 

p-TsOH 

(2 equiv), 

DEA (4 equiv) 

H2O/EtOH 

(1:1) 

(2.5·10-3) 

N2, 70 °C, 

ovn 

Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

27.  paraformaldehyde  

(1 equiv) 

p-TsOH 

(2 equiv) 

DCM 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

28.  paraformaldehyde 

 (1 equiv) 

Sc(OTf)3 

(2 equiv) 

DCM 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

29.  paraformaldehyde (1 

equiv) 

AlCl3 

(2 equiv) 

DCM 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

30.  paraformaldehyde 

 (1 equiv) 

Pd(OAc)2 

(2 equiv) 

DCM 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

31.  paraformaldehyde  

(1 equiv) 

SnCl2  

(2 equiv) 

DCM 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 

32.  paraformaldehyde 

 (1 equiv) 

p-TsOH 

(2 equiv) 

AcOH 

(5.0·10-2) 

Glovebox,  

47 °C, 17 h 

Mainly starting material was 

observed in the reaction 

mixture with small conversion 

to unidentified products 
a Concentration of starting material. 

Since 46.1 showed insufficient selectivity and reactivity in its reactions with aldehydes to be used for 

efficient bridging, the strategy had to be modified. Considering the formation of mainly unstable, 

inseparable, thus impossible to identify, products in some of the checked reaction conditions, it was 

decided to change the pathway to 49.3. The two different synthetic strategies were evaluated. One 

plausible approach included the step-wise nucleophilic substitution of benzene with different pyrroles. 

Suchwise, the first step might be the formation of pentapyrrolyl-substituted benzenes, using 

pentafluoroiodobenzene. The second step might be either Ullmann coupling or substitution with 

previously modified NMI pyrrole. Another considered option was motivated by the fact, that in cases, 
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when some reactivity of the 46.1 was detected, it was almost impossible to separate the reaction mixture 

and analyze the obtained structures. It was decided to reverse the steps: firstly, oxidize the 46.1 to 

quintuple coupled product and then use it for the condensation reaction. In that way there is only one 

active position.  

It was attempted to reach the same target via sequential substitution of HFB. This way also appeared 

insufficient. At a first glance, the pathway via different pyrroles looked like more promising, since it could 

give a better control over the outcome of each step, but it quickly appeared to be a bit complicated way. 

The greatest limitation was the formation of mixed HPBs, since no any felicitous conditions for the Ullmann 

reaction of iodobenzene and NMI pyrrole were found at that time. The experience of the author of the 

dissertation, as well as the experience of colleges in the group showed no good results in all of the attempts 

to use the NMI pyrrole for Ullmann reaction. The stepwise substitution of hexafluorobenzene was yet not 

developed in our group and seemed less possible for control. Especially gullible looked an idea of possibility 

of obtaining mono- or penta-substituted product of SNAr reaction with hexafluorobenzene. The previous 

experience with the substitution reaction of hexafluorobenzene with different pyrroles, mostly di-, tetra- 

and hexa-substituted products were observed. It was considered, that after the first substitution of 

hexafluorobenzene with pyrrole, the para-position is activated and the following substitution occurred 

almost immediately. An unexpected formation of pentasubstituted HFB was observed only once, and it 

was not possible to reproduce the reaction. The following attempts to perform the substitution on the last 

fluorene atom led to the replacement of it with hydrogen (Scheme 52, 52.3). The method of synthesis of 

HPB constructed using various pyrroles was an essential and challenging research endeavor accomplished 

in our laboratory for many years, and only recently an enhanced, efficient and well-working approach was 

developed. 
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Scheme 52. An Alternative Pathway to the Key Precursor. 

 

. 

Therefore, an attention was turned to the quintuply coupled system 53.1, which can be easily obtained 

in high yields by mild oxidation of 46.1 with ferric chloride. It was anticipated that the presence of only 

two reactive pyrrolic α positions in 53.1 should improve the selectivity of condensation reactions. 

However, 53.1 would not react with aromatic aldehydes, presumably because of the combined steric bulk 

of the NMI units in 53.1 and the aryl substituent of the aldehyde. All the efforts to obtain the desired 

structure using 53.1 and benzaldehydes did not succeed. Instead, 53.1 underwent intramolecular oxidative 

coupling to the fully fused HPHAC system or recovery of starting material under these conditions.  
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Scheme 53. Additional Alternative Way for the Synthesis of Bridged HPHAC a 

 

a Reagents and conditions: (a) 10 equiv FeCl3, 5% CH3NO2 in DCM, 18 °C, 1 h; (b) various conditions. 

It was reasoned that efficient condensation might be achievable by reducing steric bulk of the aldehyde 

reactant. That is why it was decided to use paraformaldehyde as the bridging source. Initially, all the "soft" 

condition resulted in the recovery of starting material. It was decided to set the reaction in glovebox and 

to use an access of aldehyde, catalyst, long reaction time and high temperature. Surprisingly, after six 

months of absolutely ineffectual experiments, the formation of a new, highly asymmetrical compound 

along with the oxidation of starting material to fully fused HPHAC was observed. The brief summary of 

screened reaction conditions for these approach is shown in the Table 2. 

Table 2. Screening of reaction conditions for the acid catalyzed condensation reaction between verious 
different aldehydes and 53.1. 

Entry Aldehyde (equiv) Catalyst 

(equiv) 

Solvent  

[M]a 

Reaction 

conditions 

Results 

1.  p-nitrobenzaldehyde 

(1 equiv) 

BF3·Et2O 

(4 equiv) 

DCM 

(4.0·10-3) 

N2, rt, 1 h Mainly starting material  

2.  p-nitrobenzaldehyde 

(1 equiv) 

BF3·Et2O 

(12 equiv) 

DCM 

(8.0·10-3) 

N2, rt, 1 h Mainly starting material with partial 

oxidation to HPHAC 

3.  p-nitrobenzaldehyde 

(3 equiv) 

BF3·Et2O 

(12 equiv) 

DCM 

(8.0·10-3) 

N2, rt, 1 h Mainly starting material with small 

conversion to unidentified products 

4.  p-nitrobenzaldehyde 

(1 equiv) 

BF3·Et2O 

(4 equiv) 

DCM 

(1.0·10-2) 

Ar, rt, 1 h Mainly starting material with small 

conversion to unidentified products 

5.  p-nitrobenzaldehyde 

(1 equiv) 

BF3·Et2O 

(4 equiv) 

DCE 

(1.0·10-2) 

Ar, 60 °C, 1 h Mainly starting material with small 

conversion to unidentified products 

6.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(12 equiv) 

DCM 

(8.0·10-3) 

N2, rt, 1 h Mainly starting material with small 

conversion to unidentified products 
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7.  p-nitrobenzaldehyde 

(2 equiv) 

Sc(OTf)3 

(2 equiv) 

CHCl3 

 (1.3·10-2) 

N2, 70 °C,  

2 h 

Decomposition of starting material 

8.  p-nitrobenzaldehyde 

(6 equiv) 

p-TsOH 

(12 equiv) 

CHCl3 

(8.0·10-3) 

N2, 80 °C, 

 2 h 

Conversion to unidentified products 

9.  p-nitrobenzaldehyde 

(8 equiv) 

p-TsOH 

(48 equiv) 

CHCl3 

(8.0·10-2) 

N2, 85 °C,  

1 h 

Oxidation to HPHAC 

10.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(12 equiv) 

CHCl3 

(5.8·10-2) 

N2, 90 °C,  

5 h 

Mainly starting material 

11.  p-nitrobenzaldehyde 

(1 equiv) 

p-TsOH 

(8 equiv) 

CHCl3 

(5.8·10-2) 

N2, 150 °C, 

ovn 

Oxidation to HPHAC 

12.  p-nitrobenzaldehyde 

(2.5 equiv) 

p-TsOH 

(4 equiv), DEA 

(8 equiv) 

H2O/EtOH 

(1:1) 

(2.5·10-3) 

N2,  

70 °C, ovn 

Mainly starting material  

13.  5-methyl-2-

thiophenecarboxalde

hyde (1 equiv) 

FeCl3  

(0.1 equiv) 

MeCN 

(8.0·10-3) 

N2, rt, 1.5 h Unidentified products 

14.  paraformaldehyde 

 (4 equiv) 

p-TsOH 

(4 equiv) 

CHCl3 

(8.0·10-3) 

N2, 

 60 °C, 19 h 

Formation of highly asymmetrical 

product was observed 

15.  paraformaldehyde  

(2 equiv) 

p-TsOH 

(2 equiv),  

DEA (4 equiv) 

H2O/EtOH 

(1:1) 

(2.5·10-3) 

N2, 

 70 °C, ovn 

Mainly starting material 

16.  paraformaldehyde  

(2 equiv) 

p-TsOH 

(2 equiv) 

CHCl3 

(8.0·10-3) 

Glovebox, 

 60 °C, 19 h 

Mainly starting material 

17.  paraformaldehyde  

(4 equiv) 

p-TsOH 

(6 equiv) 

CHCl3 

(5.8·10-2) 

Glovebox, 

 90 °C, 17 h 

Formation of a new, highly 

asymmetrical product 

18.  paraformaldehyde  

(4 equiv) 

CSA 

(6 equiv) 

CHCl3 

(1.3·10-1) 

Glovebox, 

 90 °C, 17 h 

Formation of a new, highly 

asymmetrical product 
a Concentration of starting material. 

The further experiment showed the reproducibility of the results. After the optimization of reaction 

conditions, it was found, when paraformaldehyde was reacted with 53.1 in the presence of  

10-camphorsulfonic acid as the catalyst, in chloroform at 90 °C, a single well-defined product in a 73% 

isolated yield is formed.  
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Scheme 54. Expected Reactivity of Quintuply Coupled System 53.1 a 

 

a Reagents and conditions: (a) 10 equiv FeCl3, 5% CH3NO2 in DCM, 18 °C, 1h; (b) 6 equiv CSA, 4 equiv paraformaldehyde, CHCl3, 

pressure tube, 90 °C, 17 h. 
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4.2 The Dimer – synthesis and properties 

On the basis of thorough structural and spectroscopic data, the new product was, to a surprise, 

recognized as the σ-dimer 55.1 (Scheme 55). The expected principal product of condensation between 

53.1 and a formaldehyde equivalent, 54.1, contains a saturated methylene bridge that can be 

dehydrogenated to generate radical. However, 54.1 was not observed in any of the products, probably 

due to its quick oxidation to the dimer. As the characterization of the structure was complicated, the 

labeled with carbon-13 (55.1-c2) and deuterated (55.1-d2) bridges were introduced via the same reaction 

using a proper paraformaldehyde. 

Scheme 55. Nanosandwich Synthesis via Electrophilic Bridging a 

 

a Reagents and conditions: (a) 6 equiv 10-camphorsulfonic acid, 4 equiv paraformaldehyde, CHCl3, pressure tube, 90 °C, 17 h. 

An X-ray diffraction (XRD) investigation indicated that 55.1 has a dimeric structure (Figure 1–2). The 

molecule resembles an unevenly ruffled disk studded with bulky dipp groups and has a van der Waals 

diameter of around 3.5 nm. The two monomer subunits are connected by an extended C–C bond (1.64(1) 

Å) and form a relative gauche configuration with a torsion angle of approximately 65°. As a result, the two 

subunits core benzene rings are 5.14 Å apart. Nonetheless, there is significant overlap between the 

aromatic surfaces, resulting in widespread interdigitation of the tilted NMI subunits. Although the stacking 

distance cannot be specified uniquely due to the severe non-planar distortion of the surfaces, interatomic 



78 

lengths between subunits as small as 3.18 Å can be found in the solid-state geometry. The two subunits 

van der Waals envelopes overlap at several spots (Figure 1.B), indicating a significant dispersive contact 

between the surfaces, which may be increased by contributions from the bulky dipp substituents. By 

comparison, a recently published bilayer nanographene demonstrated a graphite-like interlayer 

separation of approximately 3.56 Å. 345 Interplanar distances were found to be shorter in phenalene dimers 

(3.2–3.3 Å) 346 and antiaromatic norcorrole dimers (3.05–3.09 Å),347,348 a result of 3D-conjugation effects. 

As shown below, the local compression of interlayer distances in 55.1 is more likely due to the interaction 

of dispersive and steric forces than to extra bonding interactions between the systems. 

 

Figure 1. Molecular structure of dimer determined using the X-ray diffraction. An arrow indicates the 

location of the C(sp3)–C(sp3) linking bond. (A) Van der Waals representation with the two subunits 

indicated in red and blue, respectively. (B) Structure with the top subunit deleted and red sub-van der 

Waals contacts. 

Each monomer subunit exhibits a considerable out-of-plane distortion as a result of steric congestion 

of the outer NMI fragments and contacts with the other monomer subunit. This property is similar to the 

monkey-saddle distortion observed in the original NMI-HPHAC system, which exhibited alternate helicities 

of the bay areas surrounding the HPHAC core with a relative stereochemistry of (P,M,P,M,P,M). Each 

subunit in 55.1 contains only five regions with definite helicity, as the inserted sp3 bridge expands the sixth 

bay. The front subunit of 55.1 has relative helicities of (P,P,M,P,M), however the back subunit has a distinct 

stereochemistry, thus (P,M,P,P,M). The two subunits of 55.1 are stereochemically incompatible in the solid 

state, and none of them retains the parent HPHAC alternating helicity pattern. To explore stability of this 

conformations, the DFT calculation were performed. The structures of all ten possible conformations 
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monomer subunit were optimized using ωB97XD/6-31g(d,p) level of theory and its energies were 

compared (Figure 24). This research showed, that the energetically lowest conformation was not adopted 

in the solid state, which might be due to the strong interactions between two monomers in the dimeric 

structure. It might be, that the combination of the second and third most stable conformation of monomer 

results in a more stable global conformation of a dimer.  

 

Figure 2. X-ray crystal structure of 55.1. Hydrogens, dipp substituents and solvent molecules were omitted 

for clarity. 
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An analysis of NMR spectra of 55.1 revealed that 55.1 has an effective C2 molecular symmetry, as 

indicated by the presence of NMI signals (12 AB spin systems) and C‒H signals from the 12 dipp 

substituents. Thus, the symmetry measured in solution is higher than that obtained in the crystal (C1), 

indicating that the two subunits are completely equivalent. Thus, either both subunit helical 

stereochemistry is similar in solution or, more likely, their helicities are dynamically averaged to generate 

a more symmetrical spectrum. However, rotation around the C(sp3)–C(sp3) bond is sluggish on the NMR 

time scale, as rapidly rotating subunits would exhibit a higher symmetry spectrum (C2v or C2h). A DOSY 

spectrum of 55.1 revealed a decreased diffusion coefficient in comparison to 53.1, indicating the formation 

of a dimeric structure. Although signal overlaps in the 1H NMR spectrum hindered comprehensive 

assignment of resonances, a partial study using 2D correlation methods was possible (Figures 5 and 6). 

The sp3 bridge C(sp3)–H resonance occurs as a singlet at 6.88 ppm, and its identity was confirmed by 

correlation with a 13C signal at 47.9 ppm in the HSQC spectrum. The bridge signal was similarly absent from 

the deuterated derivative 55.1-d2 1H NMR spectra. The 13C-labeled dimer 55.1-c2 exhibited a distinctive 

AA'LM' spin system in both its 1H and 13C NMR spectra, the latter of which was obtained with controlled 

1H decoupling (Figures 3.D-F). The splitting pattern was effectively replicated using a strong coupling 

between the two 13C centers (1JC−C = 132 Hz), which is consistent with the development of a direct C–C 

bond between the two bridges. 

 

Figure 3. (A and B) 1H NMR spectrum of 55.1 (600 MHz, CDCl3, 300 K). (C through F) The appearance of the 

C(sp3)–H resonances (m) in the 1H and 13C NMR spectra of 55.1 and 55.1-c2. Simulated (red) spectra 

correspond to an AA'LM' spin system (A = 1H, X = 13C) with 1JCH = 132 Hz, 1JCC = 28 Hz, 2JCH = –5.8 Hz, 3JHH = 

3.4 Hz. 
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Figure 4. NMR spectroscopic analysis for 55.1. (A) 1H NMR connectivities established in 55.1 on the basis 

of 2D spectra. (B and C) Selected regions of HMBC correlation spectrum of 55.1. 
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Figure 5. Overlaid COSY (blue/green) and NOESY (red/pink) correlation spectra recorded for 55.1. Blue 

lines show the COSY correlations, red lines show selected NOESY correlations. 

The positive-ion MALDI mass spectrum of 55.1 obtained using the DCTB (trans-2-[3-(4-tert-

butylphenyl)-2-methyl-2-propenylidene]malononitrile) matrix is shown in Figure 6. The MALDI 

experiments showed, that 55.1 dimer is splitting into monomeric form during the measurement. The 

strongest signal, [M/2]+, correlates to the azacoronene monomer fragment cation (56.1+, Figure 6.B). 

However, a significant M+ signal corresponding to the radical cation [55.1]•+ was found as well (Figure 6.C). 

The MALDI spectrum of 55.1-c2 revealed an equivalent pair of [M/2]+ and M+ ions, each with a predicted 

mass shift of one and two mass units. As DCTB acts as an electron transfer matrix, the production of the 

radical cation [56.1]•+ is expected.349 The MALDI experiment extensive production of 56.1+ is due to either 



83 

(a) direct photodissociation of 55.1 followed by ionization of monomer radical to monomer cation or (b) 

dissociation of the previously produced [55.1]•+ into monomer radical 56.1• and monomer 56.1+ cation. 

Surprisingly, 55.1 generated a large amount of the sodium adduct [M + Na]+ (Figure 6.C). Sodiation is more 

likely to occur in this case via the binding of adventitious Na+ during sample preparation than during the 

MALDI procedure in the gas phase. A pair of spatially contiguous imide CO groups positioned on the edge 

of the stacked azacoronenes in 55.1 is thought to chelate the sodium cation. The azacoronene monomer 

radical–sodium ion adduct ([56.1• + Na]+) peak shows only 2.6% intensity relative to the monomer cation 

([56.1]+) peak. This apparent decreased proclivity of 56.1• for Na+ addition is consistent with the lack of 

chelating sites in monomer. 

 

Figure 6. (A) MALDI mass spectrum of 55.1 positive ions and (B and C). Isotopic signatures for important 

ions. In the first row the comparative isotopic profiles for 55.1-c2 is shown. 

Due to the size of dimer 55.1 (652 atoms, 1918 electrons), a comprehensive high-level DFT investigation 

was not possible. Grimme's extended tight-binding model (GFN2-xTB),350,351 which incorporates dispersion 

and solvation corrections, was thus chosen as a more cost-effective alternative. At this level of theory, 

reoptimization of the solid-state geometry resulted in just modest structural modifications (Figure 7), 

while keeping all of the essential properties of the dimer. The calculation, in particular, recreated the 

extended C(sp3)–C(sp3) bond (1.601 Å). This value is consistent with the observed bond lengths for the 

neutral σ-dimers of 2,6-di-tert-butyl-4-methoxyphenoxyl (DBMP2, 1.606 Å, XRD)352 and C59N (1.609 Å, 
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DFT),353 and is longer than the comparable distance in 7,7’-bi-1,3,5-cycloheptatriene (1.533 Å, XRD),354 

which is officially a fragment of 55.1. Torsion between subunits in 55.1 is reduced to 62° in the xTB 

geometry, resulting in a slightly shorter distance between the centroids of the inner benzene rings  

(4.954 Å). Between the two subunits, the region of sub-van der Waals contacts is greater than in the XRD 

geometry. It extends close to the C(sp3)–C(sp3) connection, implying a predominantly steric origin. 

 

Figure 7. Comparison of the experimental (XRD, blue), and calculated (GFN2-xTB, red) geometries of 55.1. 

55.1 has an absorption spectrum very similar to that of the bridge-free precursor 53.1, with a virtually 

identical maximum in the lowest energy band (600 vs. 601 nm in DCM, respectively). These characteristics 

imply that the dimer has a negligible effect on the chromophore electronic structure. Similarly to 53.1, 

55.1 fluoresced in the deep red range, but with a significantly lower quantum yield of emission (ΦPL = 22% 

vs. 40% in toluene, λex = 360 nm, Figure 8). However, the ΦPL value determined for 55.1 may be 

underestimated due to the partial photodissociation of the structure during testing, which was is discussed 

later. 
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Figure 8. Normalized absorption and emission spectra of 53.1 and 55.1 (measured in 293 K, toluene, 

excitation at 360 nm). 

