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Summary 

This dissertation focusses on the development of new synthetic routes to polycyclic 

aromatic hydrocarbons containing five-, six-, and seven-membered heterocyclic rings and 

the characterisation of these novel compounds. The synthetic investigations were directed 

to the application of C-H activation reaction. In particular, Pd-catalyzed C-H activations as 

well as acid mediated cycloisomerization reaction of 2-alkynyl biaryl derivatives were 

employed as key ring-closing synthesis steps. Hence, several heteroatom doped polycyclic 

aromatic compounds have been obtained, including benzoimidazoquinolines, 

diindenopyrene and dibenzopyrene derivatives. The optical and electrochemical properties 

of selected compounds have been studied in detail and the results have been verified by 

density functional theory and time-dependent density functional theory computations. 

Zusammenfassung 

Diese Dissertation befasst sich mit der Entwicklung neuer Synthesewege zu polycyclischen 

aromatischen Kohlenwasserstoffen mit fünf-, sechs- und siebengliedrigen heterocyclischen 

Ringen und der Charakterisierung dieser neuen Verbindungen. Die Anwendung der C-H-

Aktivierungsreaktion stand im Mittelpunkt der synthetischen Untersuchungen. Als 

Schlüsselelement in den  ringschließenden Syntheseschritten wurden insbesondere Pd-

katalysierte C-H-Aktivierungen sowie säurevermittelte Cycloisomerisierungsreaktionen 

von 2-Alkinylbiarylderivaten eingesetzt. Auf diese Weise wurden heteroatomdotierte 

polycyclische aromatische Kohlenwasserstoffe, darunter Benzoimidazochinoline, 

Diindenopyren- und Dibenzopyrenderivate erhalten. Die optischen und elektrochemischen 

Eigenschaften ausgewählter Verbindungen wurden eingehend untersucht und durch 

Ergebnisse aus  Dichtefunktionaltheorierechnungen verifiziert. 
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Introduction 
Polycyclic aromatic hydrocarbons are organic compounds which are composed of carbon and 

hydrogen atoms. Chemically, PAHs consist of two or more benzene rings linked by linear, 

cluster, or angular arrangements. The simplest is naphthalene, which has two aromatic rings, 

while compounds with three fused rings are anthracene and phenanthrene (Figure 1).  

 

 

Figure 1. Examples of PAHs. 

 

PAHs may be produced by burning organic materials such as coal and wood, and are also found 

in tobacco smoke. These PAHs have been found in the environment and have been linked to 

toxic, mutagenic and carcinogenic effects.[1–4] Despite their negative properties, PAHs are 

promising materials for organic electronics due to their unique structural, optical and 

electrochemical properties. 

For example, certain PAHs are chiral and may provide improved performance and functionality 

for chiral transistors. Some PAHs can exist as biradicaloids, having two unpaired electrons that 

can form a conjugated π-system. This allows for charge transfer and modulation of their 

electronic properties. They can also absorb light over a wide range of wavelengths from 

ultraviolet to near infrared, and some can generate carriers by photoexcitation or thermally 

induced charge separation. Additionally, some PAHs can form heterostructures with other 

materials, such as graphene or metal oxides, to enhance light absorption and charge 

collection.[5,6] These properties make PAHs suitable materials for creating organic field-effect 

transistors (OFETs) with high electrical conductivity and the ability to control current, and 
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allow them to serve as active components in organic light-emitting diodes (OLEDs), organic 

photovoltaic cells (OPVs) or fluorescent dyes (Figure 2).[7–11] 

 

 

Figure 2. Examples of PAHs with semiconducting properties. 1: rubrene is a molecular organic 

semiconductor, used in OLEDs and OFETs; 2: tetracene is a molecular organic semiconductor, used in 

OLEDs and OFETs; 3: C60 is used in OPVs; 4: 1-ethynyl pyrene is violet-fluorescent dye. 