55.1 could be separated into enantiomers using chiral HPLC, demonstrating that the configurationally 

rigid C2 conformer identified by NMR exists (Figure 9). The enantiomer CD spectra were much less intense 

than those of comparable propeller-shaped HPHACs.341 

 

Figure 9. CD spectra for enantiopure 55.1. CD intensities normalized according to ee. Black: faster 

migrating enantiomer, red: slower migrating enantiomer. 

Voltammetric analysis of 55.1 revealed two oxidations at 0.60 and 0.85 V and at least eight reduction 

events between –1.37 and –1.99 V (vs. Fc/Fc+, Figures 10−13). This enhanced ability to receive electrons is 

a typical property of multi-NMI-fused nanocarbon systems.208,339,341,344,355,356 However, electroreduction 
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was partially irreversible for 55.1, resulting in the formation of a new species when kept at potentials less 

than –1.37 V. At –0.75 V, an emerging redox couple recognized the latter unnamed species. 

Electrooxidation of 55.1 above its initial oxidation potential (0.60 V) resulted in the formation of minor 

amounts of another new species with distinctive redox couples at –0.11 and –1.13 V. 
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Figure 10. Two consecutive cyclic voltammograms of 55.1 were measured under following conditions: 

[BuN4]PF6 in dichloromethane, scan rate: 100 mV/s; the voltammograms were referenced with Fc/Fc+ 

couple as an internal standard. 
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Figure 11. Differential pulse voltammograms of 55.1 measured in dichloromethane. The potential scans 

directions are indicated by arrows. Peak potentials in volts are shown by the number associated with the 

cathodic scan (black trace). 
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Figure 12. A series of cyclic voltammograms for 55.1 recorded within different reduction potential limits. 

The orange box indicates a reversible couple at –0.75 V that can be observed after cathodic scan down to 

–1.6 V. 
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Figure 13. A series of cyclic voltammograms recorded for 55.1 within different oxidation potential limits. 

The orange box indicates a reversible couple at –0.11 V that can be observed after anodic scan up to  

0.6 V. 

The spontaneous formation of 55.1 is comparable to the formal dimerizations previously observed for 

some macrocyclic oligopyrroles,357–361 and it was hypothesized that it could be the result of a radical 

recombination process. Although the long C(sp3)–C(sp3) distance found in 55.1 is often indicative of weak 

covalent bonding, such extended interactions are not always easily dissolved.362 55.1 samples consistently 

produced a moderately bright ESR signal in both the solution and solid states. The strength of the ESR 

signal increased only little upon heating in toluene between 300 and 420 K, indicating that thermal 

cleavage of 55.1 did not occur. Subsequently, it was discovered that when 55.1 was exposed to UV or 

visible light, it dissociated in toluene solutions. Notably, the reaction did not occur in other common 

solvents, such as methanol, dichloromethane, benzene, or cyclohexane. A progressive conversion of 55.1 

into a new species under optimal conditions (3.8·10–5 M in degassed toluene, 365 nm UV source) was 

observed. Absorption spectroscopy was used to monitor the process (Figure 14 and 15), which resulted in 

well-defined isosbestic sites when irradiation was performed in short intervals. 
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Scheme 56. Light-Induced Dissociation, Recombination and Oxidation of the Dimer a 

 

a Reagents and conditions: (a) UV irradiation, toluene; (b) air oxidation. 

 

 

Figure 14. Photodissociation of 55.1 into 56.1• (365 nm irradiation, toluene, rt) and subsequent 

recombination. 
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Figure 15. Changes of UV-vis absorption spectra observed for 55.1 during the second cycle of irradiation 

with a UV lamp (365 nm, in toluene). 

The photoproduct exhibits a narrower optical bandgap (ca. 1.01 eV) and absorptions in the near-

infrared region between 700 and 1200 nm. It was recognized as the radical 56.1• based on the substantial 

rise in ESR signal strength recorded following irradiation. In a TD-DFT calculation, the electronic spectrum 

of 56.1• was replicated semi-quantitatively (Figure 16). Interestingly, the radical optical bandgap matches 

the electrochemical gap calculated for the 55.1 oxidation product observed in voltammetric tests, implying 

that the radical 56.1• may arise spontaneously from the radical cation dimer [55.1]•+. This is analogous to 

the pathway (b) outlined previously for the production of 56.1+ detected in MALDI spectra. 
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Figure 16. TDA-DFT spectra for 56.1• (B3LYP/6-31G(d,p)). Individual transitions are shown as red sticks. 

The blue envelope is a sum of Gaussian profiles with halfwidths of 1500 cm–1. 

The 1H NMR spectrum of an 8·10–5 M solution of 55.1 in toluene-d8 revealed a 64% reduction in signal 

intensities after irradiation with a 365 nm UV light. Because the sample was partially recovered prior to 

the NMR test, this number underestimates the actual conversion to 56.1•. Thus, even if the degree of 

photodissociation cannot be determined precisely, substantial conversions can be expected in dilute 

solutions. Irradiation of degassed toluene solution of 55.1 with a variety of UV and visible light sources 

generated a similar first absorption spectra, implying that either the dissociation is completed or the 

photostationary state is wavelength independent. When samples were held in the dark for 10–12 hours, 

the photogenerated 56.1• quantitatively recombined into 55.1, provided that dioxygen was strictly 

eliminated. As a result, the exponential decline of the photogenerated radical ESR signal was seen, showing 

well-defined recombination dynamics. Irradiating solutions that had been exposed to air gave 

a significantly different effect. At 5·10–7 M, there was no discernible buildup of 56.1•, a property previously 

seen for other benzylic radicals.363 Instead of 56.1•, a new species emerged with an absorption spectrum 

similar to that of 55.1 and somewhat enhanced fluorescence (Figure 17). This intermediate, which was 

assume to be peroxide 56.1–O–O–56.1, then decayed to become ketone 56.2 as the end product of 

oxidation. The oxygenation sequence described above is similar to that predicted for oxophlorin 

radicals.357  
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Figure 17. Normalized absorption and emission spectra of the dimer recorded before (violet) and after 

(green) irradiation with UV light (365 nm) in the presence of atmospheric oxygen. An increase of emission 

intensity was observed (toluene, 293 K, excitation at 360 nm). Emission spectra were normalized to the 

largest point of both data sets, to illustrate the difference in the emission intensities.  

56.2 was also synthesized on a preparative scale by exposure of 55.1 solutions to air and ambient light. 

It was attempted to obtain a suitable crystal for crystal structure analysis, however, all the attempts were 

unsuccessful. This is most probably due to presence of two conformers in the solution and their active 

transformation into each other. Thus, the structure was completely characterized using spectroscopic 

methods. The high-resolution mass spectrum obtained (HRMS, MALDI-TOF) of 56.2 showed the [M + Na]+ 

ion peak at m/z 2610.9803, which similar to the calculated one for C175H126N12O12Na+: 2610.9543. The two 

sets of peaks with a constant ratio have been detected on the NMR spectra of the 56.2 (Figure 18). This 

observation suggested the presence of two conformers, which was later confirmed by ROESY NMR 

measurements. The EXSY peaks can be identified on NOESY spectrum (Figure 19).  
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Figure 18. Aromatic region of 1H NMR spectrum of monomer 56.2 (500 MHz, 300 K, chloroform-d). 

 

Figure 19. Overlaid selected regions of NOESY (blue/green for positive/negative contours), ROESY 

(red/pink for positive/negative contours) and COSY (orange) correlation spectra for 56.2. EXSY cross peaks 

are observable between signals of the two conformers. 
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The DFT optimizations of all conformers of this ketone were also performed to elucidate the possible 

structure of the molecule (Figure 20). Unlike the parental HPHAC system339, it possesses only five regions 

with definite helicity, similarly to the dimer 55.1 discussed before. According to the calculations, the 

lowest-energy conformers are (P,M,P,M,P) and (P,M,P,P,M), however, it can be only speculated, that these 

conformers are present in the solution, since the crystal structure of the dimer revealed (P,P,M,P,M) and 

(P,M,P,P,M) confirmations in a solid state. None of those was the lowest energy one. It was also tried to 

separate them using the chiral HPLC, however, the exchange constant was low enough to make it simply 

impossible to obtain any pure conformer.  

 

   
ΔE = 10.99 kcal/mol ΔE = 8.35 kcal/mol ΔE = 4.39 kcal/mol 

  
 

ΔE = 3.25 kcal/mol ΔE = 2.59 kcal/mol ΔE = 7.91 kcal/mol 

 
  

ΔE = 2.17 kcal/mol ΔE = 0.59 kcal/mol ΔE = 3.40 kcal/mol 
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 ΔE = 0.00 kcal/mol  

Figure 20. Conformers of 56.2 (ωB97XD/6-31g(d,p)). Energies are given relative to the most stable 

conformation. 

The absorption spectra of 56.2 also revealed the similarity to the dimer 55.1 and its bridge-free starting 

53.1. The lowest energy band was found at 615 nm in DCM. The TD-DFT showed that the lowest energy 

bands originated from HOMO to LUMO, LUMO+1, LUMO+2, LUMO+3, LUMO+4 and LUMO+5 transitions. 

The fluorescence of 56.2 in toluene (Figure 21) was much weaker (only 10%) than that for 53.1 (40%).  

 

Figure 21. Absorption and emission spectra and fluorescent quantum yield of 56.2 measured in toluene. 

56.1• gives an ESR spectrum with g = 2.00292 and hyperfine coupling with aH = 6.8 G in toluene solution, 

which was ascribed to the proton of the methine bridge (Figure 22). Indeed, the deuterated radical  

56.1•-d produced by splitting 55.1-d2 exhibits no resolvable splitting (aD < 1 G), consistent with the 

assignment given above. The ESR spectra of the 13C-labeled radical 56.1•-c contains an extra splitting  

(aC = 12.3 G), showing that the methine carbon possesses a large amount of spin density.  
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Figure 22. ESR spectra of 56.1• and its isotope-labeled derivatives (toluene, 300 K).  

The computed spin density distribution (Figure 23) reveals that the unpaired electron is largely 

distributed in one half of the system surrounding the methine bridge, with amplitudes in the imide 

fragments. Mulliken spin densities of the methine C and H atoms are 0.498 and –0.022, respectively. 

Interestingly, the spin of 56.1• is delocalized in a negligible way into the core benzene ring. 
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Figure 23. Spin density of monoradical 56.1• (ωB97XD/6-31g(d,p)), dipp substituents were omitted for 

clarity). 

According to computational evidence, 56.1• prefers a monkey-saddle configuration with alternate 

helicities of adjacent bay sections (Figure 24). This conformer has a structure comparable to that of the 

parent HPHAC-NMI hybrid. However, because the subunits of 55.1 exhibit distinct stereochemistry in their 

solid-state structure, the radical appears to be sufficiently adaptable to change its shape during 

dimerization. 56.1• has a fairly massive system, comprising 139 electrons in total. However, this system is 

only partially implicated in spin delocalization, as the methine bridge functions as a "spin defect" in the  

π-conjugated framework. Due to the lack of steric protection on this methine bridge, the radical remains 

susceptible to dimerization and addition of dioxygen. Both of these mechanisms are associated with 

a rather low degree of radical stabilization. 
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ΔE = 11.21 kcal/mol ΔE = 7.73 kcal/mol ΔE = 4.72 kcal/mol 

  
 

ΔE = 3.59 kcal/mol ΔE = 2.03 kcal/mol ΔE = 7.91 kcal/mol 

   
ΔE = 2.66 kcal/mol ΔE = 0.24 kcal/mol ΔE = 3.65 kcal/mol 

 

 

 

 ΔE = 0.00 kcal/mol  

Figure 24. Conformers of 56.1• monomer radical (ωB97XD/6-31g(d,p)). Energies are given relative to the 

most stable conformation. 
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4.3 Multiply bridged azacoronenes 

As the continuations of the previously described studies, it was decided to try to obtain the structure 

57.4 by introducing six methylene bridges between the pyrroles in HPB 46.1. The key transformations 

achieved are shown in Scheme 57, whereas extensive optimization results using varying reaction 

conditions are gathered in Table 3. At first, the methylene bridges were introduced using the acid-

catalyzed condensation between 46.1 and paraformaldehyde (Scheme 57). Initially, 6 equivalents of 

paraformaldehyde were used in the reaction with 46.1. However, a mixture of unstable and hardly 

separable compounds was formed. This inseparable mixture was thereby directly oxidized with iron(III) 

chloride, followed purification by column chromatography. The NMR study revealed the formation of 

three compounds: 55.1, 57.1 and 57.2, in 25%, 23% and 13% yields, respectively. Notably, the formation 

of 57.2 indicated that a maximum of only three methylene units could be incorporated in the first 

condensation step. The failure to introduce four to six methylene units was ascribed to the limited 

solubility of paraformaldehyde in chloroform. Because of this, dimethoxymethane and formalin were 

investigated as sources of methylene bridges in subsequent tests.  

However, the use of dimethoxymethane instead of paraformaldehyde resulted in the generation of 

polymeric products in the majority of cases (entries 17–20, Table 3), as indicated by broad 1H NMR peaks 

for crude mixture. The use of formalin resulted only in the recovery of the starting material. It was for this 

reason that only paraformaldehyde was utilized in the following trials. It was discovered that the use of a 

significant excess (30 equiv) of paraformaldehyde and an extended reaction time (72 h) resulted in the 

desired sixfold condensed product 57.4 in high yields (up to 72%) when the reaction conditions were met 

(entry 15). According to the results of the screening procedure, by varying the amount of 

paraformaldehyde used and the reaction time, it is possible to generate mixtures of the components 57.1 

and 57.2, 57.3 and 57.4, or exclusively 57.4. 

Table 3. Screening of reaction conditions 

Entry Bridge sourceb Catalyst c Time C Yields e [%] Recovery 

 [equiv] [equiv] [h] x·10‐1 M 57.1 57.2 57.3 57.4 sm [%] 

1. 2 HCHO 4 17 1 − − − − 92 

2. 3 HCHO 4 17 1 − − − − 92 

3. 4 HCHO 4 17 1 <5% − − − 54 

4. 5 HCHO 4 17 1 30% 3% − − <20 
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5. 6 HCHO 4 17 1 23% 13% − − <15 

6. 10 HCHO 4 17 1 − − 6% − − 

7 20 HCHO 4 17 1 − − 5% 24% − 

8 5 HCHO 4 36 1 27% − − − <20 

9 5 HCHO 1 17 1 − − − − 92 

10 5 HCHO 5 (BF3·Et2O) 1 0.1 − − − − <20 

11 10 HCHO 4 36 1 <5 <5 − 23% − 

12 10 HCHO 5 (BF3·Et2O) 1 0.1 − − − − 30% 

13 10 HCHO 5 72 1 − − <5% − − 

14 30 HCHO 6 36 1 − − − 32% − 

15 30 HCHO 6 72 1 − − − 72% − 

16 30 HCHO 6 (p-TsOH) 17 1 − − − 64% − 

17 2 DMM 6 (p-TsOH) 1 0.1 <5 − − − 30 

18 4 DMM 2 (BF3·Et2O) 1 0.1 <5 − − − 50 

19 6 DMM 2 (BF3·Et2O) 1 0.1 − − − − <20 

20 15 DMM 2 (BF3·Et2O) 1 0.1 − − − − − 

a Conditions: 30 mg (0.012 mmol) of 46.1, chloroform, 90 °C, pressure tube, set in glovebox.  
b HCHO = paraformaldehyde, DMM = dimethoxymethane were used as a methylene bridge.  
c 10-camphorsulfonic acid was used as a catalyst, unless otherwise stated. d Concentration of the starting 

46.1. e Isolated yields 

It is necessary to acknowledge that a few limitations factors emerged during the optimization of the 

conditions for the synthesis of bridged HPBs. When freshly dried p-TsOH or CSA were employed, or when 

a higher excess of those hydrated acids were used, or even when the weather was humid, recovery of the 

starting material was observed. This demonstrates how precise equilibrium of water should be employed 

in this reaction conditions. It is possible that the explanation lies in the fact that the process of bridge 

formation, which is a condensation reaction, is reversible, and that the presence of a greater amount of 

water prevents the formation of bridged HPB; however, because paraformaldehyde is soluble in water, 

the absence of water in a reaction mixture might also preclude the condensation reaction. It is accurate 

that extension of reaction time increases the yield of the reaction, it is also possible that access to the 
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bridging source is limited at certain points during the reaction. Finally, the higher yield of 57.4 production 

might be possible due to the low solubility of 57.4 in chloroform.  

Scheme 57. Synthesis of Multiply Bridged Azacoronene Analogues a 

 

a Reagents and conditions: (a) 1) 4 equiv CSA, 5 equiv paraformaldehyde, CHCl3, pressure tube, 90 °C, 17 h, 2) FeCl3, DCM, rt, 1 h; 

(b) 4 equiv CSA, 10 equiv paraformaldehyde, CHCl3, pressure tube, 90 °C, 36 h, 2) FeCl3, DCM, rt, 1 h; (c) 4 equiv CSA, 5 equiv 

paraformaldehyde, CHCl3, pressure tube, 90 °C, 72 h. 

All attempts to induce the production of 57.5 in these conditions, on the other hand, were unsuccessful. 

Monitoring of the series of condensation reactions with 4−10 equivalents of paraformaldehyde was 

achieved by the use of TLC and NMR. The reactions were terminated when the formation of triply and 

quintuply bridged HPB was detected. After the oxidation of those reaction mixtures, only 57.2 and 57.3 

were identified, with 57.5 remaining undetected throughout. The inversion of the strategy was also 

considered: initial experiments were carried out on the HPB 46.1 by reacting it with 1−4 equivalents of 

FeCl3 or DDQ, which resulted in the formation of an inseparable mixture of partially oxidized HPBs, which 

was then submitted to a condensation reaction with paraformaldehyde. In this way, however, only 57.1 
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and 57.2 were formed (32% and less than 5% yield, respectively). The further investigation on these 

oxidation reactions revealed the formation of quadruply coupled 58.1 and triply coupled 58.2, and 

recovery of starting 46.1, but never the formation of doubly coupled 58.3. This reversed strategy, 

afterwards, was not better than the initial one, since it was not possible to control the outcome of partial 

oxidation. 

Scheme 58. Alternative Route to Multiply Bridged HPBs a 

 

a Reagents and conditions: (a) various of different oxidation conditions; (b) 6 equiv paraformaldehyde, 8 equiv CSA, CHCl3, 90 °C, 

17 h. 

For better understanding of the structure of partially bridged components, like 57.1, and also to give 

an additional try for the synthesis of 57.5, the compound 59.1 was provided by Daniel Matuszczyk. Based 

on yet unpublished results of Daniel’s experiments conducted on this and similar mixed HPBs, it was 

expected, that the oxidation of this compounds might be step-wise, and may firstly occur between more 
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electron-rich pyrrole subunit and its neighboring NMI pyrroles. The research on the oxidation of this 

compound with DDQ under oxygen-free conditions in DCM at 50 °C for 14 hours showed, that it is possible 

to selectively obtain the quadruply coupled compound 59.2 in good yields (around 90%). The subjection 

of 59.2 to condensation reaction with paraformaldehyde and p-TsOH led to the formations of 59.3 in 75% 

yield. Notwithstanding the satisfying increase of yield of the formation of two-bridged HPB, the 

employment of 59.1 gave no anticipated results in experiments with the formation of four-bridged HPB. 

When 59.1 was subjected to scope of different conditions of oxidative reactions, the mixture of hardly 

separable products was mainly formed. The following attempts to subject it to better separation or 

condensation reaction resulted in degradation of starting material or supposed polymerization. 

Scheme 59. Alternative Strategy for the Synthesis of Quadruply Bridged HPB a 

 

a Reagents and conditions: (a) various of different oxidation conditions; (b) 6 equiv paraformaldehyde, 8 equiv CSA, CHCl3, 90 °C, 

17 h. 
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Interestingly, 57.4 easily formed crystals in deuterated chloroform. This fact influenced the shape of  

1H NMR spectrum of 57.4: peaks on its spectra were somewhat broadened and very weak. What is more, 

the dissolving of these, formed in chloroform, crystals in other solvents provided to decomposition of 57.4. 

This unexpected fast crystallization from deuterated chloroform was firstly assigned to plausible self-

organization of 57.4, but, there was no experimental confirmation. The examination of precipitate with 

scanning electron microscope showed only irregular agglomerates, but there was no evidence for the 

formation of regular nanostructures. What is more, the crystals degraded during X-ray diffraction 

measurements, what made it impossible to collect the good quality data and obtain the publishable crystal 

structure of 57.4. But even the collected date did not show any strong intermolecular interactions. Which 

might confirm the self-organization of 57.4. 

 

 

Figure 25. Top: packing structure of 57.4, view presented along b axis. Bottom: crystal structure of 57.4. 

Hydrogens and solvent molecules were omitted for clarity.  



105 

An acceptable-quality crystal was obtained for 57.1 by vapor diffusion of methanol into the DCM 

solution of 57.1. The crystal was small and deteriorated under the light. Luckily, it was possible to collect 

enough data to solve the structure. Unfortunately, crystals for remaining compounds were not obtained, 

most probably because of low stability of bridged HPB-HPHAC analogues in solutions, especially in the 

presence of oxygen or water.  

 

Figure 26. Crystal structure of 57.1. Hydrogens, dipp groups and solvent molecules were omitted for 
clarity. 

The UV–vis experiments on the toluene solutions of all compounds showed their low stability in 

solution, in some cases even without additional factors, such as water or light irradiation (Figure 27). This 

fact considerably limited the possibilities for analysis and additional research on these substances. It was 

hypothesized, that the degradation of the obtained bridged HPHACs may proceed via similar to previously 

discussed dimer formation process. During the long-lasting NMR experiments in deuterated solvents, the 

decrease of intensities of bridge-assigned peaks was observed. This fact can be explained by an ease 

exchange of CH2 –bridge protons to deuterium. The recombination of bridged azacoronenes into larger 

polymeric structures via methylene brides can be considered as a possible degradation chain. However, it 

was not proven by any other experimental or theoretical data.  
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Figure 27. Changes of spectra observed while irradiation of toluene solutions in water- and oxygen-free 

conditions of bridged HPHACs with UV light (365 nm). 

The structures of synthesized bridged compounds 57.1–4 were confirmed by 1H and 13C NMR 

spectroscopy. All the 1H NMR spectra showed couples of doublets at a range of 5.4‒3.9 ppm associated 

with peaks at 26−24 ppm on 13C NMR spectra, which was confirmed by the observation of 1JCH coupling in 

the HSQC spectra (Figure 28.B). These peaks correspond to two diastereotopic geminal protons of  

sp3 bridges.  
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Figure 28. (A) Comparison of aromatic regions of 1H NMR spectra of 57.1, 57.2, 57.3 and 57.4 and (B) parts 

of HSQC spectra presenting the C–H correlation cross peaks of bridge part. Red lines present the pair of 

peaks assigned to hydrogens connected with the same sp3 carbon. 

The aromatic region of 57.1 1H NMR spectrum contained 6 couples of peaks correlated with 

naphthalene parts of expanded hexapyrrolylbenzene core (Figure 29−30). The 3JHH correlations of peaks in 

each pair were clearly observed on COSY spectrum, while the NOE from through-space dipolar coupling 

were recognized for two pairs of peaks, which suggested the C2 symmetry with bridges incorporated 

between two neighboring pyrrole subunits. Obtained HSQC and HMBC spectra were of enough good 

quality to assign all the proton NMR peaks from naphthalene and bridge part of the 57.1 molecule. Even 

being of poor quality, the crystal structure of 57.1 was in the agreement with data obtained from NMR 

spectral analysis.  

The structure of 59.3 was also confirmed by means of NMR spectroscopy and mass spectrometry. An 

assignment of all of the peaks corresponding to naphthalene parts of pyrrole subunits and bridges was 

made based on 2D NMR spectra of the compound (Figure 31). 
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Figure 29. (A) Partial assignment of the 1H NMR spectrum of 57.1 (chloroform-d, 300 K, based on COSY, 

NOESY, HSQC and HMBC correlations). Blue lines correspond to COSY correlations; red lines correspond 

to selected NOE correlations; green lines correspond to HMBC correlations. (B) Selected regions of HMBC 

correlation spectrum of 57.1 (C) Chosen part of NOESY correlation spectrum recorded for 57.1. Blue lines 

show the COSY correlations, red lines show selected NOESY correlations. 
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Figure 30. Aromatic part NOESY spectrum measured for 57.1. Blue lines correspond to COSY type 

correlations; red lines show the through-space NOE cross-peaks. 
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Figure 31. (A) Partial assignment of the 1H NMR spectrum of 59.3 (chloroform-d, 300 K, based on COSY, 

NOESY, HSQC and HMBC correlations). Blue lines correspond to COSY correlations; red lines correspond 

to selected NOE correlations; green lines correspond to HMBC correlations. (B) Selected regions of HMBC 

correlation spectrum of 59.3. (C) Selected region of NOESY correlation spectrum recorded for 59.3. Blue 

lines show the COSY correlations, red lines show selected NOESY correlations. 

The 1H NMR spectrum of 57.2 showed the Cs symmetry, four peaks were correlated with sp3 bridges. 

These peaks were combined into two pairs of peaks on basics of COSY and HSQC spectra (Figure 32 and 

33). The intensities of peaks from 57.2 bridge protons were 2:1:2:1, suggesting that the symmetry plane 

coincides with the H–C–H plane of the central bridge, which is possible only when all three bridges are 
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connected to four contiguous pyrrole subunits. All the naphthalene and bridge proton NMR peaks were 

assigned on the basis of COSY, NOESY, HSQC and HMBC NMR experiments.  

 

Figure 32. (A) Partial assignment of the 1H NMR spectrum of 57.2 (chloroform-d, 300 K, based on COSY, 

NOESY, HSQC and HMBC correlations). Blue lines correspond to COSY correlations; red lines correspond 

to selected NOE correlations; green lines correspond to HMBC correlations. (B) Selected regions of HMBC 

correlation spectrum of 57.2 (C) Chosen part of NOESY correlation spectrum recorded for 57.2. Blue lines 

show the COSY correlations, red lines show selected NOESY correlations. 
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Figure 33. Aromatic part NOESY spectrum measured for 57.2. Blue lines correspond to COSY type 

correlations; red lines show the through-space NOE correlations. 

The identity of 57.3 bearing five methylene bridges was confirmed by 1H, 13C, COSY, NOESY, HSQC NMR 

spectra and MS analysis (Figure 34), despite the absence of a quality HMBC spectrum. There is only one 

possible constitution of HPB with five bridges, and spectral assignments were made assuming a Cs 

molecular symmetry. For 57.4 bearing six methylene bridges, the 1H NMR spectrum showed a pair of 

doublets of the sp3 bridge protons and only two doublets from naphthalene part, suggesting the C6 

symmetry of the obtained compound, which might only mean the introduction of six bridges into the 
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hexapyrrolylbenzene core (Figure 35). This is also in agreement with crystal structure obtained from XRD 

data. 

 

Figure 34. Part of NOESY spectrum of 57.3 and partial assignment of peaks, based on NMR data, which 

was possible to collect. The low quality and purity of spectrum is caused by low stability of 57.3. 
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Figure 35. 1H NMR spectrum of 57.4 (600 MHz, dichloromethane-d2, 300 K). 

The absorption and emission spectra for 57.1, 57.2, 57.3 and 57.4 are shown on Figure 36. The 

discussed molecules are built of two different chromophores: the fully conjugated and bridged parts. With 

the increase of the participation of fully conjugated part, the increase in absorbance of the bands at around 

500–650 nm and red-shift of absorption and emission is observed. Interestingly, the bathochromic effect 

was observed for the emission of 57.4 in different solvents, while no significant changes were noticed on 

the absorption spectra (Figure 37). The same bathochromic effect in more polar solvents might be 

expected for other bridged molecules, since some kind of extinction of fluorescence is observed for 57.1, 

57.2 and 57.3 in n-propanol, which might be due to the red-shifting of the emitting energies out of the 

detecting range. The reliable fluorescence quantum yields were not obtained for these compounds due to 

their low stability and unidentified processes taking place during the irradiation of samples.  
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Figure 36. Absorption (dashed) and emission (λex = 330 nm) spectra of (from bottom) 57.1, 57.2, 57.3 and 

57.4, measured in toluene. Pictures present solutions of corresponding compounds taken under ambient 

(left) and UV (right) light. 

 

Figure 37. Absorption and emission (λex = 450 nm) spectra of 57.4, measured in toluene, CHCl3, DCM,  

n-propanol and DMF. Picture presents solutions of 57.4 in different solvents taken under UV (365 nm) 

light, colors of lines correspond with colors of emission of different solutions on the picture. 

The above-mentioned electronic properties of bridged azacoronene analogues were further explored 

using density functional theory (DFT, Figure 38). The Kohn–Sham frontier orbitals computed for the 
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molecules demonstrate that the HOMO level is more stabilized for 57.1 (−5.59 eV) relative to non-fused 

57.4 (−5.99 eV). The HOMO–LUMO gap (HLG) also increases from 57.1 (2.25 eV) to 57.4 (2.90 eV), and 

additionally clearly expand the tendency correlation between the conjugated part of HPB-HPHAC NMI 

extended analogue and the HLG value. Thus, the HLG for NMI HPHAC was calculated to be 2.24 eV and the 

HLG of fully uncoupled 46.1 is significantly increased (3.32 eV). Each of the lowest electronic transitions 

estimated using time-dependent DFT for all bridged azacoronenes is a pure excitation from HOMO to 

LUMO. For 57.1 and 57.2, all five lowest electronic transitions involve purely the excitation from HOMO to 

one of the lowest virtual levels. For 57.4 lowest electronic transitions are dominated by transitions from 

HOMO to one of the lowest virtual levels, while for 57.3 H−1 to LUMO transition was calculated to be the 

second lowest electronic transition. This can be explained by the significant separation between HOMO 

and H−1 energy level for 57.1, 57.2 (app. 0.5 eV), reduced separation for 57.4 (0.18 eV) and much closer 

HOMO and H−1 energies for 57.3 (Δ = 0.15 eV). 

 

Molecule HOMO LUMO 
HLG  

 

 
 
 

57.1 
 
 

  
2.25 eV −5.59 eV −3.34 eV 

 
 

57.2 
 
 

 
 

2.31 eV −5.66 eV −3.35 eV 
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57.3 
 
 

  
2.55 eV −5.88 eV −3.33 eV 

 
 

57.4 
 
 

  
2.90 eV −5.99 eV −3.09 eV 

Figure 38. Frontier molecular orbitals HOMO and LUMO and their energies (isovalue = 0.02) and HLG 

values for synthesized bridged HPHAC.   
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4.4 Applicability of α−α bridging for other HPBs  

It was explored whether the previously discussed strategy can be used for the synthesis of multiply 

bridged HPB built with less electron-deficient pyrroles. In their vast majority these attempts were less 

successful. In some cases, the formation of desired structures was detected, however, the stability of those 

molecules were much lower than the ones built with 46.1. 60.1a–b, considering their size, were tested for 

the condensation reactions with both HCHO, DMM and p-nitrobenzaldehyde in the presence of various of 

acidic catalysts, such as CSA, p-TsOH, BF3. However, no formation of desired products was observed; in all 

the cases the dark oily products were formed. The NMR spectra presented only broadened peaks. Further 

attempts to separate crude mixtures did not give any expected results. It was assumed, that, both intra- 

and intermolecular condensations may occur for these small HPBs, thus indescribable polymers might be 

the main product of those reactions.  

60.1d was known to work for condensation reactions with p-nitrobenzaldehyde, resulting in the 

formation of mono or doubly bridged HPHACs, however no expansion of the reactivity of this compound 

was achieved. Additionally, 60.1c and 60.1e were successfully used for the synthesis of sextuply bridged 

HPB, however, the purification of those compounds appeared to be hardly possible. 60.2c and 60.2e were 

degrading during the column chromatography and it was not possible to separate them from impurities 

using crystallization.  

The broadened NMR spectra were observed for the azacoronene and HPB with NDA pyrrole. The cause 

was most probably an air oxidation, due to higher HOMO level and slow rotation of amide groups. 

However, this factor had an impact on the interpretation of the results of condensation reactions of 60.1g. 

60.1h showed absolutely different behavior in terms of typical HPB chemistry, which might be explained 

by the presence of huge amount of sulfur atoms, the explored condensation reactions did not result in the 

formation of the desired products.  

Finally, 60.1f was successfully used for the synthesis of sextuple bridged HPB, however, the stability of 

synthesized molecule was drastically low, it was degrading even when kept in glovebox in darkness of the 

refrigerator, that is why the further exploration of the molecule was abandoned. 
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Scheme 60. Attempts of α−α Bridging of Other HPBs  
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5 Synthesis of Bipyrrole Derivatives via Double C–H Bond Activation 

5.1 Palladium-induced reactivity of α positions of NDA and NMI pyrroles  

Recently, Pd(II)-mediated double C–H activation was demonstrated to be useful tool for the conversion 

of 1,n-dipyrrolylalkanes to boomerang-shaped N,N'-bridged bipyrroles that were not accessible via 

conventional oxidative coupling (Scheme 62). This approach developed by us is applicable to electron-

deficient and sterically limited systems, particularly those based on pyrrole derivatives fused with 

naphthalenediamide (NDA) and naphthalenemonoimide (NMI) moieties. 

The dipyrrolylalkane precursors RnX employed in the coupling experiments (Scheme 61) were prepared 

using recently reported naphthalenediamide- and naphthalenemonoimide-fused pyrroles, as well as 

dithienylpyrroles. Dipyrrolylmethanes (n = 1) were synthesized by reacting suitable pyrrolyl anions 

(generated using sodium hydride) with excess of dichloromethane in DMF. These reaction conditions are 

more convenient and selective than the previously reported approach that uses n-BuLi as the base.364  

To minimize competing elimination reactions, 1,2-dipyrrolylethanes were synthesized using ethylene 

ditosylate. 

Scheme 61. General Synthetic Idea for Bipyrrole Boomerangs a 

 

a Reagents and conditions: (a)NaH, DMF, 30 min + 12 h, rt to 50 °C; (b) Cs2CO3, DMF, 30 min + 12 h, rt to 50 °C. 

Initially, palladium(II) acetate in acetic acid286,365–370 was used to activate the double C–H bond to yield 

the bipyrrole cNDA1EE. Subsequent screening showed that the presence of aerial oxygen had no effect on 

the reaction yields and had no catalytic effect when substoichiometric amounts of Pd(OAc)2 were utilized. 

Notably, no annulation product was seen when NDA1EE was exposed to additional oxidants such as 
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Cu(OAc)2, Ag2CO3, MnO2, FeCl3, or BAHA, and frequently, only the unreacted starting material was 

observed in the 1H NMR spectra of crude reaction mixtures. These findings demonstrate that the 

production of cNDA1EE is not possible under radical-cation coupling conditions, highlighting the critical 

involvement of palladium in the annulation stage. Indeed, direct oxidative coupling is frequently utilized 

to close six-membered rings, with oxidative pentannulations involving, for example, FeCl3 being 

occasionally reported.371–373 

To search for an efficient catalytic version of conditions for the coupling, a variety of reagent systems 

were investigated, including representative conditions reported in the literature.235,237,241,374 Catalytic 

coupling was discovered to be possible in the presence of stoichiometric quantities of silver(I) salts, 

depending on the identity of the counteranion. Fortunately, the usage of 1 equiv of silver(I) carbonate and 

10 mol% of palladium(II) acetate resulted in a near-quantitative yield of cNDA1EE. Ag2CO3 can also be 

substituted with AgOAc, Ag2O, or AgF, whereas AgNO3 and Cu(OAc)2 were found to be ineffective. When 

the catalyst loading was reduced to less than 10 mol%, the efficiency of the Ag2CO3 reaction was 

significantly reduced. The addition of two equivalents of triphenylphosphine to the preceding process, in 

order to stabilize the predicted Pd(0) intermediates in solution, resulted in total inhibition of the catalytic 

system. Both the stoichiometric and catalytic methods were carried out in acetic acid. Significantly slower 

conversions were observed in DMF and DMSO, particularly under catalyzed conditions. 

When the catalytic conditions described above were used for scaled-up reactions, a variety of ester-

substituted dipyrrolylalkanes successfully underwent the oxidation reaction (Scheme 62). Specifically, 

a 97% isolated yield was obtained for the model system, cNDA1EE. For other targets, excellent conversions 

were frequently noted, although isolating the annulated products was sometimes challenging. The low 

yield of cNDA3EE was due to the sluggish cyclization of precursor and the concurrent production of cyclic 

anhydride. 
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Scheme 62. The Previously Reported Boomerang  

 

 

The non-catalytic oxidations of ester-free dipyrrolylalkanes RnH resulted in varied yields of new 

bipyrrole dilactams cRnO (Scheme 63). These quinone-like complexes are generated in a tandem reaction 

involving the annulation of the two pyrrolic rings via Pd(II)-catalyzed reaction and double α-oxygenation 

of the two pyrrolic rings. Due to competitive oligomerization, the reaction yields in only 17% of cNDA1O 

and approximately 2% of cNMI1O. Additional experiments on NDA1H indicated that the corresponding 

dilactam cNDA1O was not produced under previously optimized catalytic conditions or during the 

stoichiometric Pd(OAc)2 oxidation in DMSO. 
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Scheme 63. Pd-induced Annulation of α-Unsubstituted Dipyrrolylalkanes a 

 

a Reagents and conditions: Pd(OAc)2 (3 equiv), KOAc (3 equiv), AcOH, 150 °C, 2 h. 

The oligomeric products of oxidation reactions (Scheme 63) were identified by broadened 1H NMR 

spectra that are unsuitable for more extensive spectroscopic analysis. As a result, the identity of the end 

groups X and the degree of oxidation of the oligopyrrole backbone could not be determined 

experimentally. However, the oligomeric character of these products were somehow confirmed using  

1H DOSY, which revealed that the oligomeric fractions had lower diffusion coefficients than the 

comparable dilactams cR1O. While the broadening of 1H NMR signals may imply structural inhomogeneity, 

the oligomers may contain a considerable fraction of annulated α-α linked longer pyrrolic chains. This 

perspective is supported by the preceding discovery that intermolecular α-α coupling is too slow to 

compete with annulation in the RnEE series. 

As the further development of the Pd(II)-catalyzed tandem processes, it was firstly focused on the 

synthesis of lactam systems with extended linker. This further research was motivated by excellently clear 

NMR experiments, which provided us with the huge amount of mechanistic information on how the 

dilactam are formed. Monitoring of the annulation reactions for the ester-free dipyrrolylmethanes NDA1H 

and NMI1H revealed a detailed picture of the events leading to the synthesis of dilactam products. When 

NDA1H was heated at 360 K with 5 equiv of palladium(II) acetate, the direct annulation product, cNDA1H, 

was produced immediately (Scheme 64). However, this species immediately underwent further reactions 

that resulted in the production of the dilactam product cNDA1O. The conversion of cNDA1H to cNDA1O was 

observed to proceed via the intermediacy of two species, cNDA1H,OAc and cNDA1OAc, which contain one 

and two acetoxy groups at the pyrrolic locations, respectively. Additionally, these two forms were trapped 

in a separate experiment using non-deuterated acetic acid, allowing for unambiguous identification of the 

acetoxy groups using 1H‒13C correlation spectroscopy. Throughout the reaction sequence, resonance 
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linewidths remained narrow for all species involved in the α-oxygenation process (i.e., NDA1H, cNDA1H, 

cNDA1H,OAc, cNDA1OAc, and cNDA1O), showing that no significant amounts of paramagnetic intermediates 

are produced. In comparison to NDA1H, NMI1H cyclizes slowly to cNMI1H even at 300 K, and complete 

conversion can be detected after approximately 1 hour at 360 K. However, successive α-acetoxylations 

were slower at that temperature than with cNDA1H, resulting in the formation of more oligomeric 

products and lowering the final yield of cNMI1O. Notably, no α-acetoxylation of either NDA1H or NMI1H 

was discovered prior to the annulation phase in the preceding in-situ studies, showing that monopyrrolic 

units are less reactive than corresponding bipyrroles. 