 

One of the most prominent examples of this has been pyrene. Pyrene consists of four fused 

benzene rings with extensive π-electron delocalization. Pyrene is characterized by its 

unprotected π-system upon functionalization, moderately long fluorescence lifetime with blue 

emission, and long-lived excited singlet state associated with excimer formation. In addition to 

its photophysical properties, it has high chemical stability and carrier mobility. And various 

synthetic approaches to the synthesis and modification of pyrene have been developed in order 

to study its electrooptical properties. The incorporation of nitrogen into the heterocyclic 

framework enhances light absorption, improves charge transfer, and allows rearrangement of 

energy levels. Therefore, pyrene systems are remarkable candidates for organic semiconductor 

materials.[12–14] 

Changes in the properties of polycyclic compounds can be achieved by introducing 

heteroatoms such as N, S and O into the aromatic scaffold of PAHs (Figure 3).[15] This can be 

through the placement of heteroatoms both at the periphery of the molecule and within the 

polycyclic system. In addition, the number of rings and the geometric arrangement of the 

heteroatoms can also have an effect on the properties. Of particular importance is the sp2-hybrid 

framework of the heterocyclic PAH, which actively participates in molecular organization by 

creating a close interaction between π-electronic clouds, dipole moments, and heteroatomic 
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contacts. This control of the organization provides an excellent framework for self-assembling 

materials.[16–20] 

Nitrogen can successfully replace carbon in aromatization reactions to form functional 

polycyclic aromatic hydrocarbons. Prominent examples of nitrogen-containing heterocyclic 

structures are the aza-pyrene and ullazine scaffolds. Their stability and unique optical and 

electronic properties have attracted much attention. The high electronegativity of the nitrogen 

reduces the LUMO energy of the polycyclic aromatic compounds, which facilitates the 

injection of electrons and increases the stability of the anionic charge carriers. In addition, new 

functionalities such as hydrogen bonding, protonation, metal complexation, and improved 

solubility are provided by the presence of an unpartitioned electron pair from nitrogen atoms 

within the molecular scaffold.[21–23]  

Sulfur-based organic semiconductors have properties that make their heterocyclic derivatives 

attractive building blocks for the development of a new generation of luminescent materials. 

Sulfur has two unpaired electron pairs and an empty d-orbital in its 3s23p4 outer electronic 

configuration. Sulfur easily forms sulfoxide or sulfone with electron-deficient properties 

favoring electron injection and transport during the oxidation process. Thus, substances based 

on thienoacene and [1]benzothieno[3,2-b][1]benzothiophene (BTBT) frameworks represent an 

important family of π-conjugated molecules and an example of well-functioning OSC 

molecules within them. 

Oxygen-containing heterocyclic compounds are used in lithium-ion battery applications. For 

example, 1,4,5,8-Naphthalenetetracarboxydianhydride (NTCDA) is a conjugated compound 

used in the preparation of organic materials for electronic, luminescent, fuel cell, and 

photoconductive devices due to its thermal stability and strong electronic acceptor properties. 

The thermal stability of NTCDA is a key advantage, allowing heat treatment to nearly 450°C 

without physical or chemical decomposition.[24–26] 
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Figure 3. Examples of polycyclic heteroaromatic semiconductors. 5: TADF/RTP OLED emitters; 6: 1-

imino nitroxide pyrene is used for high performance OFETs; 7: ullazine-based organic dyes for dye-

sensitized solar cells (DSSCs); 8: organic semiconductor based on BTBT; 9: NTCDA is used in lithium-

ion battery applications.  

 

Doping of PAHs by heteroatoms allows to alter the properties of the respective polycyclic 

compound. For example, PAHs can exhibit biological activity, making them important in drug 

development. Their integration into medicinal chemistry allows the creation of compounds 

with improved bioactivity, pharmacokinetic properties and specific interactions with biological 

targets. PHAs may serve as a central scaffold in the development of anti-viral, anti-cancer, 

antibiotic, and central nervous system therapeutics (Figure 4).[27–29] For example, Vialinin B 

exhibits high inhibitory activity against the production of tumor necrosis factor TNF-α. TNF-

α is a potent multifunctional cytokine involved in various biological processes and plays a key 

role in the pathogenesis of inflammatory diseases such as rheumatoid arthritis. Therefore, 

Vialinin B is a promising candidate for developing novel antiallergic agents.[30,31]  Another 

example is Raloxifene, which is a selective estrogen receptor modulator, a mixed estrogen 

receptor agonist and antagonist in various tissues. Compounds with nitrogen-containing 

polycyclic aromatic hydrocarbons, such as 5-arylated imidazopyridines, show inhibitory 

effects on several human cancer cell lines, including those in the colon (HCT-116, SW-620), 

lung (A549), pancreas (MIAPACA), liver and other tissues. 
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Figure 4. Examples of biological active PAHs. 10: vialinin B is antiallergic agent; 11: raloxifene is used 
against osteoporosis in postmenopausal women; 12: 2,5,7-triphenylimidazo[1,2-a]pyridine-8-

carbonitrile activity against various cancer cell lines. 