Scheme 64. Pd-induced Processes Observed for Dipyrrolylalkanes RnX 

 

 

The precursor 1,n-dipyrrolylalkanes (RnH, n = 2 or 3) were produced by reacting suitable pyrrolyl anions 

with ethylene ditosylate or 1,3-dibromopropane (Scheme 65). In the initial coupling investigations,  

1,2-dipyrrolylethanes (NDA2H, NMI2H) and 1,3-dipyrrolylpropanes (NDA3H, NMI3H) were oxidized with 

palladium(II) acetate in acetic acid to obtain the predicted bipyrrole dilactams in 43–53% yields (Table 4, 

Entries 1, 6, 11, and 17). Interestingly, cNMI2O and cNMI3O were produced in the presence of the 

intermediate α-unsubstituted boomerangs, cNMI2H and cNMI3H, respectively (Scheme 66). In processes 

involving NDA2H and NDA3H, analogous α-unsubstituted intermediates (cNDA2H and cNDA3H) were not 

identified. This latter behavior is consistent with the previously documented selectivity pattern for  

α-unsubstituted dipyrrolylmethanes NDA1H and NMI1H, for which it was possible to isolate exclusively the 
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corresponding dilactams cNDA1O and cNMI1O. However, in situ production of cNDA1H has been detected 

for processes involving NDA1H.375 

Scheme 65. Synthesis of 1,n-dipyrrolylalkanes a 

 

a Reagents and conditions: (a) NaH (2.0 equiv), ethylene di(p-toluenesulfonate) (0.5 equiv), DMF, 60 °C, ovn; (b) NaH (2.0 equiv), 

1,3-dibromopropane (0.5 equiv), DMF, 60 °C, ovn; (c) Cs2CO3 (1.0 equiv), ethylene di(p-toluenesulfonate) (0.5 equiv), DMF, 60 °C, 

ovn; (d) Cs2CO3 (1.0 equiv), 1,3-dibromopropane (0.5 equiv), DMF, 60 °C, ovn. 

Subsequent screening demonstrated that by performing reactions in more dilute solutions, the yields 

of cNMI2H and cNMI3H could be enhanced (Table 4, Entries 14 and 20). Following the previous 

experimental and computational findings, the increasing of concentration of acetoxyl anions in the 

reaction mixture was shown to improve the yields of dilactam products. Indeed, annulations of NDAnH and 

NMInH in the presence of 6 equiv potassium acetate resulted in better yields (53–73%) and complete 

conversion of the respective dilactams (Table 4, Entries 2, 7, 12, and 18). The cNMI2H and cNMI3H 

intermediates were not separated under these conditions. When the same reactions were carried out at 

a higher dilution, the yields were much lower and the ratio of cNMInO to cNMInH was nearly 1:1, 

demonstrating the critical function of the dipyrrolylalkane concentration in these conversions (Table 4, 

Entries 15 and 21). Additional tests with RnH precursors demonstrated that coupling and α-oxygenation 

can also be accomplished using 1 equiv of palladium(II) acetate in the presence of 2 equiv of silver(I) 

carbonate. Nonetheless, Ag2CO3 oxidation produced lower yields, and the efficiency of this variation was 

significantly reduced when the palladium(II) acetate loading was reduced to less than 1 equiv (Table 4, 

Entries 16 and 22). 
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Scheme 66. Synthesis of Bipyrrole Boomerangs with Free and Oxygenated α-Positions of Pyrroles a 

 

a Reagents and conditions: (a) 3 equiv Pd(OAc)2, 6 equiv KOAc, AcOH, 120 °C, 1 h; (b) 3 equiv Pd(OAc)2, AcOH, 120 °C, 1 h. 

Table 4. Screening of reaction conditions synthesis of bipyrrole boomerangs.  

Entry Starting 
material 

C [mM] b Pd(OAc)2 

[equiv] c 

Additive d cRnO [%] e cRnH [%] e 

1.  NDA2H 30 3 none 46 0 

2.  ̎ 30 3 KOAc 53 0 

3.  ̎ 30 1 Ag2CO3 34 0 

4.  ̎ 3 3 none traces 0 

5.  ̎ 3 3 KOAc traces 0 

6.  NDA3H 30 3 none 43 0 

7.  ̎ 30 3 KOAc 64 0 

8.  ̎ 30 1 Ag2CO3 37 0 
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9.  ̎ 3 3 none 18 0 

10.  ̎ 3 3 KOAc 23 0 

11.  NMI2H 30 3 none 52 6 

12.  ̎ 30 3 KOAc 60 0 

13.  ̎ 30 1 Ag2CO3 43 14 

14.  ̎ 3 3 none 14 66 

15.  ̎ 3 3 KOAc 32 30 

16.  ̎ 3 0.1 Ag2CO3 < 10% < 10% 

17.  NMI3H 30 3 none 56 9 

18.  ̎ 30 3 KOAc 73 0 

19.  ̎ 30 1 Ag2CO3 34 6 

20.  ̎ 3 3 none 16 41 

21.  ̎ 3 3 KOAc 15 12 

22.  ̎ 3 0.1 Ag2CO3 19 traces 
a Conditions: AcOH, 120 °C, 1 h. b Concentration of the starting dipyrrolylalkane (RnH). c Equivalents of 

Pd(OAc)2. d KOAc (6 equiv), Ag2CO3 (2 equiv). e Isolated yields. 

 

On the basis of high-resolution mass spectrometry and 1H and 13C NMR data, the α-oxygenated 

products, cRnO, were identified. The 1H NMR spectra of cNMI2O (Figure 40), for instance, demonstrated 

the absence of pyrrolic α-H resonances, while the endocyclic CH2 moiety produced a pair of very broad 

peaks at approximately 3.1–5.3 ppm. This splitting, which was also found for cNDA2O (Figure 39), is 

compatible with the ethylene bridge progressive inversion of helicity. The linker CH2 moiety and the dipp 

CH unit produced a single enlarged signal in the 1H NMR spectrum of cNMI2H (Figure 41), showing that the 

helix inversion happens in the fast exchange regime. This apparent acceleration of inversion in cNMI2H 

compared to cNMI2O and cNDA2O lactams is due to the higher bond order of the α–α linkage in the latter 

two systems.  
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Figure 39. 1H NMR spectrum of cNDA2O (600 MHz, chloroform-d , 300 K). The enlarged part presents 

a broaden peak assigned to the protons of ethylene bridge. 

 

Figure 40. 1H NMR spectrum of cNMI2O (600 MHz, chloroform-d , 300 K). The enlarged part presents 

a broaden peak assigned to the protons of ethylene bridge. 
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Figure 41. 1H NMR spectrum of cNMI2H (600 MHz, chloroform-d , 300 K). Comparing with the above 

spectra of cNMI2O and cNDA2O, no significant broadening for the ethylene part is observed. 

The chirality of cNMI3H is reflected in its 1H NMR spectrum, which demonstrates diastereotopic 

separation of the bridge N–CH2 protons and the CH signals of the dipp substituents, consistent with a rigid 

C2-symmetric structure (Figure 44). cNDA3O and cNMI3O exhibit comparable diastereotopic effects (Figure 

42–43). The 1H NMR spectra of cNDA3O is further complicated by the somewhat limited rotation of the 

NDA N,N-dimethylamide substituents. This constraint, when combined with the helicity of the ring system, 

results in effective diastereomerism. 

 

Figure 42. 1H NMR spectrum of cNDA3O (600 MHz, chloroform-d, 300 K).  
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Figure 43. 1H NMR spectrum of cNMI3o (600 MHz, chloroform-d, 300 K). The enlarged part presents peaks 

assigned to the protons of propylene bridge and two separated isopropyl CH peaks (from dipp groups). 

 

 

Figure 44. 1H NMR spectrum of cNMI3H (600 MHz, chloroform-d, 300 K). The enlarged parts present peaks 

assigned to the protons of propylene bridge and two separated isopropyl CH peaks (from dipp groups). 

The geometries of all boomerangs were also optimizes using DFT calculations. The length of the linker 

(n) in cNDAnX and cNMInX determines the chromophore in- and out-of-plane geometry. Two parameters 

can be used to describe the observed changes: the angle α between the monopyrrole axis and the N–N 
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vector, and the torsion angle θ between the two monopyrrole axes (Table 5). Unlike previously reported 

cR1O dilactams, which were essentially planar, systems with n = 2 and 3 exhibit helicene-like 

conformations, caused by a twisting distortion of the structures. The distortion occurs as a result of 

a higher splay angle between the two pyrrolic subunits, which results in increased steric congestion and, 

as a result, an increase in twist. 

 

Figure 45. Optimized structures of chosen boomerangs (left: cNDA3O, right: cNMI3H; DFT, B3LYP/6-

31G(d,p)).  

 

Table 5. The angle α between the monopyrrole axis and the N–N vector and torsion angle θ between the 

two monopyrrole axes. Data based on optimized structures (DFT, B3LYP/6-31G(d,p)).  

 cNDA2O cNDA3O cNMI2O cNMI3O cNMI2H cNMI3H 

α [°] 119 110 116 110 116 108 

θ [°] 21 48 35 48 41 58 
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The cNMI2O and cNMI3O bipyrroles absorption spectra in dichloromethane are redshifted by 74 and 86 

nm, respectively, in comparison to their cNDAnO congeners (Table 6, Figure 46). When the bridge length 

n is extended from 2 to 3, the lowest-energy band in each lactam series is moved by approximately 17 nm 

to longer wavelengths. The lactam rings in cNMI2O and cNMI3O form a quinoidal substructure, which 

results in a considerable bathochromic shift of their lowest-energy absorption bands (up to 176 nm in 

toluene) relative to the α-unsubstituted analogous boomerangs. The lactam bipyrroles cNDAnO and 

cNMInO exhibit noticeable solvatochromism that is more pronounced for n = 2 and is invariably negative. 

In comparison, the solvatochromism of α-free boomerangs is more positive. For instance, the lowest 

energy band of the solution of cNMI2H in acetonitrile is redshifted by 25 nm comparing with its solution in 

toluene. 

 

 

Figure 46. Absorption spectra of cNDA2O and cNDA3O measured in different solvents (toluene, 

dichloromethane and acetonitrile). 
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Figure 47. Absorption spectra of cNMI2O and cNMI3O measured in different solvents (toluene, 

dichloromethane and acetonitrile). 

Table 6. Experimental (the lowest-energy transition and calculated (molecular orbital energies, B3LYP/6-
31G(d,p)) properties of fused bipyrroles. 

Species MO energies 

 [eV]a 

λmax
abs  

[nm] 

λmax
em  

[nm] (QY) 

 HOMO LUMO HLGb tolc DCMd MeCNe tolc DCMd MeCNe 

cNDA2O –5.47  –3.26  2.21 620 610 605 655  

(0.07) 

― ― 

cNDA3O –5.34  –3.28  2.06  636  620 617 694  

(0.25) 

― ― 

cNMI2O –5.95  –4.03  1.92  693 684  676 738  

(0.01) 

― ― 

cNMI3O –5.88  –4.03  1.85  711 706 703 768  

(0.01) 

― ― 

cNMI2H –5.50  –2.78  2.72  555  570 580 575 

 (0.83) 

74  

(0.61) 

650  

(0.64) 
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cNMI3H –5.56  –2.73  2.83  535  540 546  574  

(0.80) 

605  

(0.75) 

655  

(0.66) 

 

The bipyrroles cNMI2H and cNMI3H are extremely efficient fluorophores (Table 6), far more emissive 

than lactam counterparts and other previously described boomerangs. Their solutions in toluene had the 

highest quantum yields of fluorescence (ΦPL = 83 and 80%, respectively). By comparison, the fluorescence 

levels of the lactams cNMI2O and cNMI3O are approximately 1%. Notably, the fluorescence of cNMInH 

boomerang bipyrroles exhibited a greater solvatochromic dependence, than it was observed for the 

absorption spectra (Figure 48). The emission patterns got redshifted and widened in the more polar 

solvents. Simultaneously, the fluorescence was weaker in the more polar solvents, and ΦPL = 64 and 66% 

for cNMI2H and cNMI3H, respectively, were obtained in acetonitrile. 

 

Figure 48. Spectra of absorption and emission of cNMI2H (top) and cNMI3H (bottom) measured in toluene 

(violet line), dichloromethane (pink line) and acetonitrile (orange line). 
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Figure 49. Photographs of (from left) cNDA2O, cNDA3O, cNMI2O, cNMI3O, cNMI2H, cNMI3H solution in 

toluene taken under UV lamp (365 nm, top) and ambient light (bottom). 

To investigate the chiral characteristics of the helically twisted boomerangs, all of them were separated 

into enantiomers using chiral HPLC with CD detection, resulting in enantioenriched samples of 

boomerangs. Due to the rapid racemization of the cR2O enantiomers, it was not possible to make 

a separation. The cR3X systems, which feature a seven-membered ring, exhibited an astonishing range of 

behavior. The cNMI3O enantiomers could not be isolated, possibly due to extremely rapid racemization. 

The half-life of the cNDA3O enantiomers (about 0.54 min) was too short to record their CD spectra, but 

was sufficient for kinetic studies. Enantioenriched samples of cNMI3H were the most stable 

configurationally, exhibiting no loss of optical activity after several hours in solution (Figure 50). Their CD 

spectra were found to agree satisfactorily with the TD-DFT data for the cNMI3H enantiomers.  
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Figure 50. Circularly polarized luminescence spectra (CPL) recorded for the solutions of enantioenriched 

cNMI3H in toluene. 

Circularly polarized luminescence (CPL) studies on enantioenriched samples of cNMI3H revealed faint 

signals with opposite signs, with a maximum at approximately 570 nm consistent with the unpolarized 

luminescence. Throughout the measurements, the CPL signals gradually decreased, with no noticeable 

loss of unpolarized emission intensity. This phenomenon, which precludes quantitative study of the CPL 

characteristics, may be a result of photoinduced racemization. DFT simulations reproduce the 

discrepancies in configurational stability of boomerangs, predicting inversion barriers ΔG298 of 20.0 and 

24.7 kcal/mol for models of cNDA3O and cNMI3H, respectively (Figures 51 and 52). The latter maximum 

stability value is consistent with experimentally obtained one for cNMI3H. 
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Figure 51The DFT calculated (B3LYP/6-31G(d,p)) pathway of inversion of cNDA3O analogue (hydrogens 

were used instead of dimethylaminocarbonyl groups for calculations). Relative to the lowest energy 

conformation ΔG298 values (kcal/mol) are shown on the scheme. 

 

Figure 52. The DFT calculated (B3LYP/6-31G(d,p)) pathway of inversion of cNMI3H analogue (hydrogens 

were used instead of dimethylaminocarbonyl groups for calculations). Relative to the lowest energy 

conformation ΔG298 values (kcal/mol) are shown on the scheme. 

The boomerangs frontier molecular orbitals disclose characteristics of donor–acceptor systems (Figures 

53 and 54). For dilactams, cRnO, the HOMO orbital is predominantly confined on the dilactam (bipyrrole) 

moiety, with some non-zero amplitudes on the NDA/NMI fragment, but the LUMO orbital more uniformly 

surrounds the system. The HOMO and LUMO of the cNMInH series (n = 2, 3) are created via superposition 

of the monomeric NMI pyrrole corresponding MOs. However, the LUMO orbital has significantly smaller 

amplitudes on the bipyrrole half of the molecule, whereas the HOMO orbital has a more equal coverage 
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of the system. The bandgap variations and absorption profiles observed experimentally were qualitatively 

recreated by TD-DFT calculations for cNDA2O, cNDA3O, and cNMI3H. 

 HOMO LUMO 
   

pyrrole NDAH 

  
 −5.28 eV −1.48 eV 

cNDA2O 

 
 

 −5.47 eV −3.26 eV 

cNDA3O 

 

 

 −5.34 eV −3.28 eV 
Figure 53. HOMO and LUMO calculated (DFT, B3LYP/6-31G level of theory) for NDAH pyrrole and its 

boomerang derivatives discussed in the work. 
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 HOMO LUMO 
   

pyrrole NMIH 

  
 −5.83 eV −2.47 eV 

cNMI2O 

  
 −5.95 eV −4.03 eV 

cNMI3O 

  
 −5.88 eV −4.03 eV 

cNMI2H 

  
 −5.50 eV −3.79 eV 

cNMI3H 

  
 −5.56 eV −2.73 eV 

Figure 54. HOMO and LUMO calculated (DFT, B3LYP/6-31G level of theory) for NMIH pyrrole and its 

boomerang derivatives discussed in the work. 

Cyclic (CV) and differential pulse (DPV) voltammetry were used to explore the redox characteristics of 

the novel bipyrrole boomerangs. Each system exhibited a minimum of two reversible one-electron 

reduction couples and a maximum of two oxidation couples. Except for cNMI2H and cNDA3O, the initial 

oxidation was reversible in all systems investigated. In all cases, the second oxidations were chemically 

irreversible and often resulted in the formation of new irreversible peaks with subsequent cathodic scans. 
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Additionally, one reversible oxidation and four reductions were observed in the previously described 

cNMInEE series (n = 1, 2, 3). The initial oxidation potentials (EOx1) range between 0.62 and 1.09 V, whereas 

the initial reduction potentials (ERed1) range between –1.54 and –0.60 V. (Table 7). Boomerangs with 

unsubstituted pyrrole-positions (cNMI3H and cNMI2H) exhibit much lower oxidation and reduction 

potentials than their dilactam counterpart. Electrochemical measurements obtained for cNMI3O and 

cNMI2O reveal that their HOMOs are approximately 0.5 V destabilized, whereas their LUMOs are 

approximately 1 V destabilized in comparison to cNMI3H and cNMI2H. This significantly enhanced LUMO 

stability in the NMI lactam systems leads in a significant reduction of their electrochemical gap (E, by about 

0.5–0.7 V) when compared to their -free analogues. The E values for lactams cRnO are largely insensitive 

to the length of the alkylene linker n, despite the substantial variations in inter-subunit torsion generated 

by increasing of n. According to absorption spectroscopy studies, the cNMInO series has an energy gap of 

0.25 to 0.36 V smaller than the equivalent cNDAnO analogues. Interestingly, the difference between the 

first and second reduction potentials in cRnO dilactams is between 0.25 and 0.33 V, showing a significant 

connection between the subunits. By comparison, the potential difference between the α-free 

counterparts cNMI3H and cNMI2H is substantially smaller (ca. 0.1 V). 

Table 7. Electrochemical data for the boomerangs derived from differential pulse voltammograms.  

Boomerang ERed4 

[eV] 

ERed3 

[eV] 

ERed2 

[eV] 

ERed1 

[eV] 

EOx1 

[eV] 

EOx2 

[eV] 

ΔE b 

[eV] 

cNDA1O  –2.52 c –1.95 c –1.36 –1.03 0.88 c n.d. 1.91 

cNDA2O n.d. –1.82 c –1.36 –1.07 0.98 1.08 c 2.05 

cNDA3O n.d. n.d. –1.31 –1.03 0.89 c 1.01 c 1.92 

cNMI1O  –1.84 – 1.59 –0.83 –0.57 1.09 c 1.19 c 1.66 

cNMI2O –1.90 –1.65 –0.85 –0.60 1.09 n.d. 1.69 

cNMI3O –1.97 –1.73 –0.86 –0.61 1.04 1.16 c 1.65 

cNMI2H – –2.46 c –1.67 –1.59 0.62 c 0.76 c 2.21 

cNMI3H – –2.54 –1.80 –1.70 0.68 0.98 c 2.38 

a Measurements were performed in DCM using glassy carbon as working, platinum rod as auxiliary, and 

Ag/AgCl as pseudoreference electrodes. All electrode potentials are referenced with the 

ferrocene/ferrocenium couple as the internal standard. b Electrochemical HOMO–LUMO gap  

(ΔE = EOx1 – ERed1). c Irreversible. n.d. = not determined. 
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5.2 Reactivity of Sulfur containing pyrroles  

As it was shown before, C‒H bond activation occurs selectively at pyrrolic α position, without impacting 

the electron-deficient NDA and NMI units. When the electron-rich pyrrolic subunit was used for the 

studies, interesting tandem cyclization processes were observed. This was illustrated by the double 

annulation of β-thienyl dipyrrolylmethane TT1EE, which results in the formation of the fused 

cyclooctatetraene derivative dcTT1EE (Scheme 67). This bis-annulation reaction is an uncommon example 

of a cascade cyclization that results in the formation of a pair of 5- and 8-membered rings, as well as an 

exceptional occurrence of tandem double C‒H activation. The reaction proceeds via a singly annulated 

intermediate, cTT1EE, which was identified in situ using 1H NMR spectroscopy. Surprisingly, both cyclization 

stages were discovered to be entirely selective. No benzannulation of adjacent thiophene substituents, 

which might have been expected,376 was detected (Scheme 67). 

Scheme 67. Tandem Cyclization Processes Observed for Thiophene-Substituted Pyrroles a 

 

a Reagents and conditions: (a) Pd(OAc)2 (3 equiv), AcOH, 120 °C, 1 h. 

This research inspired the further studies on the reactivity of thiophene-containing pyrroles. 

An especially interesting expansion of the aforementioned concept could be to combine intramolecular 

and intermolecular coupling steps in one phase. According to the available experimental data, the 

competition between intramolecular and intermolecular processes could be controlled with great 

precision by using a traditional high-dilution technique. Though even at a first glance seemed extremely 

speculative, the example depicted in Scheme 68 was an attempt to take use of both the predilection for 

intramolecular couplings and the feasibility of tandem annulations in thienyl-substituted systems at the 

same time. Such syntheses could ideally be carried out using one-pot methods, but stepwise syntheses 
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would also be of interest in some cases. The resulting ribbon-like systems might potentially be interesting 

for materials science because of their ribbon-like appearance. Additionally, the investigation of such 

tandem reactions was expected to provide additional insight into the mechanism of double C‒H bond 

activation. 

Scheme 68. Complex Coupling Cascade Yielding a Fused Oligopyrrole a 

 

a Reagents and conditions: (a) (1) Cs2CO3, NaH, DMF, 30 min, rt, (2) DCM, 50 °C, ovn. 

However, the mixed substitution of dichloromethane with different pyrroles appeared to be hardly 

reproducible: it was successful only once. All the following attempts to obtain product of 

dipyrrolylmethanes with two different pyrroles resulted in preferable formation of TT1EE and recovery of 

TTH pyrrole. Since it was known, that both substitution accrues at the same time when dihalomethane is 

used, it was decided to obtain the dipyrrolylethane 69.2 via stepwise substitution of ethylene di(p-

toluenesulfonate (Scheme 69). However, the subsequent oxidation attempts provided to formation of only 

polymeric products. This result might be somewhat expected, since the cyclization process was known to 

be slower in case of longer linkages. An NMR studies of the reaction showed that α-positions of pyrrole in 

this case are more reactive, the α-protons of the substrate almost immediately undergo the exchange with 

deuterium originating from acid, and, subsequently, the polymeric product is forming in time of the 

reaction. Considering the low stability and difficult accessibility of TTX pyrroles, it was decided to modify 

the structure of a pyrrole. 
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Scheme 69. Dipyrrolylethane Substituted with Different Pyrroles a 

 

a Reagents and conditions: (a) (1) Cs2CO3, DMF, 30 min, rt, (2) ethylene di(p-toluenesulfonate), DMF, 50 °C, ovn; (b) (1) NaH, DMF, 

30 min, rt, (2) TTH, DMF, 50 °C, ovn. 

Considering the increased stability of pyrroles with the phenyl groups introduced in β-positions, it was 

decided to introduce phenyl substituents in thiophene α-positions (70.9). As an alternate synthetic 

technique, the TTH strategy was considered. However, the first-step McMurry reaction resulted in the 

formation of the weakly soluble stilbene-like 70.10. The solubility of 70.10 was a critical constraint on 

subsequent reactions: no electron withdrawing group suitable for the Barton-Zard reaction could be 

introduced with a satisfactory yield. Following that, in order to boost the solubility of the stilbene, the  

p-(tert-butyl)phenyl group was substituted for the phenyl one. The Suzuki coupling reaction involving  

5-bromo-2-tiophenealdehyde and p-(tert-butyl)phenyl boronic ester was used to produce 70.14. The 

subsequent stage, the McMurry reaction, proceeded smoothly and yielded the desired 70.15 (ca. 70%). 

However, during the subsequent iodosulfonylation process the aldehyde 70.15 was produced rather than 

the expected 70.16. 

When the synthetic strategy for obtaining TTH was under development, a method similar to the one, 

published by our group,337 was tested. This procedure entails the reduction of aldehyde to alcohol, the 

replacement of the hydroxyl group with chlorine, and the subsequent cyanation. When 70.11 was 

employed as the starting material, the chlorinated 70.13 formed a dark unidentified oily byproduct, most 

likely some polymeric material. However, such a rapid decomposition was not observed for the longer 

chains. That is why it was ultimately decided to synthesize the 70.9 and 70.6 through this method with 

some, based on literature, modifications of reaction conditions for known or similar to known molecules. 

Pyrroles 70.6a and 70.9a were synthesized starting with proper aldehydes 70.1 and 70.7, which were 

reduced with sodium borohydride in the first step. Then, 70.2 and a coherent for 70.7 alcohols were 

subjected to chlorination reaction in presence of thienyl chloride. The chlorinated products underwent the 

cyanation reaction with sodium cyanide. The proper nitriles were then subjected to the condensation 

reactions with aldehydes 70.1 and 70.7, resulting in the formation of stilbene-like structures 70.5 and 70.8, 

responsibly. Pyrroles 70.6a and 70.9a were synthesized by treating 70.5 and 70.8 with ethyl 

isocyanoacetate in basic conditions. Pyrroles 70.6b and 70.9b, possessing both unsubstituted pyrrolic  
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α-positions, were synthesized by saponification and decarboxylation of 70.6a and 70.9a in presence of 

sodium hydroxide. This reaction chain appeared to proceed without issue, giving the targeted 70.6a and 

70.9a at acceptable yields of 59 and 43%. (responsibly, for 5 steps), despite the fact that overall more steps 

were required. Interestingly, in both cases, some side reactivity for the pyrrole-ring forming Barton-Zard 

reaction was detected: other pyrrolic products were observed in the crude mixture, although their specific 

structures were not established.  

Additionally, the features of thiophene-fused benzannulated bipyrrole boomerangs in comparison to 

the eight-membered ring containing one cdTT1EE piqued the interest. For the purposes of this 

investigation, an attempt to synthesize 70.20 was made. Considering its possible chirality, the synthesis of 

benzannulated boomerang built with 70.20 pyrrole looked especially attractive. The chosen synthetic 

method, however, did not appear to be especially perspicacious. The photoinduced oxidative coupling of 

70.17 was limited by the requirement for high dilution and low conversion yield. Only a classical nitration 

in the presence of sulfuric acid reaction appeared to work for the introduction of electron withdrawing 

groups to 70.19, thus no any other suitable for Barton-Zard reaction substituent was possible to introduce 

easily. And finally, the Barton-Zard reaction resulted in the formation of a mixture of compounds that 

degraded during the chromatographic separation. All these limitations prompted the abandonment of this 

offshoot of the research. 



145 

Scheme 70. Synthetic Strategies to a Various of Thiophene-Containing Pyrroles a 

 

a Reagents and conditions: (a)377 NaBH4, THF, 0 °C to rt, 2 h; (b)378 SOCl2, DMF, DCM, rt, 12 h; (c)379 NaCN, DMSO, 110 °C, 2 h; (d) 

EtONa, 70.1, EtOH, 80 °C, 1 h; (e) ethyl isocyanoacetate, t-BuOK, THF, 0 °C to rt, 24 h; (f) NaOH, ethylene glycol, 196 °C, 1 h; (g) 

TiCl4, CuI, Zn, THF, 80 °C, 3 h; (h) p-TolSO2Na, I2, DCM/H2O (1:1), rt, 17 h; (i)380 I2, THF, toluene, hν, rt, 2 h; (j) HNO3, H2SO4, rt, 1 h. 

Surprisingly, the new pyrroles 70.6a and 70.9a showed lower susceptibility to the chemistry discussed 

above. The substitution reactions of DCM by both pyrroles were rather low-yielding, neither change of 

deprotonating reagent nor modification of reaction conditions improved the yield. Additionally, the Pd(II)-

catalyzed coupling reactions of dipyrrolylmethane did not provide any expected products, but rather 

inseparable, uncharacterized mixtures. When pyrrole 71.9a was treated with ferric chloride in DCM for  

4 hours, an experiment inspired by the previous research,376 the only result of the oxidation reaction was 
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compound 71.5. This is particularly noteworthy because attempts to oxidize dipyrrolylmethane 71.2a with 

FeCl3 resulted in the recovery of the starting material.  

Scheme 71. Reactivity of new thiophene-based pyrroles a 

 

a Reagents and conditions: (a) (1) NaH or CaH2 or Cs2CO3, DMF, rt, 1 h, (2) DCM, DMF, 12 h, 50 °C; Pd(OAc)2, AcOH, 1 h, 120 °C;  

(c) FeCl3, DCM, constant nitrogen flow, 4 h, 16 °C. 

Finally, it was tried to obtain HPHAC using the pyrroles 70.6b and 70.9b. For this purpose, they were 

subjected to the SNAr reaction with HFB. However, no good selectivity of these reactions were observed 

neither for 70.6b nor 70.9b. Furthermore, the obtained, inseparable mixtures of products were treated 

with ferric chloride and DDQ in a hope to obtain any oxidized product. It was expected, that oxidized 

product might be easier to separate on column chromatography. However, the recovery of starting 

materials was observed. This behavior might be explained by the formation of some stable radical or 

cationic forms, which is in consistence with sulfur-rich HPBs known in the literature.381 The attempts to 

oxidize those mixtures in presence of palladium(II) resulted in the degradation of material, and, most 

probably, formation of indescribable polymeric forms.  
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Scheme 72. Additional Reactivity Explored for Thiophene-Containing Pyrroles 
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6 Contributions  

The contributions of the author: 

 synthesis, purification, and analysis of all new compounds, preparation of the majority of 

previously known intermediates 

 the majority of NMR measurements, including NMR-controlled titrations, irradiations, variable 

temperature measurements, etc., and the NMR data analysis  

 DFT calculations presented in the work 

 the UV-vis-NIR or UV-vis experiments, such as titrations, irradiations, etc.  

 preparation of single-crystal specimens for XRD analyses 

 preparation of solutions for fluorescence measurements 

With the help of Prof. Marcin Stępień the atypical 1D HSCQ spectrum of 55.1 was obtained and 1H NMR 

spectrum of 55.1 dimer was analyzed. The synthesis strategies and molecular design were developed in 

cooperation with Prof. Marcin Stępień. 

Prof. Piotr J. Chmielewski performed the electron spin resonance measurements, electrochemical and 

chiroptical experiments, and helped with the interpretation of obtained data. 

Prof. Tadeusz Lis solved crystal structures of 55.1, 57.1 and 57.4. 

Dr. Joanna Cybińska measured fluorescence spectra and quantum yield. 

Daniel Matuszczyk synthesized compounds 59.1, 60.1f, 60.1h and 3,4-dimethyl-1H-pyrrole, which were 

used for testing of some of the reaction conditions and synthetic strategies. 
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7 Experimental part 

Solvents for reactions. Tetrahydrofuran and N,N‐dimethylformamide were dried using a commercial 

solvent purification system. Dichloromethane and chloroform were distilled from calcium hydride, 

degassed using freeze-pump-thaw method and kept in glovebox at ‒18 °C. Acetic acid was degassed using 

freeze-pump-thaw method and kept in glovebox. 1,2-Dichloroethane, chlorobenzene and toluene were 

distilled over anhydrous calcium chloride and kept over molecular sieves. All other solvents were used as 

received. 

Reagents and reactants. Deuterated camphorsulfonic acid-d was obtained by recrystallization of 

camphorsulfonic acid from deuterated water and acetic acid-d. p-Toluenesulfonic acid was recrystallized 

from acetic acid and dried in vacuum oven at 90 °C for 12 hours, then kept in desiccator. 

Paraformaldehyde, paraformaldehyde-13C2, paraformaldehyde-d2, iodine and aluminum chloride were 

grinded in the mortar before use. 2,6-Diisopropylaniline hydrochloride was obtained as colorless powder 

by precipitating 2,6-diisopropylaniline by adding of hydrochloric acid to its ethyl ether solution. All other 

reagents were used as received.  

Chromatography. Chloroform stabilized with ethanol was mixed with concentrated sulfuric acid, washed 

with water, aqueous solution of sodium bicarbonate, dried over anhydrous sodium sulfate, distilled over 

calcium hydrate, kept in dark bottles with silver plates under nitrogen no longer than one week. 

Chloroform stabilized with amylene was distilled over calcium hydride and used immediately after 

distillation. HPLC grade chloroform stabilized with ethanol was used for GPC separation. HPLC grade 

dichloromethane was used as received, dichloromethane of lower purity grades was distilled over calcium 

hydride and kept in dark-glass bottles no longer than one week. Methanol and ethyl acetate was used as 

received. Basic alumina grade I was used for preparation of III and V grades basic alumina by addition of 

redistilled demineralized water (6 and 15%, respectively) and shaking it for at least 4 hours.  

NMR analyses. 1H NMR spectra were acquired using high-field spectrometers (1H frequency 500.13 or 

600.13 MHz) equipped with either broadband inverse or conventional gradient probe heads. The spectra 

were calibrated using residual solvent signals (chloroform-d 7.24 ppm; dichloromethane-d2 5.32 ppm; and 

toluene-d8 2.09 ppm). Two-dimensional NMR spectra were recorded with up to 4096 or 2048 data points 

in the t1 domain and 4096 data points in the t2 domain, with a 1.5 s recovery delay. Except for NOESY and 

ROESY, all two-dimensional spectra were recorded using gradient selection. The NOESY mixing time was 
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500 ms and the ROESY spinlock time was 300 ms. The 13C NMR spectra were acquired using proton 

broadband decoupling and calibrated to solvent signals (13CDCl3, 77.0 ppm). 

Mass spectrometry. For bridged HPB, MALDI ionization in the positive mode was used to obtain high-

resolution mass spectra. MALDI-ToF-MS analysis of 55.1 was performed in the positive-ion mode on a 

Bruker ultrafleXtreme using trans-2-[3-(4-tert-butylphenyl)-2-methyl-2-propenylidene]malonitrile (DCTB) 

as the matrix. The ratio of matrix to analyte was 40:1. For boomerangs, mass spectra were obtained using 

ESI-TOF method or MALDI-TOF. 

Electrochemistry. Electrochemical measurements (dichloromethane, 293 K) were carried out on an EA9C 

Multifunctional Electrochemical Analyzer with a glassy carbon working electrode, platinum wire serving as 

an auxiliary electrode, and silver wire serving as a reference electrode. Voltammograms were calibrated 

against the Fc+/Fc half-wave potential. 

The FSL980-sm Fluorescence Spectrometer from Edinburgh Instruments Ltd. was used to acquire 

photoluminescence excitation (PLE) and emission (PL) spectra, as well as decay kinetics (DEC). Excitation 

sources included a 450 W Xenon arc lamp (PL and PLE) and a Super Continuum Fianium laser. The efficiency 

of the recording system was used to correct the emission spectra, and the incident light intensity was used 

to correct the excitation spectra. The PLE and PL spectra, as well as QY, were determined using a cooled 

extended red Hamamatsu photomultiplier operating in the 200–1050 nm wavelength range. Quantum 

yield measurements were made with an integrating sphere from Edinburgh Instruments equipped with a 

small elliptical mirror and a baffle plate for beam steering and shielding against directly detected light. The 

integrating sphere takes the place of the standard sample holder inside the sample chamber during the 

measurement. Quantum yields were calculated using Edinburgh Instruments software. 

HPLC was used to separate enantiomers using a chiral stationary-phase column Chirex 3010, and UV-vis 

and CD detection was done with a Jasco 1500 spectropolarimeter fitted with a flow cell. To determine 

enantiomeric excesses, the separated fractions were examined using the same HPLC system. 

Dichloromethane was used to record the CD spectra. 

Absorption spectroscopy. Absorption spectra were recorded using a Varian Cary 60, Cary 5000 UV-vis-NIR 

or PerkinElmer Lambda 1050+ UV-vis-NIR spectrophotometers. 

Irradiation of compound 55.1. A toluene solution of 55.1 was degassed with freeze-pump-thaw cycles and 

introduced into a glovebox. In the glovebox, the solution was transferred to a 1 mm quartz cuvette and 

kept in darkness. After that the cuvette was transferred to the measurement chamber of the 
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spectrophotometer. After the first spectrum was recorded, the sample was irradiated with a UV lamp (365 

nm) for 10 s, and the second spectrum was recorded immediately. 8 steps of irradiation were performed 

(the total time of irradiation was 80 s). The solution was irradiated until no further change of the electronic 

spectrum was observed. Once the experiment was finished, the sample was protected from light and 

introduced to the glovebox. After 12 h in darkness the experiment was repeated using the same condition 

on the same sample two more times. After that, the same sample was irradiated with a LED lamp, 

observing the same changes in the spectra.  

ESR spectra. A degassed solution of 55.1 in toluene was transferred under inert conditions to a quartz test 

tube and protected from atmosphere and light. After the first ESR measurement was made, the solution 

was irradiated with a UV lamp for 5 min and a new ESR spectrum was recorded immediately; the irradiation 

of the sample was repeated 2 times using a UV lamp (365 nm) and then 2 times using a consumer white-

light LED lamp. After all irradiation cycles were performed, kinetics of the radical decay was monitored 

over the course of 90 min.  

Computational methods. Gaussian 16 was used to perform density functional theory (DFT) calculations. 

382 DFT geometry optimizations were conducted in unconstrained C1 symmetry, starting with molecular 

mechanics or semi-empirical models. Standard convergence criteria were used to refine DFT geometries, 

and the existence of a local minimum was validated using a normal mode frequency calculation. 

Optimizations of geometry and frequency computations were performed by applying the hybrid 

functionals B3LYP and ωB97XD (for 53.1, 56.1 and 56.2), and 6-31G(d,p) basis set (3-21G for 55.1).383–386 

For compound 56.2 and all boomerangs, 50 electronic transitions were estimated using time-dependent 

DFT (TD-DFT), 100 electronic transitions were calculated for 57.4, while for the rest of compounds 200 

electronic transitions were calculated using the hybrid functional B3LYP and the 6-31G(d,p) basis set (3-

21G for 55.1). The same procedure was used to determine the HOMO and LUMO energies. For compound 

57.4 100 electronic transitions, and for compounds 57.1, 57.2, 57.3 200 electronic transitions were 

calculated by means of time-dependent DFT employing the Tamm-Dancoff approximation (TDA-DFT)387, 

using the hybrid functional B3LYP and the 6-31G(d,p) basis set. The same approach was also used for 

calculation of HOMO and LUMO energies and transition states energies. For all boomerangs 200 electronic 

transitions were calculated by means of time-dependent DFT (TD-DFT), using the hybrid functional B3LYP 

and the 6-31G(d,p). The same approach was also used for calculation of HOMO-LUMO energies. 

X-ray crystallography. XRD suitable crystals of 55.1 were obtained using the vapor fusion method with 

a DCM-toluene mixture as solvent and methanol as antisolvent. Diffraction measurements were made 
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with graphite-monochromatized Cu Kα radiation on a κ-geometry XCALIBUR diffractometer (ω scans) 

equipped with an ONYX CCD camera. At a temperature of 100 K, data were gathered and corrected for 

Lorenz and polarization effects. Structure was solved using direct methods and refined using SHELXT-10 

with anisotropic thermal parameters for non-H atoms.388 All H atoms were considered as riding atoms in 

geometrically optimum places during the final refining cycles.  

X-ray quality crystals of 57.1 and 57.4 were grown by vapor fusion, using toluene as solvent and methanol 

as antisolvent. Diffraction measurements were performed on a κ-geometry XCALIBUR diffractometer (ω 

scans), equipped with an ONYX CCD camera, with graphite-monochromatized Cu Kα radiation. The data 

were collected at 100 K, corrected for Lorenz and polarization effects. Structures were solved by direct 

methods with the SHELXS-97 program and refined using SHELXT-10 with anisotropic thermal parameters 

for non-H atoms.388 All H atoms were treated as riding atoms in geometrically optimum places during the 

final refining cycles. 
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 (53.1). Under an inert atmosphere, 46.1 (100.0 mg) was dissolved in dichloromethane (10 mL). 0.5 M 

oxygen-free solution of FeCl3 (0.77 mL) in dichloromethane (containing 10% nitromethane) was added. 