 

Nowadays, chemical synthesis plays a central role in the advancement of many scientific 

disciplines, ranging from materials science to pharmaceutical industry. It offers versatile 

approaches for the discovery and creation of innovative molecules with diverse applications, 

such as in materials science and drug development. An emerging technology called C-H 

activation facilitates the rapid assembly and later modification of functional molecules to 

achieve desired chemical and physical properties.[32–34] C-H bond activation is a method of 

direct carbon-carbon bond formation through the activation of a carbon-hydrogen bond 

(Scheme 1). 

 

 

Scheme 1. C-H activation general reaction.  

 

C-H bond cleavage can be achieved by a variety of methods. Given the dissociation energy of 

the bonds, relatively low strength bonds can be easily achieved through a variety of reactions, 

such as the electrophilic aromatic substitution (SEAr).[35] SEAr is one of the most important 

synthetic organic reactions. It has become a common method for functionalizing aromatic 

compounds since its discovery in the 1870s by Charles Friedel and James Crafts. Its wide use 

in chemical industry provides millions of tons of aromatic products every year for 
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manufacturing chemical raw materials, household and consumer products, and medicines. For 

example, sulfadiazine, an antimicrobial used in the treatment of urinary tract infections and 

burns is produced through nitration and chlorosulfonation reactions. Important polymers, such 

as the thermosetting phenol-formaldehyde resins, are also produced by means of SEAr 

reactions. 

At the end of the 19th century, the first examples of transition metal-induced activation of the 

C-H bond were described (Scheme 2). This was demonstrated by Volhardt in the reaction 

between thiophene and mercuric chloride to form chloromercurythiophene, and by Dimroth 

who described the synthesis of arylmercury acetates from Hg(OAc)2 and various aromatic 

hydrocarbons.[36]  

 

 

Scheme 2. Pioneering example of electrophilic C-H metalations.  

 

A large number of electrophilic species are formed by the action of Lewis acid catalysts. In this 

activation reaction, a new C(aryl)-M bond is formed without changing the oxidation state of 

the metal, based on the electronic interaction between the π-electron cloud of the substrate and 

the electrophilic metal center (Scheme 3). This significantly increases the acidity of the C(aryl)-

H bond, which is easily lost during rearomatization.[37]  

 

 

Scheme 3. Mechanism of the SEAr reaction by a metal complex.[38] 

 

Metals such as Aluminum, Boron, Cadmium, Cobalt, Copper, Iron, Lithium, Magnesium, 

Molybdenum, Nickel, Platinum, Silicon, Silver, Tin, and Ytterbium are widely used as Lewis 
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acid reagents. Therefore, various elements can be used as Lewis acid reagents, and each has its 

own advantages for diverse applications. For example, in the synthesis of quinolone derivatives 

(Scheme 4), which have various functions including anticancer and antiplatelet activity, AlCl3 

is used as a catalyst in the SEAr reaction.[39] 

 

 

Scheme 4. C-H activation by Lewis acid-mediated cyclization. 

 

In contrast to the activation of electrophiles by Lewis acids, also Brønsted acids are capable for 

such reactions and have been employed in several applications. They allow activation of 

carbonyl, imine, alkene, alkyne, alkyne, and hydroxy groups to form oxonium salts, iminium 

salts, carbocations, and vinyl carbocations, which facilitates subsequent nucleophilic addition. 

Using Brønsted acid-based catalysts, cationic electrophiles can be formed by direct protonation 

of the functional group. 

For example, an efficient method was developed to prepare arylbenzofuranones via C-H 

activation/lactonization under the action of Brønsted acid TfOH (Scheme 5).[40] 

Arylbenzofuranone are prominent structural units found in natural products and 

pharmaceutically relevant compounds with high biological activity and therapeutic value. This 

metal-free protocol provides an easy-to-use, rapid, one-pot method for high yields of various 

α-arylbenzofuranones with a wide range of substrates. 
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Scheme 5. TfOH-catalyzed cascade C-H activation/lactonization of phenols with α-aryl-α-diazoesters.  