The reaction mixture was stirred at 18 °C for 1 h. After 1 h, the reaction mixture was washed with a 10% 

solution of KSCN in water (100 mL), water, and a 2% aqueous solution of hydrazine. The combined organic 

fractions were dried over sodium sulfate, filtered and solvents were evaporated under reduced pressure, 

46.1 was obtained without further purification as a dark violet solid (97 mg, 98%). 1H NMR (600 MHz, 

chloroform-d , 300 K): δ 8.80–8.72 (8H, m), 8,70–8.61 (4H, m), 8.32 (2H, s), 8.08 (2H, d, 3J = 7.2 Hz), 7.82 

(4H, m), 7.77 (2H, d, 3J = 7.4 Hz), 7.69 (2H, d, 3J = 7.6 Hz), 7.59 (2H, d, 3J = 7.5 Hz), 7.48–7.41 (6H, m), 7.38–

7.23 (12H, m), 2.95–2.50 (12H, m), 1.28–0.92 (72H, m). 13C NMR (151 MHz, chloroform-d , 300 K): δ 163.8, 

163.7, 163.7, 163.7, 145.9, 145.8, 145.7, 145.7, 137.5, 137.5, 137.2, 137.2, 137.0, 137.0, 136.6, 136.6, 

136.4, 136.3, 136.2, 136.1, 133.0, 132.9, 132.9, 132.8, 132.8, 132.7, 130.9, 130.8, 130.8, 129.69, 129.6, 

129.4, 129.4, 129.1, 129.1, 128.7, 128.1, 128.0, 127.4, 126.9, 126.9, 126.0, 125.7, 125.7, 125.51, 125.3, 

124.2, 124.2, 124.1, 124.0, 121.9, 121.9, 121.8, 121.8, 121.7, 121.7, 121.6, 121.6, 121.5, 121.26, 121.2, 

120.6, 117.5, 117.3, 116.2, 116.1, 115.9, 113.2, 110.9, 110.3, 29.3, 29.3, 29.2, 29.2, 29.2, 29.1, 24.1, 24.1, 

24.1, 24.0, 24.0. HRMS (MALDI–TOF): m/z: [M]+ Calcd for C174H128N12O12: 2576.9769; Found 2576.9713. 

UV-vis (dichloromethane, 300 K) λ [nm] (ε in M-1 cm-1): 354 (105 800) 370 (108 500), 561 (67 300), 610 (50 

400). 
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 (55.1). In an inert-atmosphere glovebox, a mixture of 53.1 (70.0 mg, 0.028 mmol), paraformaldehyde  

(3.3 mg, 0.109 mmol), and camphorsulfonic acid (38.6 mg, 0.163 mmol) was transferred to a pressure tube 

and dissolved in 150 µL of chloroform. The tube was sealed, taken out of the glovebox and heated at  

90 °C for 17 h. The mixture was diluted with water and extracted with chloroform (50 mL × 3). Organic 

fractions were combined and the solvent was removed under reduced pressure. The residue was subjected 

to column chromatography (grade V alumina, chloroform stabilized with amylene). The pure product was 

obtained as the third fraction, and isolated as a dark violet solid (49.6 mg, 70%). 1H NMR (600 MHz, 

chloroform-d, 300 K): δ 9.03 (2H, d, 3J = 7.7 Hz), 8.93 (2H, d, 3J = 7.7 Hz), 8.83 (4H, m), 8.75 (2H, d, 3J = 7.7 

Hz), 8.64 (4H, m), 8.36 (2H, d, 3J = 7.4 Hz), 8.31 (2H, d, 3J = 7.4 Hz), 8.27 (2H, d, 3J = 7.3 Hz), 8.06 (4H, m), 

7.99 (2H, d, 3J = 7.2 Hz), 7.74 (2H, d, 3J = 7.7 Hz), 7.65 (4H, m), 7.57–7.34 (32H, m), 7.33–7.25 (6H, m), 7.23-

7.18 (6H, m), 7.15 (2H, d, 3J = 7.6 Hz), 7.11 (2H, d, 3J = 7.2 Hz), 7.00 (2H, d, 3J = 7.6 Hz), 6.92–6.87 (4H, m), 

3.11 (2H, m), 3.03 (2H, m), 2.91–2.79 (8H, m), 2.75–2.61 (6H, m), 2.47 (4H, m), 2.14 (2H, m), 1.45–0.89 

(132H, m), 0.48 (12H, m). 13C NMR (151 MHz, chloroform-d, 300 K): δ 163.4, 163.3, 163.2, 163.2, 163.0, 

162.7, 162.5, 162.1, 146.5, 146.4, 146.1, 146.0, 145.8, 145.6, 145.6, 145.5, 145.4, 145.4, 145.2, 144.6, 

137.5, 137.4, 137.3, 136.7, 136.5, 135.5, 135.1, 135.1, 135.1, 134.9, 134.7, 134.5, 134.4, 134.3, 133.7, 

133.5, 133.4, 132.8, 132.7, 132.5, 132.4, 131.6, 130.9, 130.9, 130.8, 130.8, 130.4, 130.2, 130.2, 130.0, 

129.8, 129.7, 129.5, 129.3, 129.1, 128.3, 128.0, 127.9, 127.8, 127.6, 127.3, 127.2, 127.1, 126.8, 126.8, 

126.7, 126.6, 126.4, 126.3, 126.1, 125.7, 124.9, 124.6, 124.3, 124.28, 124.2, 124.0, 123.9, 123.8, 123.6, 

123.1, 123.0, 122.8, 122.7, 122.6, 122.5, 122.4, 122.0, 121.7, 121.6, 121.5, 121.4, 121.2, 120.3, 119.7, 

117.0, 116.9, 116.9, 116.1, 116.2, 115.9, 114.8, 114.5, 113.6, 112.3, 112.1, 111.2, 111.1, 47.97, 37.5, 37.5, 

37.4, 37.1, 32.8, 31.9, 29.7, 29.7, 29.4, 28.0, 27.1, 26.8, 24.4, 24.3, 24.2, 24.1, 25.0, 25.0, 22.7, 19.8, 14.1. 

HRMS (MALDI–TOF): m/z: [M]+ Calcd for C350H254N24O24: 5176.94197; Found 5176.9596. UV-vis 

(Dichloromethane, 300 K) λ [nm] (ε in M-1 cm-1): 340 (226 300), 565 (167 400), 600 (160 400).  
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(55.1-c2). In an inert-atmosphere glovebox, a mixture of 53.1 (70.0 mg, 0.028 mmol), 13C-labeled 

paraformaldehyde (3.4 mg, 0.109 mmol) and camphorsulfonic acid (38.6 mg, 0.163 mmol) were 

transferred to a pressure tube and dissolved in 150 µL of chloroform. The tube was sealed, taken out of 

the glovebox and heated at 90 °C for 17 h. The mixture was diluted with water and extracted with 

chloroform (50 mL × 3). Organic fractions were combined and the solvent was removed under reduced 

pressure. The residue was subjected to column chromatography (grade V alumina, chloroform stabilized 

with amylene). The pure product was obtained as the third fraction, and isolated as a dark violet solid. 

Yield: 54.9 mg (74%). 1H NMR (600 MHz, chloroform-d, 300 K): δ 9.03 (2H, d, 3J = 7.7 Hz), 8.93 (2H, d, 3J = 

7.7 Hz), 8.83 (4H, m), 8.75 (2H, d, 3J = 7.7 Hz), 8.64 (4H, m), 8.36 (2H, d, 3J = 7.4 Hz), 8.31 (2H, d, 3J = 7.4 

Hz), 8.27 (2H, d, 3J = 7.3 Hz), 8.06 (4H, m), 7.98 (2H, d, 3J = 7.2 Hz), 7,75 (2H, d, 3J = 7.7 Hz), 7.65 (4H, m), 

7.57–7.25 (38H, m), 7.23–7.18 (6H, m), 7.15 (2H, d, 3J = 7.6 Hz), 7.11 (2H, d, 3J = 7.2 Hz), 7.00 (2H, d, 3J = 

7.6 Hz), 6.92–6.67 (4H, m), 3.11 (2H, m), 3.03 (2H, m), 2.91–2.79 (8H, m), 2.75-2.61 (6H, m), 2.47 (4H, m), 

2.14 (2H, m), 1.45–0.89 (132H, m), 0.48 (12H, m). 13C NMR (151 MHz, chloroform-d, 300 K): δ 163.4, 163.3, 

163.2, 163.2, 163.0, 162.7, 162.5, 162.1, 146.5, 146.4, 146.1, 146.0, 145.8, 145.6, 145.6, 145.5, 145.4, 

145.4, 145.2, 144.6, 137.5, 137.4, 137.3, 136.7, 136.5, 135.5, 135.1, 135.1, 135.1, 134.9, 134.7, 134.5, 

134.4, 134.3, 133.7, 133.5, 133.4, 132.8, 132.7, 132.5, 132.4, 131.6, 130.9, 130.9, 130.8, 130.8, 130.4, 

130.2, 130.2, 130.0, 129.8, 129.7, 129.5, 129.3, 129.1, 128.3, 128.0, 127.9, 127.8, 127.6, 127.3, 127.2, 

127.1, 126.8, 126.8, 126.7, 126.6, 126.4, 126.3, 126.1, 125.7, 124.9, 124.6, 124.3, 124.28, 124.2, 124.0, 

123.9, 123.8, 123.6, 123.1, 123.0, 122.8, 122.7, 122.6, 122.5, 122.4, 122.0, 121.7, 121.6, 121.5, 121.4, 

121.2, 120.3, 119.7, 117.0, 116.9, 116.9, 116.1, 116.2, 115.9, 114.8, 114.5, 113.6, 112.3, 112.1, 111.2, 

111.1, 47.97, 37.5, 37.5, 37.4, 37.1, 32.8, 31.9, 29.7, 29.7, 29.4, 28.0, 27.1, 26.8, 24.4, 24.3, 24.2, 24.1, 25.0, 

25.0, 22.7, 19.8, 14.1. HRMS (MALDI–TOF): m/z: [M]+ Calcd for C348
13C2H254N24O24: 5177.94545; Found 

5177.9496.  
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 (55.1-d2). Under inert atmosphere in glovebox, 53.1 (30.0 mg, 0.012 mmol), deuterated 

paraformaldehyde (1.8 mg, 0.059 mmol) and camphorsulfonic acid-d (18.9 mg, 0.084 mmol) transferred 

to a pressure tube and dissolved in 75 µL of chloroform. The tube was sealed, taken out of the glovebox 

and heated at 90 °C for 17 h. The mixture was diluted with deuterated water and extracted with 

chloroform (50 mL × 3). Organic fractions were combined and the solvent was removed under reduced 

pressure. The residue was subjected to column chromatography (grade V alumina, freshly distilled 

chloroform). The pure product was obtained as the third fraction, and isolated as a dark violet solid. Yield: 

20.7 mg (67%). 1H NMR (600 MHz, chloroform-d, 300 K): δ 9.03 (2H, d, 3J = 7.7 Hz), 8.93 (2H, d, 3J = 7.7 Hz), 

8.83 (4H, m), 8.75 (2H, d, 3J = 7.7 Hz), 8.64 (4H, m), 8.36 (2H, d, 3J = 7.4 Hz), 8.31 (2H, d, 3J = 7.4 Hz), 8.27 

(2H, d, 3J = 7.3 Hz), 8.06 (4H, m), 7.97 (2H, d, 3J = 7.2 Hz), 7,74 (2H, d, 3J = 7.7 Hz), 7.65 (4H, m), 7.57-7.25 

(38H, m), 7.23–7.18 (6H, m), 7.15 (2H, d, 3J = 7.6 Hz), 7.11 (2H, d, 3J = 7.2 Hz), 7.00 (2H, d, 3J = 7.6 Hz), 6.89 

(2H, d, 3J = 7.4 Hz ), 3.11 (2H, m), 3.03 (2H, m), 2.91–2.79 (8H, m), 2.75–2.61 (6H, m), 2.47 (4H, m), 2.14 

(2H, m), 1.45-0.89 (132H, m), 0.48 (12H, m). HRMS (MALDI–TOF): m/z: [(M/2)]+ Calcd for 

(C350H252D2N24O24)/2: 2588.9754; Found 2588.9973.  
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 (56.2). 55.1 (6 mg, 1 µmol) was dissolved in toluene (0.5 mL). The solution was irradiated with a UV lamp. 

After 0.5 h the solution was exposed to air for additional 12 h. The crude mixture was then purified using 

column chromatography (grade V alumina, chloroform stabilized with amylene). The pure product was 

obtained as a green solid (5 mg, 81%). 1H NMR (600 MHz, chloroform-d1, 300 K): δ 9.51 (2H, d, 3J = 7.2 Hz), 

8.91 (2H, d, 3J = 7.2 Hz), 8.83-8.72 (6H, m), 8.69 (2H, d, 3J = 7.2 Hz), 8.65 (2H, d, 3J = 7.4 Hz), 7.84–7.75 (4H, 

m), 7.61 (2H, d 3J = 7.4 Hz), 7.52–7.42 (8H, m) 7.41-7.30 (14H, m), 2.99–2.70 (12H, m), 1.33–1.05 (72H, m). 

13C NMR (151 MHz, chloroform-d, 300 K): δ 163.7, 163.6, 145.9, 145.8, 145.7, 137.5, 136.9, 136.6, 136.0, 

135.5, 134.7, 132.7, 131.8, 130.8, 130.5, 130.1, 129.7, 128.8, 128.1, 127.8, 127.4, 127.3, 126.6, 125.4, 

124.3, 124.1, 124.0, 123.9, 122.5, 121.8, 121.7, 117.1, 116.8, 116.7, 116.2, 114.2, 113.3, 107.2, 77.0, 31.9, 

29.7, 29.7, 29.6, 29.4, 29.3, 29.3, 29.2, 29.2, 24.1, 24.1, 24.0, 22.7. HRMS (MALDI–TOF): m/z: [M + Na]+ 

Calcd for C175H126N12O13: 2609.9510; Found 2609.9719. UV-vis (dichloromethane, 300 K) λ [nm] (ε in 

M-1 cm-1): 330 (177 400) 370 (162 600) 570 (101 900) 615 (96 100). 
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 (56.2-c). Compound 56.2-c was prepared using 55.1-c2 (6.2 mg, 1 µmol) as the starting material according 

to the procedure given for 56.2, to yield the product as a green solid (5 mg, 79%). 1H NMR (600 MHz, 

chloroform-d1, 300 K): δ 9.51 (2H, d, 3J = 7.2 Hz), 8.91 (2H, d, 3J = 7.2 Hz), 8.83–8.72 (6H, m), 8.69 (2H, d, 3J 

= 7.2 Hz), 8.65 (2H, d, 3J = 7.4 Hz), 7.84–7.75 (4H, m), 7.61 (2H, d 3J = 7.4 Hz), 7.53–7.42 (8H, m) 7.41–7.30 

(14H, m), 2.99–2.70 (12H, m), 1.33–1.05 (72H, m). 13C NMR (151 MHz, chloroform-d, 300 K): δ 163.7, 163.6, 

145.9, 145.8, 145.7, 137.5, 136.9, 136.6, 136.0, 135.5, 134.7, 132.7, 131.8, 130.8, 130.5, 130.1, 129.7, 

128.8, 128.1, 127.8, 127.4, 127.3, 126.6, 125.4, 124.3, 124.1, 124.0, 123.9, 122.5, 121.8, 121.7, 117.1, 

116.8, 116.7, 116.2, 114.2, 113.3, 107.2, 31.9, 29.7, 29.7, 29.6, 29.4, 29.3, 29.3, 29.2, 29.2, 24.13, 24.10, 

24.0, 22.7. 

 
 (57.1). 130.0 mg (0.05 mmol) of 46.1, 7.5 mg (0.25 mmol) of paraformaldehyde (5 equiv) and 35.7 mg 

(0.15 mmol) of camphorosulfonic acid in dry pressure tube. Pressure tube was introduced into glovebox. 

In glovebox 250 μl of chloroform were added to reaction mixture, pressure tube was closed, protected 

from air and heated on the oil bath for 17 h in 90 °C. Then the reaction mixture was poured into 100 ml of 
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5% solution of NaHCO3 in water, extracted with DCM, the combined organic fractions was then washed 

with water, concentrated on rotavap to obtain 20 mL of solution. The obtained solution was that 

deoxygenated with the nitrogen flow for 30 minutes, that 75 mg of FeCl3 in 5 ml of DCM/MeCN (10:1, v/v) 

was added to the solution and mixed for 1 h in rt under the constant nitrogen flow though the reaction 

mixture. Then the mixture was diluted with KSCN aqueous solution, then subsequently washed with water 

and hydrazine solution. The obtained solid products were separated on column chromatography (I grade 

alumina, chloroform). 57.1 was obtained as the second fraction, dark violet solid, 36 mg (27%). Rf 0.6 

(alumina, chloroform).1H NMR (600 MHz, chloroform-d, 300 K): δ 8.87 (1H, d, 3J = 7.2 Hz), 8.78–8.72 (4H, 

m), 8.65 (1H, d, 3J = 7.4 Hz), 8.14-8.09 (2H, m), 7.87 (1H, d, 3J = 7.4 Hz), 7.70–7.64 (2H, m), 7.60 (1H, d, 3J = 

7.5 Hz), 7.53–7.45 (4H, m), 7.39–7.29 (8H, m), 5.26 (1H, d, 2J = 16.1 Hz), 4.45 (1H, d, 2J = 16.1 Hz), 2.96–

2.73 (6H, m), 1.31–1.06 (36H, m). 13C NMR (151 MHz, chloroform-d, 300 K): δ 163.72, 163.68, 163.64, 

163.62, 145.79, 145.74, 145.66, 138.2, 137.7, 137.4, 137.3, 137.1, 136.9, 136.6, 136.3, 136.00, 135.97, 

133.4, 133.20, 133.19, 133.17, 133.15, 133.1, 132.9, 132.81, 132.77, 132.76, 132.71, 132.69, 132.56, 131.0, 

130.91, 130.89, 130.8, 129.8, 129.71, 129.69, 129.63, 129.58, 128.8, 128.5, 128.3, 128.0, 127.3, 127.1, 

126.95, 126.85, 126.8, 126.5, 126.4, 125.6, 125.0, 124.94, 124.93, 124.2, 124.13, 124.06, 124.0, 121.8, 

121.7, 121.54, 121.46, 121.11, 121.09, 120.7, 119.6, 119.2, 118.2, 116.8, 116.54, 116.51, 116.1, 114.8, 

109.7, 29.34, 29.30, 29.24, 29.20, 29.16, 24.13, 24.12, 24.10, 24.03. HRMS (MALDI–TOF): m/z: [M]+ Calcd 

for C176H130N12O12: 2602.9926; Found 2603.0052. UV-vis (toluene, 300 K) λ [nm] (ε in M-1 cm-1): 335 (125 

000) 475 (61 000), 560 (74 000), 590 (74 000). 