 

Simultaneously to the development of reagents and application of SEAr reactions, strategies to 

implement catalytic functionalization of aromatic compounds was investigated to avoid or 

reduce the employment of stoichiometric amounts of, mostly toxic, metal salts or -waste, 

respectively. For example, in 1965, Chatt reported the introduction of a ruthenium(0) complex 

into the C-H bond of naphthalene (Scheme 6). 

 

 

Scheme 6. Chatt’s pioneer C-H activation on naphthalene. 
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In the last decades, a large number of C-H activation methods have been developed that convert 

C-H bond into functional groups for subsequent chemical modifications.[41–43] These efforts 

have greatly improved the understanding of cleaving and functionalizing inert C-H bonds and 

highlight the potential of C-H activation for developing and improving chemical synthesis. 

The C-H bond activation process is generally understood to involve a transition metal. 

Typically, the metal complex is coordinated to a polar group and incorporated into the proximal 

C-H bond to form an organometallic complex. It then undergoes cross-coupling or substitution 

reactions to form a C-C or C-X bond (X = heteroatom). One important reaction step is the 

insertion of metal complex into the carbon hydrogen bond (Scheme 7).[44,45] 

 

 

 

Scheme 7. Typical mechanism of C-H activation at LnM species. 

 

Late transition metals, Pd, Rh, Ru, Ir, Ni and Cu have emerged as the most versatile catalyst 

systems for C-H bond activation. They have successfully demonstrated efficiency in many 

applications in organic synthesis and have overcome difficulties previously related to 

thermodynamic and kinetic aspects. 
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For example, the Pd-catalyzed activation of the C-H bond can be used in the synthesis of 

aromatic polycyclic compounds.[46–50] These compounds can be used as small-molecule OFETs 

for the development of electronic devices. Compared to silicon, organic semiconductors offer 

access to cheaper and lighter devices with ease of fabrication and tunable molecular and 

material properties, including HOMO / LUMO energy levels and charge carrier mobility. It 

includes the ability to generate circularly polarized luminescence in OLEDs and to regulate 

carrier mobility, which makes OSCs a potentially promising material for optoelectronic 

applications in the future. A prominent example is the synthesis of helicenes (Scheme 8). 

Unlike more traditional OSCs such as pentacene, they have the advantage of a helical geometry, 

which confers unique properties. 

 

 

Scheme 8. C-H arylation by Pd and Ru catalysts. 

 

Moreover, base metal catalysts like Fe, Mn, and Co have been extensively studied in 

homogeneous and heterogenous catalysis, such as C-H activation reactions.[51–56] Due to their 

outstanding properties such as lack or reduced toxicity, environmental friendliness, relative 

abundance in the earth's crust and low cost, researchers have focused on the application of these 

catalysts in organic synthesis. Despite early successes in this area, research groups in 

organometallic chemistry have only recently begun to focus on the mechanistic aspects of these 

base metals. This is due to the difficulties in working with base metal organometallic 

compounds, which result from their different reactivity compared to their heavy metal 

counterparts. Thus, the usual experimental procedures for mechanistic studies are greatly 

complicated by the formation of paramagnetic intermediates caused by single electron transfer 

processes, and the higher nucleophilicity of the reactive forms. Iron catalysts, for instance, 

which are known to be readily available, inexpensive and non-toxic, have received much 
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attention. New methodologies have emerged to demonstrate the important role of this transition 

metal in modern organic synthesis. For example, aryl-substituted benzo[h]quinolines are 

synthesized using the iron-based homogeneous catalyst by C-C bond formation (Scheme 9).[57]  

 

 

Scheme 9. Iron-catalyzed arylation of heterocycles via directed C–H Bond Activation. 

 

Although many approaches exist for their synthesis and for the construction of aryl-heteroaryl 

C(sp2)-C(sp2) bonds, the most general and efficient method for the synthesis of PHAs is the 

use of Pd-catalyzed cross-coupling and C-H bond activation reactions.[58–62] PHAs play a key 

role in forming a variety of biologically active compounds and materials with optical and 

electrochemical properties in materials science. Most of the reactions carried out with Pd 

catalysts have a high tolerance for functional groups.[63] Despite its high cost, palladium is 

attractive for applications in the commercial production of high value chemicals because of its 

superior selectivity, sensitivity and versatility over other transition metals. Furthermore, the 

steric and electronic properties of various palladium-ligand complexes have been studied in 

detail, allowing this chemistry to be used with high confidence in novel reactions.[64,65] 

Various compounds, such as boronic acids, organozinc, organotin, organosilicon compounds 

and Grignard reagents, are involved in cross-coupling reactions. In spite of several 

improvements and several industrial applications, cross-coupling reactions still require the 

prior activation of both reagents (heteroaryl halides and heteroaryl metal derivatives). This 

involves a number of steps that lead to the generation of waste, solvents, and additional 

purification steps. In the last few years, Pd-catalyzed direct arylation of heteroaryl C-H bonds 

by means of aryl halides has become an attractive alternative. These reactions replace the 

preactivated organometallic compound, with a simple arene, reducing the amount of metal 

waste in the process. 
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Mechanistically, the interaction of the σ C-H bond orbital with the vacant metal d-orbital of Pd 

leads to a synergistic electron transfer between the metal- and C-H bond orbitals.[66,67] This 

may be accompanied by reverse donation from the filled Pd d-orbital to the σ* C-H antibonding 

orbital. The electronic and steric factors of the ligands and the acidity of the corresponding 

bonds have an effect on the C-H bond activation process. These reactions may follow different 

mechanisms depending on auxiliaries, organic substrate, reaction conditions and Pd oxidation 

state. 

Generally, Pd-catalyzed C-H activation can be divided into several different catalytic cycles 

depending on the change of the oxidation state of the palladium catalyst, for example, 

Pd(0)/Pd(II) and Pd(II)/Pd(IV).[61,68]  

Pd(0)/Pd(II) catalytic cycle is initiated by the oxidative addition of an aryl halide to Pd(0) for 

continuation of the Pd(0)/Pd(II) catalytic cycles (Scheme 10). The Pd(0)/Pd(II) catalytic cycle 

starts with oxidative addition of Pd(0) catalyst to organohalides (or pseudohalides), followed 

by C-H bond activation via concerted metalation-deprotonation (CMD) mechanism to form 

Pd(II) intermediate. The final step is the reductive elimination to recover the products and to 

regenerate the Pd(0) catalyst.[69] 

 

 

Scheme 10. Mechanism of intermolecular C-H bond activation by Pd(0)/Pd(II) catalytic mechanism. 
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The next type of reaction is initiated by Pd(II) catalyzed insertion of C-H into sp3 hybridized 

atoms requiring mostly a directing group in the substrate and an external oxidant (Scheme 11). 

The first step of the reaction mechanism involves activation of the C-H substrate to form a 

cyclopalladium intermediate. The second step is the oxidation of Pd(II) to Pd(IV). Finally, 

reductive elimination completes the catalytic cycle. The active Pd(II) catalyst is regenerated by 

either removing an intramolecular C-C bond from the metal center.[70] 

 

 

Scheme 11. Mechanism intermolecular C-H activation of Pd(II)/Pd(IV). 

 

Due to its versatility, Pd(0)/Pd(II) catalysis has been widely used in the development of 

catalytic reactions. For example, in the presence of Pd(OAc)2 or PdCl2(PhCN)2 catalysts, the 

synthesis of dibenz[a,h]anthracene and picene has been reported (Scheme 12). 

Dibenz[a,h]anthracene is commonly found in polluted smoke and oils and is stable and highly 

genotoxic. Picene is found in the tar residue from the distillation of peat tar and oil. It is of 

particular interest due to its constitution consisting of a combination of linear and angularly 

fused rings. Such polycyclic structures have been successfully used to construct J-aggregated 

emitting macrocycles and rigid molecular receptors.[71,72] They can be used as building blocks 
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for coronoidal hydrocarbons and serve as the basis for the formation of zigzag edges of 

topologically specific carbon nanoribbons.[73–76] These π-expanded aromatic molecules exhibit 

accessible redox chemistry and non-covalent interactions with a narrow energy gap between 

the boundary orbitals. In particular, they exhibit ultraviolet and visible near-infrared absorption 

and emission. Consequently, they are promising materials for various optoelectronic-, sensing- 

or energy conversion applications. 