 
 (57.2). The 57.2 was obtained as the third fraction (alumina, DCM) after the column chromatography of 

the products mixture of 57.1 synthesis. 57.2 was obtained as dark pink solid, 15 mg (10%). Rf 0.4 (alumina, 

dichloromethane).1H NMR (600 MHz, chloroform-d, 300 K): δ 8.81 (2H, d, 3J = 7.5 Hz), 8.76 (2H, d, 3J = 7.3 

Hz), 8.74 (2H, d, 3J = 7.4 Hz), 8.66 (2H, d, 3J = 7.3 Hz), 8.64 (2H, d, 3J = 7.3 Hz), 8.57 (2H, d, 3J = 7.3 Hz), 8.19 
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(2H, d, 3J = 7.3 Hz), 8.00 (2H, d, 3J = 7.4 Hz), 7.90 (2H, d, 3J = 7.3 Hz), 7.70 (2H, d, 3J = 7.3 Hz), 7.55, (2H, d, 3J 

= 7.3 Hz), 7.52-7.42 (8H, m), 7.38-7.28 (12H, m), 5.29 (2H, d, 2J = 16.1 Hz), 4.85 (1H, d, 2J = 15.5 Hz), 4.67 

(2H, d, 2J = 16.1 Hz), 3.89 (1H, d, 2J = 15.5 Hz), 2.89 (2H, d, 3J = 6.8 Hz), 2.85-2.68 (10H, m), 1.26-1.09 (72H, 

m). 13C NMR (151 MHz, chloroform-d, 300 K): δ 163.69, 163.67, 163.64, 163.64, 163.62, 145.82, 145.80, 

145.79, 145.75, 145.73, 145.71, 138.23, 138.19, 137.5, 137.2, 137.1, 136.8, 136.4, 136.1, 135.7, 133.32, 

133.27, 133.01, 132.98, 132.89, 132.86, 132.4, 131.0, 130.89, 130.85, 129.7, 129.6, 129.5, 129.1, 128.3, 

127.6, 127.5, 127.4, 127.2, 127.12, 127.07, 126.4, 126.0, 125.9, 125.7, 125.5, 124.14, 124.08, 124.00, 

121.7, 121.6, 121.3, 121.3, 120.8, 120.7, 119.84, 119.80, 119.6, 119.2, 119.13, 119.06, 119.03, 118.9, 

118.02, 117.98, 117.1, 117.0, 116.5, 115.6, 29.3, 29.2, 29.1, 24.14, 24.12, 24.10, 24.05, 24.00. HRMS 

(MALDI–TOF): m/z: [M]+ Calcd for C177H132N12O12: 2617.0082; Found 2617.0064. UV-vis (toluene, 300 K) λ 

[nm] (ε in M-1 cm-1): 342 (81 000), 350 (79 000), 430 (51 000), 475 (51 000), 562 (42 000), 600 (43 000).  

 
  (57.3). 126.0 mg (0.05 mmol) of 46.1, 15 mg (0.5 mmol) of paraformaldehyde (5 equiv) and 35.7 mg (0.15 

mmol) of camphorosulfonic acid in dry pressure tube. Pressure tube was introduced into glovebox. In 

glovebox 250 μl of chloroform was added to reaction mixture, pressure tube was closed, protected from 

air and heated on the oil bath for 32 h in 90 °C. Then the reaction mixture was poured into 100 ml of 5% 

solution of NaHCO3 in water, extracted with DCM, the combined organic fraction was then washed with 

water, concentrated on rotavap to obtain 20 mL of solution. The obtained solution was that deoxygenated 

with the nitrogen flow for 30 minutes, that 30 mg of FeCl3 in 2 ml of DCM/MeCN (10:1, v/v) was added to 

the solution and mixed for 1 h in rt under the constant nitrogen flow though the reaction mixture. The 

mixture was diluted with KSCN aqueous solution, then subsequently washed with water and hydrazine 

solution. The obtained solid products were separated on column chromatography (V grade alumina, 0.75% 

methanol in DCM). 57.3 was obtained as the second fraction, dark orange solid, 7 mg (6%). Rf 0.3 (alumina, 

0.75% MeOH in DCM).1H NMR (600 MHz, chloroform-d, 300 K): δ 8.66 (2H, d, 3J = 7.3 Hz), 8.64 (2H, d, 3J = 
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7.3 Hz), 8.60–8.57 (4H, m), 8.49–8.44 (4H, m), 8.10 (2H, d, 3J = 7.4 Hz), 8.07 (2H, d, 3J = 7.4 Hz), 7.98 (2H, d, 

3J = 7.5 Hz), 7.87 (2H, d, 3J = 7.4 Hz), 7.75 (2H, d, 3J = 7.4 Hz), 7.48–7.39 (10H, m), 7.33-7.25 (12H, m), 5.24 

(2H, d, 2J = 15.4 Hz), 4.94 (1H, d, 2J = 15.4Hz), 4.90 (2H, d, 2J = 15.3Hz), 4.64 (2H, d, 2J = 15.3Hz), 4.12 (1H, 

d, 2J = 15.4Hz), 4.00 (2H, d, 2J = 15.5 Hz), 2.83–2.58 (12H, m), 1.18–1.02 (72H, m). 13C NMR (151 MHz, 

chloroform-d, 300 K): δ 163.62, 163.59, 163.58, 163.56, 163.52, 163.49, 145.8, 145.73, 145.69, 145.68, 

145.60, 145.58, 138.02, 137.96, 137.6, 137.5, 137.0, 136.8, 136.5, 133.8, 133.3, 133.1, 132.8, 131.00, 

130.95, 130.92, 130.8, 129.8, 129.60, 129.57, 129.54, 129.51, 129.49, 129.47, 128.6, 128.5, 127.8, 127.7, 

127.3, 127.09, 127.05, 126.59, 126.57, 126.3, 125.5, 124.5, 124.4, 124.3, 124.1, 124.04, 124.03, 124.01, 

123.98, 123.94, 123.93, 121.8, 121.4, 120.94, 120.93, 120.92, 120.54, 120.48, 119.8, 119.7, 119.04, 119.03, 

118.95, 118.9, 118.9, 118.7, 29.17, 29.14, 29.08, 29.04, 24.05, 24.02, 24.01, 23.99, 23.93, 23.87, 23.86. 

HRMS (MALDI–TOF): m/z: [M]+ Calcd for C179H136N12O12: 2645.0395; Found 2645.0845. UV-vis (toluene, 

300 K) λ [nm] (ε in M-1 cm-1): 326 (87 000), 355 (75 000), 439 (77 000), 465 (68 000), 538 (18 000), 575 (16 

000).  

 
  (57.4). 110.0 mg (0.05 mmol) of 46.1, 30 mg (1 mmol) of paraformaldehyde (5 equiv) and 35.7 mg (0.15 

mmol) of camphorosulfonic acid in dry pressure tube. Pressure tube was introduced into Glovebox. In 

Glovebox 250 μl of chloroform was added to reaction mixture, pressure tube was closed, protected from 

air and heated on the oil bath for 47 h in 90 °C. Then the reaction mixture was poured into 100 ml of 5% 

solution of NaHCO3 in water, extracted with DCM, the combined organic fraction was then washed with 

water, dried under reduced pressure. The product was obtained after column chromatography (V grade 

alumina, 0.75% methanol in DCM). 57.4 was obtained as the second fraction, dark yellow solid, 72 mg 

(70%). Rf 0.1 (alumina, 0.75% MeOH in DCM).1H NMR (600 MHz, chloroform-d, 300 K): δ 8.51 (2H, d, 3J = 

7.4 Hz), 7.90 (2H, d, 3J = 7.4 Hz), 7.41 (1H, t, 3J = 7.7 Hz), 7.26 (2H, d, 3J = 7.7 Hz), 4.96 (1H, d, 2J = 15.3 Hz), 

4.18 (1H, d, 2J = 15.3 Hz), 2.63 (2H, sept, 3J = 6.8 Hz), 1.07 (12H, m). 13C NMR (151 MHz, dichloromethane-
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d2, 300 K): δ 165.6, 148.0, 140.1, 139.0, 135.0, 133.4, 131.5, 131.1, 130.7, 129.0, 127.1, 125.8, 122.4, 121.0, 

30.9, 25.54, 25.53. HRMS (MALDI–TOF): m/z: [M]+ Calcd for C180H138N12O12: 2659.0552; Found 2659.0951. 

UV-vis (toluene, 300 K) λ [nm] (ε in M-1 cm-1): 325 (104 000), 345 (70 000), 440 (116 000), 475 (87 000).  

 
  (59.3). 35 mg (0.01 mmol) of 59.1, and 6 equiv of DDQ were introduced into glovebox. In glovebox mixture 

was dissolved in 1 mL of toluene and tightly closed. The reaction mixture was heated for 2 h in 120 °C. 

After that time, the reaction mixture was poured into water and extracted with DCM. The combined 

organic fractions were washed with hydrazine (1% in water), dried over sodium sulfate, filtered and 

evaporated on rotavap. The obtained mixture was dried in 120 °C, and was transferred into dry pressure 

tube with 8 mg (0.25 mmol) of paraformaldehyde (5 equiv) and 12 mg (0.05 mmol) of camphorosulfonic 

acid. Pressure tube was introduced into glovebox. In glovebox 75 μl of chloroform was added to reaction 

mixture, pressure tube was closed, protected from air and heated on the oil bath for 17 h in 90 °C. Then 

the reaction mixture was poured into 100 ml of 5% solution of NaHCO3 in water, extracted with DCM, the 

combined organic fraction was then washed with water, solvent was evaporated on rotavap. The obtained 

solid products were passed through column (I grade alumina, dichloromethane) and that separated on 

GPC. 59.3 was obtained as the second fraction, dark green solid, 13 mg (32%). Rf 0.8 (I grade alumina, 

chloroform).1H NMR (600 MHz, chloroform-d, 300 K): δ 8.75–8.70 (6H, m), 8.61 (2H, d, 3J = 7.4 Hz), 8.52 

(2H, d, 3J = 7.5 Hz), 8.12–8.07 (6H, m), 7.94 (2H, s), 7.74 (2H, d, 3J = 7.5 Hz), 7.59 (2H, d, 3J = 7.5 Hz), 7.55 

(2H, d, 3J = 7.5 Hz), 7.49–7.45 (5H, m), 7.37–7.29 (10H, m), 5.22 (2H, d, 2J = 16.1 Hz), 4.44 (2H, d, 2J = 16.1 

Hz), 2.99–2.68 (10H, m), 1.29–1.07 (60H, m). HRMS (MALDI–TOF): m/z: [M]+ Calcd for C170H131N11O10: 

2486.0098; Found 2486.0060. UV-vis (toluene, 300 K) λ [nm] (ε in M-1 cm-1): 335 (84 000), 395 (71 000), 

570 (41 000), 625 (39 000).  
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8,8'-(ethane-1,2-diyl)bis(N3,N3,N4,N4-tetramethyl-8H-acenaphtho[1,2-c]pyrrole-3,4-dicarboxamide) 

(NDA2H). To the mixture of pyrrole NDA (300 mg, 0.90 mmol), and NaH (72 mg, 1.80 mmol)  

N,N-dimethylformamide (7.0 mL) was added and the mixture was stirred in rt for 30 min. After the 

deprotonations of pyrrole, ethylene di(p-toluenesulfonate) (200 mg, 0.54 mmol) in 3.0 mL of  

N,N-dimethylformamide was added to the reaction mixture and the mixture was stirred for 12 h at 50 °С. 

After that time, the crude mixture was poured into water and extracted with DCM. The combined organic 

fractions were dried over sodium sulfate, filtered and solvents were removed on rotavap. The crude 

product was purified on column chromatography (silica gel, 1% MeOH w DCM). The third fraction was 

collected and stripped of solvent on rotary evaporator. Subsequently, the product was recrystallized from 

CH2Cl2/n-hexane yielding beige solid. (175 mg, 56%). 1H NMR (600 MHz, chloroform-d , 300 K): δ 7.40 (1H, 

m), 7.29 (1H, d, 3J = 7.2 Hz), 6.68 (1H, m), 4.26 (1H, s), 3.06 (3H, s) 2.87 (3H, s). 13C NMR (151 MHz, 

chloroform-d , 300 K): δ 171.12 137.69 134.81 131.41 128.83 127.28 124.64 118.32 114.40 114.35 51.70 

39.36 34.81. HRMS (MALDI–TOF): m/z: [M + Na]+ Calcd for C42H40N6O4: 715.3003; Found 715.3133. 

 
7,7'-(ethane-1,2-diyl)bis(2-(2,6-diisopropylphenyl)pyrrolo[3',4':2,3]indeno[6,7,1-def]isoquinoline-

1,3(2H,7H)-dione) (NMI2H). Mixture of NMI pyrrole (150 mg, 0.35 mmol) and Cs2CO3 (140 mg, 0.42 mmol) 

was dissolved in N,N-dimethylformamide (10.0 mL), after 30 min ethylene di(p-toluenesulfonate) in  

3.0 mL of N,N-dimethylformamide was added. The mixture was stirred for 12 h at 50 °С. After that time, 

the crude mixture was poured into water and extracted with DCM. The combined organic fractions were 

dried over sodium sulfate, filtered and solvents were removed on rotavap. The crude product was purified 

on column chromatography (silica gel, DCM) and recrystallized from CH2Cl2/n-hexane yielding yellow-

brownish solid (100 mg, 65%). 1H NMR (600 MHz, chloroform-d , 300 K): δ 8.38 (2H, d, 3J = 7.4 Hz), 7.54 

(2H, d, 3J = 7.4 Hz), 7.42 (1H, t, 3J = 7.6 Hz), 7.28 (2H, d, 3J = 7.6 Hz), 6.78 (2H, s), 4.30 (4H, s), 2.76 (1H, sept, 
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3J = 6.9 Hz), 1.13 (12H, d, 3J = 6.9 Hz). 13C NMR (151 MHz, chloroform-d , 300 K): δ 164.14, 145.84, 139.56, 

136.29, 132.94, 131.36, 129.66, 129.25, 126.73, 123.84, 120.04, 119.44, 117.18, 51.64, 29.06, 23.98 x2. 

HRMS (MALDI–TOF): m/z: [M + Na]+ Calcd for C58H50N4O4: 889.3724; Found 889.3811.  

 

 
8,8'-(propane-1,3-diyl)bis(N3,N3,N4,N4-tetramethyl-8H-acenaphtho[1,2-c]pyrrole-3,4-dicarboxamide) 

(NDA3H). Pyrrole NDA (250mg, 0.75 mmol) and NaH (60.0 mg, 1.50 mmol) were transferred into 25 mL 

flask, filled with argon and N,N-dimethylformamide (10.0 mL) was added, after 30 min  

1,3-dibromopropane (38.2 μL, 0.38 mmol) was introduced into the reaction mixture and the mixture was 

heated to 60 °C. The reaction mixture was poured into water after 12 h of heating and extracted with 

chloroform. The combined organic fraction was dried over sodium sulfate, filtered of and evaporated on 

rotavap. The crude product was purified by column chromatography (silica gel, 4% of methanol in 

dichloromethane) and then recrystallized from CH2Cl2/hexane mixture yielding brown powder (220mg, 

84%). 1H NMR (600 MHz, chloroform-d , 300 K): δ 7.47 (2H, d, 3J = 7.1 Hz), 7.34 (2H, d, 3J = 7.1 Hz), 6.85 

(2H, s), 3.97 (2H, t, 3J = 6.6 Hz), 3.07 (6H, s) 2.86 (6H, s), 2.38 (1H, quint, 3J = 6.6 Hz). 13C NMR (151 MHz, 

chloroform-d , 300 K): δ 171.08 137.54 134.94 131.41 128.50 127.36 124.62 118.22 114.29 46.79 39.33 

34.82 32.65. HRMS (MALDI–TOF): m/z: [M + Na]+ Calcd for C43H42N6O4: 729.3160; Found 729.3197.  

 
7,7'-(propane-1,3-diyl)bis(2-(2,6-diisopropylphenyl)pyrrolo[3',4':2,3]indeno[6,7,1-def]isoquinoline-

1,3(2H,7H)-dione) (NMI3H).Pyrrole NMI (100 mg, 0.24 mmol), Cs2CO3 (90 mg, 0.28 mmol) and dry  

N,N-dimethylformamide (10.0 mL) were transferred into round-bottom flask filled with argon and stirred 

for 30 min, after that time 1,3-dibromopropane (12.5 μL, 0.12 mmol) was added to the reaction mixture, 

heated up to 60 °C and stirred for 12 h. The reaction mixture was then diluted with water, extracted with 

chloroform. The combined organic fractions were dried over sodium sulfate, filtered and evaporated on 

rotavap. The crude product was recrystallized from CH2Cl2/n-hexane yielding yellow solid. (91.0 mg, 87%). 
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1H NMR (500 MHz, chloroform-d , 300 K): δ 8.41 (2H, d, 3J = 7.3 Hz), 7.60 (2H, d, 3J = 7.3 Hz), 7.43 (1H, t, 3J 

= 7.8 Hz), 7.29 (2H, d, 3J = 7.8 Hz), 6.92 (2H, s), 4.01 (2H, t, 3J = 6.7 Hz), 2.78 (2H, sept, 3J = 6.8 Hz), 2.44 (1H, 

quint, 3J = 6.7 Hz), 1.15 (6H, s), 1.13 (6H, s). 13C NMR (151 MHz, chloroform-d , 300 K): δ 164.20, 145.88, 

139.75, 136.25, 132.97, 131.41, 129.33, 129.23, 126.74, 123.83, 120.00, 119.28, 117.15, 76.99, 47.02, 

31.57, 29.06, 23.98, 22.63, 14.07. HRMS (MALDI–TOF): m/z: [M + Na]+ Calcd for C59H52N4O4: 903.3881; 

Found 903.3932.  

 
N1,N1,N12,N12,N13,N13,N18,N18-octamethyl-4,9-dioxo-4,6,7,9-tetrahydroacenaphtho [1',2':3,4]pyrrolo 

[1,2-a]acenaphtho[1',2':3,4]pyrrolo[2,1-c]pyrazine-1,12,13,18-tetracarboxamide (cNDA2O). NDA2H 

(20.0 mg, 29 µmol), palladium(II) acetate (19.0 mg, 88 µmol), and potassium acetate (16.7 mg, 160 µmol) 

were placed in suitable pressure tube and dissolved in 1 mL of acetic acid. The tube was sealed and heated 

for 1 h in 120 °C using an oil bath. After that time, the mixture was poured into water and extracted with 

DCM. The combined organic fractions were washed with water solution of sodium bicarbonate, dried over 

anhydrous sodium sulfate, filtered and evaporated on a rotavap. The crude product was purified by 

column chromatography (III grade alumina, 1% methanol in dichloromethane) yielding dark blue solid 

(10.6 mg, 53%). 1H NMR (500 MHz, chloroform-d , 300 K): δ 8.21 (1H, t, 3J = 6.9 Hz), 8.05 (1H, d, 3J = 7.1 

Hz), 7.48 (1H, d, 3J = 7.1 Hz), 7.31 (1H, d, 3J = 7.4 Hz), 4.46 (1H, b), 3.67 (1H, b), 3.10 3.082 3.078 (6H, 3x s), 

2.97 2.95 2.89 (6H, 3x s). 13C NMR (151 MHz, chloroform-d , 300 K): δ 169.79, 169.71, 161.83, 143.35, 

143.30, 138.30, 138.20, 138.07, 137.02, 136.94, 134.66, 131.96, 131.84, 131.02, 127.74, 126.54, 126.41, 

126.13, 125.64, 124.25, 121.63, 39.41, 39.38, 38.28, 34.81. HRMS (MALDI–TOF): m/z: [M + Na]+ Calcd for 

C42H36N6O6: 743.2589; Found 743.2608. UV-vis (dichloromethane, 300 K) λ [nm] (ε in M-1 cm-1): 390 

(18 200), 570 (21 900), 610 (21 600).  
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 (cNMI2O). NMI2H (20.0 mg, 24 µmol), palladium(II) acetate (16.9 mg, 72 µmol), and potassium acetate 

(14.2 mg, 144 µmol) were transferred into dry pressure tube and 1.0 mL of acetic acid was added. The 

mixture was heated in an oil bath at 120 °C for 1 h, then quenched with water and extracted with DCM. 

The combined organic fractions were washed with aqueous solution of sodium bicarbonate, dried over 

sodium hydride, filtered and evaporated on a rotavap. The crude product was purified by column 

chromatography (V grade alumina, chloroform stabilized with amylene, second fraction) yielding green 

solid (12.0 mg, 60%). 1H NMR (600 MHz, chloroform-d , 300 K): δ 8.54 (1H, d, 3J = 7.6 Hz), 8.39–8.34 (2H, 

m), 8.23 (1H, d, 3J = 7.1 Hz), 7.47 (1H, t, 3J = 7.8 Hz), 7.32 (2H, d, 3J = 8.0 Hz), 4.80–3.49 (2H, b), 2.80–2.71 

(2H, m), 1.15, 1.14 (12H, 2x s). 13C NMR (151 MHz, chloroform-d , 300 K): δ 163.09, 162.94, 161.00, 145.78, 

145.26, 135.81, 134.67, 133.15, 133.10, 131.22, 130.39, 129.74, 127.02, 126.81, 125.81, 125.34, 124.15, 

124.05, 122.51, 38.32, 29.19, 24.03, 24.00. HRMS (ESI–TOF): m/z: [M]– Calcd for C58H48N4O4: 894.3412; 

Found 894.3294. UV-vis (dichloromethane, 300 K) λ [nm] (ε in M-1 cm-1): 410 (20 900), 630 (19 300), 690 

(18 600). 