 

 

Scheme 12. Synthesis of dibenz[a,h]anthracene 28 and picene 31 by Pd-catalyzed intramolecular 

double C-H activation. 

 

In contrast to Pd(0)/Pd(II), the redox chemistry of Pd(IV) has been less studied. However, the 

existence of this oxidation state has been speculated early, and evidence has been obtained 

subsequently. Despite the many advantages of this transformation, the use of Pd(II)/Pd(IV) 

catalysts has one notable limitation, namely the formation of multiple bonds, some of which 

may be undesirable in synthetic applications. However, this field has great potential because of 

the unique selectivity in some transformations.[77,78]  

The dimerization process of 2-arylpyridines is the first report of C-H bond activation using 

Pd(IV) (Scheme 13).[79] In this system, Pd(OAc)2  catalyzes the room temperature oxidative C-
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H/C-H coupling of various substituted 2-arylpyridines using Oxone as the oxidant. An example 

of such a procedure involves conversion of two equivalents of 32. Several additional 

experiments, including reactivity studies of possible intermediates, confirmed the mechanism 

(Scheme 13). This mechanism shows an initial activation of C-H to Pd(II), followed by 

oxidation of the resulting intermediate A by Oxone, resulting in the formation of Pd(IV) 

intermediate B. B then undergoes a secondary activation of the C-H bond, which then 

undergoes reductive elimination to form a C-C bond. The catalytic cycle is completed with the 

formation of product 33. 

 

 

Scheme 13. Oxidative coupling of 2-arylpyridine derivatives via proposed C–H activation at Pd(IV). 
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Simultaneously to the employment of transition metal catalyzed CH-activation methodologies, 

the development of improved synthetic protocols for SEAr reaction have evolved in recent 

years. In the focus of these achievements are the design of more sophisticated reaction 

conditions which avoid the use of stoichiometric amounts of toxic Lewis acids or the formation 

of toxic waste, respectively. One promising approach are cycloisomerization reactions which 

are formally atom-economic. When employed with less toxic catalysts this type of reaction 

could overcome the aforementioned drawbacks of SEAr reactions. 

Cycloisomerization is the transformation of non-cyclic starting materials into cyclic 

compounds. These reactions often involve the formation of carbon-carbon or carbon-

heteroatom bonds and are effective in promoting the formation of complex cyclic structures. 

These cyclic arrangements, a type of C-H bond activation, can be diverse and provide unique 

opportunities for the synthesis of diverse molecules. 

The most important advantage of cycloisomerization reactions is their atom economy. There is 

no loss of atoms in these transformations because every atom in the starting material is present 

in the final product. As a result, cycloisomerization is an efficient method of synthesis, 

maximizing the use of starting materials and minimizing waste.[80,81] 

One versatile method to construct polycyclic aromatic compounds and fused five-, six-, and 

seven-membered ring systems are intramolecular cycloisomerizations of 2-alkynyl-

biarylderivatives by Lewis and Brønsted acids, giving rise to diverse and complex cyclic 

compounds, such as phenanthrenes by 6-endo-dig- cyclization.[82] In the presence of terminal 

substituents, the formation of dibenzofulvenes, fluorenes and benzofurans by 5-exo-dig-

cyclization and dibenzocycloheptene by 7-endo-dig-cyclization is also possible.[83–85] The 

transformations are characterized by remarkable functional group tolerance and the use of mild 

reaction conditions. 

Phenanthrene and its derivatives have biological activity and are used in medicine to produce 

antiviral, antitumor, anti-inflammatory and antioxidant drugs.[86] In addition to medical 

applications, they also have a wide range of uses in various fields, including photoconductive, 

photochemical, electroluminescent and fluorescent materials.[87] 

Over the past decade, the development of more sophisticated cycloisomerization protocols has 

seen continuous development.[88–93] For example, research in Lewis and/or Brønsted acids is 

aimed at developing more versatile, more selective and more reactive catalysts. Each line of 
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research synergistically supports and influences the others. However, the full potential of 

catalysts based on Lewis and Brønsted acids on this reaction has not yet been fully realized. 