 
 (cNMI2H).NMI2H (20.0 mg, 24 µmol), palladium(II) acetate (16.9 mg, 72 µmol) were transferred into the 

pressure tube and 6.0 mL of acetic acid was added. The reaction mixture was heated at 120 °C for 1 h. 

After that time, the reaction mixture was quenched with water and product was extracted with DCM. The 

combined organic fractions were washed with aqueous solution of sodium bicarbonate, dried over sodium 

hydride, filtered and solvents were evaporated on a rotavap. The crude product was purified by column 

chromatography (V grade alumina, chloroform stabilized with amylene, first fraction) yielding dark red 

solid (13.2 mg, 66%). 1H NMR (600 MHz, chloroform-d , 300 K): δ 8.50 (1H, d, 3J = 7.3 Hz), 8.48 (1H, d, 3J = 

7.4 Hz), 7.76 (1H, d, 3J = 7.1 Hz), 7.44 (1H, t, 3J = 7.7 Hz), 7.30 (2H, d, 3J = 7.7 Hz), 7.21 (1H, s), 7.03 (1H, d, 
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3J = 7.2 Hz), 4.44 (2H, b), 2.81 (2H, b), 1.16 (6H, s), 1.15 (6H, s). 13C NMR (151 MHz, chloroform-d , 300 K): 

δ 164.22, 164.12, 145.94, 138.93, 138.33, 136.45, 132.82, 132.57, 131.42, 129.29, 129.24, 126.82, 124.93, 

123.92, 123.88, 120.31, 120.29, 119.80, 119.63, 118.06, 45.64, 29.10, 24.06, 24.03 . HRMS (MALDI–TOF): 

m/z: [M + Na]+ Calcd for C58H48N4O4: 887.3568; Found 887.3878. UV-vis (dichloromethane, 300 K) λ [nm] 

(ε in M-1 cm-1): 360 (12 000), 480 (13 700), 530 (13 200), 570 (17 200). 

 
N1,N1,N13,N13,N14,N14,N19,N19-octamethyl-4,10-dioxo-4,7,8,10-tetrahydro-6H-acenaphtho[1',2':3,4] 

pyrrolo[1,2-a]acenaphtho[1',2':3,4]pyrrolo[2,1-c][1,4]diazepine-1,13,14,19-tetracarboxamide 

(cNDA3O). NDA3H (20.0 mg, 27 µmol), palladium(II) acetate (18.7 mg, 81 µmol), and potassium acetate 

(16.7 mg, 160 µmol) with 1 mL of acetic acid were heated in pressure tube for 1 h in 120 °C. After that 

time, the reaction mixture was quenched with water and the product was extracted with chloroform. The 

combined organic fractions were washed with aqueous solution of sodium bicarbonate, dried over sodium 

hydride, filtered and solvents were evaporated on a rotavap. The crude product was purified by column 

chromatography (III grade alumina, 1% methanol in dichloromethane) yielding blue solid (12.7 mg, 64%). 

1H NMR (500 MHz, chloroform-d , 300 K): δ 8.07–7.89 (4H, m) 7.47 (2H, m) 7.30–7.10 (2H, m), 4.68 (2H, 

m), 3.49 (2H, m), 3.16–2.76 (24H, m) 2.25 (2H, m). 13C NMR (151 MHz, chloroform-d , 300 K): δ 169.9, 

164.3, 144.5, 138.1, 137.6, 137.5, 136.8, 136.3, 132.2, 131.3, 127.8, 127.4, 126.8, 126.6, 126.1, 125.6, 

124.3, 39.3, 34.9, 26.7. HRMS (MALDI–TOF): m/z: [M + Na]+ Calcd for C43H38N6O6: 757.2745; Found 

757.2826. UV-vis (dichloromethane, 300 K) λ [nm] (ε in M-1 cm-1): 390 (13 700), 590 (14 000), 625 (14 200). 

 
  (cNMI3O).NMI3H (20.0 mg, 23 µmol), palladium(II) acetate (16.2 mg, 68 µmol), potassium acetate (13.4 

mg, 136 µmol) and 1 mL of glacial acetic acid were mixed in pressure tube and heated for 1 h in 120 °C. 
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After that time, the reaction mixture was quenched with water and the product was extracted with 

chloroform. The combined organic fractions were washed with aqueous solution of sodium bicarbonate, 

dried over sodium hydride, filtered and solvents were evaporated on a rotavap. The crude product was 

purified by column chromatography (V grade alumina, chloroform stabilized with amylene, second 

fraction) yielding green solid (14.6 mg, 73%). 1H NMR (600 MHz, chloroform-d , 300 K): δ 8.53 (1H, d, 3J = 

7.1 Hz), 8.25 (1H, d, 3J = 7.4 Hz), 8.22 (1H, d, 3J = 7.1 Hz), 8.12 (1H, d, 3J = 7.4 Hz), 7.46 (1H, t, 3J = 7.8 Hz), 

7.32–7.28 (4H, m), 4.77–4.71 (2H, m), 3.58 – 3.51 (2H, m), 2.78 (1H, sept, 3J = 6.8 Hz), 2.69 (1H, sept, 3J = 

6.8 Hz), 2.34–2.28 (1H, b), 1.18 1.17 (3H, 2x s), 1.16 1.15 (3H, 2x s), 1.13 1.12 (3H, 2x s), 1.1 1.10 (3H, 2x s). 

13C NMR (600 MHz, chloroform-d , 300 K): δ 163.19, 163.12, 162.98, 146.32, 145.83, 145.79, 139.58, 

135.89, 134.94, 133.54, 133.19, 131.21, 130.46, 129.71, 127.97, 127.76, 126.65, 125.78, 125.10, 124.11, 

124.05, 124.01, 39.78, 29.21, 29.16, 24.091, 24.071, 23.99, 23.98. HRMS (MALDI–TOF): m/z: [M + Na]+ 

Calcd for C59H48N4O6: 931.3466; Found 931.3582. UV-vis (dichloromethane, 300 K) λ [nm] (ε in M-1 cm-1): 

390 (17 500), 405 (18 800), 650 (15 500), 705 (16 000).  

 
  (cNMI3H). NMI3H (20.0 mg, 23 µmol), palladium(II) acetate (16.2 mg, 68 µmol) were placed pressure tube 

and 6 mL of acetic acid was added. The mixture was sealed and heated in oil bath at 120 °C for 1 h. After 

that time, the crude mixture was poured into water and extracted with DCM (20 mL x 3), dried over 

anhydrous sodium sulfate and solvent was evaporated on rotavap. The crude product was purified by 

column chromatography (V grade alumina, chloroform stabilized with amylene, first fraction) yielding red 

solid (8.0 mg, 41%). 1H NMR (600 MHz, chloroform-d , 300 K): δ 8.48 (1H, d, 3J = 7.3 Hz), 8.32 (1H, d, 3J = 

7.3 Hz), 7.74 (1H, d, 3J = 7.3 Hz), 7.43 (1H, t, 3J = 7.8 Hz), 7.31–7.27 (2H, m), 7.18 (1H, s), 6.93 (1H, d, 3J = 

7.3 Hz), 4.26–4.22 (2H, m), 2.83 (1H, sept, 3J = 7.0 Hz), 2.77 (1H, sept, 3J = 6.9 Hz), 2.56–2.49 (1H, m), 1.19, 

1.18, 1.16, 1.15, 1.14, 1.13, 1.12, 1.11 (12 x 1H, s). 13C NMR (600 MHz, chloroform-d , 300 K): δ 164.21, 

164.14, 145.94, 145.81, 139.25, 138.44, 136.45, 132.92, 132.72, 131.35, 129.26, 128.43, 128.02, 126.68, 

123.91, 123.79, 122.29, 121.64, 120.09, 119.93, 119.53, 119.45, 45.56, 29.69, 29.08, 29.02, 24.10, 24.06, 
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24.03, 24.01. HRMS (MALDI–TOF): m/z: [M + Na]+ Calcd for C59H50N4O4: 901.3724; Found 901.3790. UV-vis 

(dichloromethane, 300 K) λ [nm] (ε in M-1 cm-1): 360 (13 100), 470 (19 400), 510 (17 000), 545 (19 200).  

 
2,3-bis(5-phenylthiophen-2-yl)acrylonitrile (70.8). In a 100 mL round bottomed flask equipped with 

a reflux condenser and a magnetic stirring bar, compounds 5-phenylthiophene-2-carbaldehyde (1.00 g, 5.3 

mmol) and 2-(5-phenylthiophen-2-yl)acetonitrile (1.00 g, 5.3 mmol) were dissolved in absolute ethyl 

alcohol (10 mL). The ethanolic solution of sodium ethoxide (1 M, 5.3 mL) was then added and the mixture 

was refluxed under nitrogen for 2 h. The mixture then was cooled to room temperature. The resulting 

precipitate was filtered, washed with ethanol and dried, yielding yellow crystals (1.82 g, 92%). 1H NMR 

(500 MHz, chloroform-d , 300 K): δ 7.66 (2H, d, 3J = 7.2 Hz), 7.59 (2H, d, 3J = 8.4 Hz), 7.53 (1H, d, 3J = 4,1 

Hz), 7.43–7.36 (5H, m), 7.35–7.28 (4H, m), 7.25 (1H, d, 3J = 4.1 Hz). 13C NMR (125 MHz, chloroform-d , 300 

K): δ 149.0, 147.9, 144.8, 138.9, 138.0, 136.9, 135.7, 135.6, 133.5, 133.5, 133.3, 131.4, 131.1, 129.07, 

129.0, 128.72, 128.65, 128.2, 127.9, 126.1, 126.0, 125.8, 124.0, 123.8, 123.5, 123.1, 116.8, 102.4.  

 
2,3-bis(benzo[b]thiophen-2-yl)acrylonitrile (70.5). In a 100 mL round-bottomed flask compounds 

benzo[b]thiophene-2-carbaldehyde (1.00 g, 5.5 mmol) and 2-(benzo[b]thiophen-2-yl)acetonitrile (1.00 g, 

5.5 mmol) were dissolved in absolute ethyl alcohol (10 mL). The ethanolic solution of sodium ethoxide  

(1 M, 5.5 mL) was then added and the mixture was refluxed under nitrogen for 1 h. The mixture was then 

cooled to room temperature. The resulting precipitate was filtered, washed with ethanol and dried, 

yielding yellow crystals (1.63 g, 86%). 1H NMR (500 MHz, chloroform-d , 300 K): δ 7.87–7.80 (2H, m), 7.8–

7.75 (2H, m), 7.64 (1H, s), 7.59 (1H, s), 7.44–7.39 (2H, m), 7.39–7.35 (2H, m). 13C NMR (125 MHz, 

chloroform-d , 300 K): δ 141.4, 139.7, 137.2, 134.1, 130.4, 126.8, 127.0, 125.2, 125.2, 122.5, 122.2, 116.4, 

105.7. 
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Ethyl 3,4-bis(5-phenylthiophen-2-yl)-1H-pyrrole-2-carboxylate (70.9a). The solution of 2,3-bis(5-

phenylthiophen-2-yl)acrylonitrile (285 mg, 0.7 mmol) and ethyl isocyanoacetate (4.69 mL, 40.81 mmol) in 

tetrahydrofuran (18 mL) was cooled down to 0 °C under an argon atmosphere. A 2 M solution of potassium 

tert-butoxide in 2-methyltetrahydrofuran (0.58 mL, 1.2 mmol) was added to the reaction mixture and the 

mixture was stirred at 0 °C for 2 h and was let to warm up to room temperature and was stirred for 

additional 12 h. Then the mixture was diluted with water and extracted with dichloromethane. Organic 

phases were washed with water and dried over anhydrous sodium sulfate; filtered and solvents were 

evaporated under reduced pressure. The product was obtained as colorless crystals after the column 

chromatography (silica, second fraction, DCM) followed by the recrystallization from hexane (278 g, 76%). 

1H NMR (500 MHz, chloroform-d, 300 K): δ  9.24 (1H, s),  7.61 (2H, d, 3J = 7.5 Hz), 7.50 (2H, d, 3J = 7.5 Hz), 

7.37–7.25 (6H, m) , 7.20 (1H, t, 3J = 7.4 Hz), 7.16 (1H, d, 3J = 3.1 Hz), 7.09 (1H, d, 3J = 3.7 Hz), 7.00 (1H, d, 3J 

= 3.6 Hz), 6.77 (1H, d, 3J = 3.7 Hz), 4.22 (2H, q, 3J = 7.1 Hz), 1.19 (3H, t, 3J = 7.1 Hz) . 13C NMR (125 MHz, 

chloroform-d, 300 K): δ 160.5, 145.0, 142.4, 135.4, 134.6, 134.4, 133.8, 129.8, 129.7, 129.08, 129.06, 

128.81, 128.78, 127.23, 127.15 ,125.64, 125.55, 125.43, 125.39, 123.3, 122.7, 121.8, 121.5, 120.7, 119.8, 

60.6, 14.0.  

 

 
Ethyl 3,4-bis(benzo[b]thiophen-2-yl)-1H-pyrrole-2-carboxylate (70.6a). The solution of  

2,3-bis(benzo[b]thiophen-2-yl)acrylonitrile (1.20 g, 3.8 mmol) and ethyl isocyanoacetate (0.47 mL, 4.1 

mmol) in tetrahydrofuran (30 mL) was cooled down to 0 °C under an argon atmosphere. A 2 M solution of 

potassium tert-butoxide in 2-methyltetrahydrofuran (2.82 mL, 5.6 mmol) was added to the reaction 

mixture and the mixture was stirred at 0 °C for 2 h and was let to warm up to room temperature and was 

stirred for additional 12 h. Then the mixture was diluted with water and extracted with dichloromethane. 

Organic phases were washed with water and dried over anhydrous sodium sulfate; filtered and solvents 
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were evaporated under reduced pressure. The product was obtained as colorless crystals after the column 

chromatography (silica, second fraction, DCM) followed by the recrystallization from hexane (0.76 g, 50%). 

1H NMR (500 MHz, chloroform-d, 300 K): δ 9.34 (1H, s), 7.81 (1H, d, 3J = 7.6 Hz), 7.75 (1H, d, 3J = 7.4 Hz), 

7.66 (1H, d, 3J = 7.7 Hz), 7.53 (1H, d, 3J = 7.5 Hz), 7.32 (3H, m), 7.25 (1H, d, 3J = 2.9), 7.2 (2H, m), 7.00 (1H, 

s), 4.37 (1H, q, 3J = 7.1 Hz), 4.18 (2H, q, 3J = 7.1), 1.53 (1H, s), 1.36 (1H, t, 3J = 7.1 Hz), 1.08 (3H, t, 3J = 7.1 

Hz). 13C NMR (125 MHz, chloroform-d, 300 K): δ 160.6, 141.1, 140.1, 139.8, 139.0, 136.1, 135.1, 125.5, 

124.1, 123.9, 123.7, 123.5, 123.1, 122.2, 122.0, 121.8, 121.3, 120.8, 120.4, 120.4, 60.6, 13.9, 13.9.  

 

 
3,4-bis(5-phenylthiophen-2-yl)-1H-pyrrole (70.9b). The mixture of ethyl 3,4-bis(5-phenylthiophen-2-yl)-

1H-pyrrole-2-carboxylate (200 mg, 0.5 mmol) and potassium hydroxide (112 mg, 2.0 mmol) in ethylene 

glycol (2 mL) was blasted with argon for 10 min before being heated for further 2 h on a preheated oil bath 

at 196 °C. The mixture was allowed to cool to room temperature before being put into water and extracted 

with dichloromethane. The organic phase was washed with water and brine, dried over anhydrous sodium 

sulfate, and evaporated at low pressure. The residue was purified by column chromatography on silica 

with dichloromethane/hexane (1:1 v/v) as the eluent, yielding a pale yellow crystals (86%).1H NMR (500 

MHz, chloroform-d, 300 K): δ 8.31 (1H, s), 7.71 (2H, d, 3 J= 7,8 Hz), 7.59 (2H, d, 3J = 7.8 Hz),7.27-7.15 (6H, 

m), 6.99 (2H, d, 3J = 2.8 Hz).  

 
3,4-bis(benzo[b]thiophen-2-yl)-1H-pyrrole (70.6b). The mixture of compound ethyl 3,4-

bis(benzo[b]thiophen-2-yl)-1H-pyrrole-2-carboxylate (200 mg, 0.5 mmol) and potassium hydroxide (112 

mg, 0.5 mmol) in ethylene glycol (2 mL) was blasted with argon for 10 min before being heated for further 

30 min on a preheated oil bath at 196 °C. The mixture was allowed to cool to room temperature before 

being put into water and extracted with dichloromethane. The organic phase was washed with water and 
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brine, dried over anhydrous sodium sulfate, and evaporated at low pressure. The residue was purified by 

column chromatography on silica with dichloromethane/hexane (1:1 v/v) as the eluent, yielding colorless 

crystals as the product (70%). 1H NMR (500 MHz, chloroform-d, 300 K): δ 8.41 (1H, s), 7.79 (2H, d, 3 J= 7,7 

Hz), 7.67 (2H, d, 3J = 7.7 Hz),7.34–7.36 (5H, m), 7.08 (2H, d, 3J = 2.8 Hz). 13C NMR (125 MHz, chloroform-d, 

300 K): δ 140.6, 139.4, 137.3, 124.1, 123.6, 123.1, 122.0, 121.3, 119.1, 117.2. 

 
3,4-bis(5-methylthiophen-2-yl)-1H-pyrrole (TTH). The mixture of TTEE (300 mg, 1.0 mmol) and potassium 

hydroxide (100 mg, 1.8 mmol) in ethylene glycol (5 mL) was blasted with argon for 20 min before being 

heated for further 1 h on a preheated oil bath at 196 °C. The mixture was allowed to cool to room 

temperature before being put into water and extracted with dichloromethane. The organic phase was 

washed with water and brine, dried over anhydrous sodium sulfate, and evaporated at low pressure. The 

residue was purified by column chromatography on silica with dichloromethane/hexane (1:3 v/v) as the 

eluent, yielding a pale brown solid as the product (64%). 1H NMR (500 MHz, chloroform-d, 300 K): δ 8.16 

(1H, s), 6.89 (2H, d, 3J = 3.0 Hz), 6.80 (2H, d, 3J = 3.0 Hz), 6.70 (2H, d, 3J = 1.1 Hz), 2.36 (6H, s). 13C NMR (125 

MHz, chloroform-d, 300 K): δ 138.1 134.8, 125.3, 124.9, 117.7, 117.1, 15.3.  
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8 Conclusions 

An efficient method for the synthesis of bridged HPB and HPHAC systems was developed and multiply (up 

to sextuply) bridged azacoronene analogues were synthesized and analyzed.  

The synthesis and characteristics of a heteroaromatic radical produced via peripheral expansion of 

a naphthalimide-fused hexapyrrolohexaazacoronene were described. It exhibits substantial spin 

delocalization in its 139-electron system and spontaneously dimerizes into a stable σ-dimer that is 

photochemically cleavable. This is an unusual selectivity: dissociation of σ-dimers in solution is often 

induced thermally. The switching between the radical and its σ-dimer, in this case, is facilitated by 

homolytic rupture of a weak C(sp3)–C(sp3) bond but is regulated by a balance of π-conjugative stabilization 

and internal strain. Reversible dimerization of large π-conjugated radicals enables the manipulation of a 

single electron spin within a nanoscale molecular object and may be exploited to create magnetically 

active nanocarbon systems.  

The double C‒H bond activation as a tool for the synthesis of large π-conjugated heterocycles was also 

explored. This strategy is effective for a subset of electron-deficient and sterically congested targets that 

do not cyclize under common oxidative coupling conditions.  

A method to control the outcome of some palladium-mediated oxidative processes was investigated. The 

analyses of these processes provided a deeper insight into the developed α-oxygenation reactivity, which 

may be a preparatively useful transformation.  

The photophysical features of the described π-extended bipyrroles suggest that these and similar 

molecules could be used as functional dyes. 

New thiophene-substituted pyrroles were synthesized and their reactivity was partially studied. 
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