Lewis acid catalysts such as aluminium, boron, silicon, tin, etc., as well as d-block metal salts 

(titanium, zirconium, iron, copper, zinc, platinum, etc.) form adducts with electron-rich triple 

bonds.[37] The alkynophilic character of certain Lewis acids lead to activation of the unsaturated 

substrate promoting the formation of a η2-complex with the alkyne which in the following 

reacts with the adjacent aromatic ring, forming a novel C-C bond and releasing the Lewis acid 

catalyst (Scheme 14).[94] 

 

 

Scheme 14. Mechanism of the Lewis acid catalysed cycloisomerization reaction.[95] 

 

Late transition metals such as gold, copper, platinum or mercury are especially known for their 

affinity to -electrons and hence, are used for various reactions using triple bond containing 

substrates.[96,97] However, their practical use may be limited by their high cost, limited 

availability and/or toxicity. In addition, Lewis acids are often sensitive to air and moisture (e.g., 

AlCl3). They may also be present as contaminants in products which is problematic in their 

later application as pharmaceuticals or within electronic devices. As a result, there has been 

interest in new metal-free catalytic methods using, for instance, Brønsted acids. 

Protonation of the carbon-carbon triple bond leads to activation of the -system and electron 

density redistribution with formation of a new carbo-carbon bond. Subsequent deprotonation 

releases the catalyst of this intramolecular cycloisomerization.[89] Alternatively, protonation of 

the triple bond may lead to formation of an alkenyl-carbocation which undergoes electrophilic 

aromatic substitution (Scheme 15).  
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Scheme 15. Mechanism of the Bronsted acid cycloisomerization reaction.  

 

As an example, phenanthrene can be obtained by employment of various reaction conditions 

using common Lewis acids such as AlCl3, InCl3, PtCl2 as well as very rare ones such as 

Nd(OTf)3 (Scheme 16).[83,94,95,98,99] In addition, phenanthrenes can also be obtained by metal-

free synthesis with Brønsted acids, for example with TfOH. A selective, electrophilic attack of 

the β-carbon by the proton leads, analogously to the reaction with Lewis acids, to the formation 

of an alkenyl cation, which in turn is intercepted by the adjacent aromatic ring with concomitant 

deprotonation to give phenanthrene.[83]  

 

 

Scheme 16. Synthesis of phenanthrenes by Lewis and Brønsted acids. 
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Cycloisomerization by Lewis- and Brønsted acids can also occur in heteroaromatic structures, 

for example in the synthesis of benzo[h]quinolines (Scheme 17). Benzo[h]quinolines as well 

as phenanthrenes are of great importance in the pharmaceutical industry and as ligands in 

transition metal catalysis or materials science.[100–105]  

 

 

Scheme 17. Synthesis of benzo[h]quinolines by Lewis and Brønsted acids.[106] 

 

Another example for the synthesis of heteroatom-doped polycyclic aromatic hydrocarbons are  

Ullazines. The Ullazine chromophore is a 16-π-electron heterocycle, isoelectric to pyrene and 

has been employed in dye-sensitized solar cells and charge transfer materials for organic field 

effect transistors.[15,107–109] Hence, the development of novel synthetic methods e.g. by 

cycloisomerization has experienced strong development in recent years (Scheme 18). Grätzel 

et. al. reported the synthesis of Ullazine by cycloisomerization using InCl3 as Lewis acid. Later 

the groups of Langer synthesized respective aza-analogue using pTsOH as Brønsted acid.[110–

113]  
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Scheme 18. Synthesis of ullazines and aza-ullazines by Lewis and Brønsted acids. 

 

In conclusion, several approaches to the synthesis of novel CH-activation reactions have been 

developed for the synthesis of (heterocyclic) PAHs in recent years. One of the most employed 

and versatile methods are Palladium catalyzed CH activation which have been used for a huge 

number of known and unknown PAHs with interesting properties for application in the 

pharmaceutical sector or as compartments of electronic devices. Besides Palladium catalysis, 

the development of alternative synthetic strategies for PAH construction is a subject of ongoing 

research. One of these alternative approaches is the execution of cycloisomerization from 2-

alkynyl-biaryl derivatives leading cyclized products formally with 100% atom economy. This 

methodology represents a new technique to the synthesis of novel PAHs which are structurally 

hard accessible by other methods and hence, several new (heterocyclic)-PAH could be 

synthesized and characterized using cycloisomerization. 

 

Overview and Aim of the Research 
The main objective of this study is to combine two synthetic strategies to obtain novel 

heterocyclic polyaromatic hydrocarbons and to study their optical and electrochemical 

characteristics. The main focus of these studies is the development of methodologies which are 

based CH-activation reaction. In this context, cycloisomerization and Palladium catalyzed CH-

activation reaction were employed as key reaction steps to execute the envisioned ring-closing 

reactions. 

As part of this research, five projects have been carried out, the completion of which has 

resulted in the preparation and publication of four scientific papers and one submitted paper. 
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New synthetic routes for the preparation of polycyclic heteroaromatic hydrocarbons were 

studied in Brønsted and Lewis acid mediated cycloisomerization reactions as well as in Pd-

catalyzed C-H activation reactions. More than 80 unknown compounds were obtained in good 

to very good yields. All planned syntheses were successful except for some limitations. 

All obtained products have been characterized by typical analytical methods, including NMR, 

IR, MS and single crystal structure analysis. Selected compounds were additionally studied 

towards their optical and electrochemical properties. In this regard, UV/Vis absorption and 

emission measurements, including solvatochromism and acidochromism were performed. 

Electrochemical characteristics were obtained by cyclic voltammetry and differential pulse 

voltammetry and density functional theory calculations were carried out for some derivatives.  

In particular, in this research study, benzo[h]imidazo[1,2-a]quinolines and 1,2a-

diazadibenzo[cd,f]azulenes were prepared by cycloisomerization under the presence of 

Brønsted acids.  

In the synthesis of, Pd-catalyzed C-H bond activation was employed for the synthesis of 

diindenopyrene and its aza-analogues. This approach was further adopted to the synthesis of 

benzo[4,10]anthra[9,1-gh]isoquinolines, 1H-pyrrolo[3',2': 3,4]fluoreno[9,1-gh]quinolines and 

7H-pyrrolo[2',3',4':4,10]anthra[1,9-fg]quinolines. 
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ABSTRACT: Benzo[h]imidazo[1,2-a]quinolines and 1,2a-diazadibenzo[cd,f]azulenes were prepared from a common intermediate
by regioselective cycloisomerization reactions. The selectivity was controlled by the choice of Brønsted acid and solvent. The optical
and electrochemical properties of the products were studied by UV/vis, fluorescence, and cyclovoltammetric measurements. The
experimental results were complemented by density functional theory calculations.

■ INTRODUCTION
Functionalized imidazopyridines have gained significant interest
in organic chemistry and, in particular, in medicinal chemistry.
These compounds are of relevance in terms of their potential
biological activity and physicochemical properties. 5-Arylated
imidazopyridines have been identified as potential candidates
for drug development. Early publications have shown that a
series of 5-aryl-imidazopyridines exhibit inhibitory activity
against several human cancer cell lines, such as colon, lung,
pancreas, liver, and others. For example, compound A (Scheme
1) with phenyl substituents at positions 2, 5, and 7 shows activity
against various cancer cell lines, such as A549 (lung), HCT-116
(colon), SW-620 (colon), and MIAPACA (pancreas).1 The
change of the phenyl substituent at position 5 to indole and the
introduction of N-methylcyclohexanamine at position 2 results
in cytotoxicity against five selected cancer cell lines HT-29
(colon), H460 (lung), A549 (lung), MKN-45 (stomach), and
SMMC-7721 (liver) of compound B.2 Activity against Hep-G2
(liver), T-24 (bladder), and SK-OV-3 (ovaries) cell lines has
also been found in benzo-fused compound C, which contains
aryl substituents at positions 5 and 7.3

Along with their biological activity, the optical and electro-
chemical properties of imidazopyridines are of particular
interest. In recent years, scientific interest has been amplified
because of the potential incorporation of imidazopyridines in
various electronic applications of modern daily life, such as
organic field effect transistors, organic light-emitting diodes,
organic photovoltaic cells, organic lasers, and many more.4,5 For
instance, chiral azahelicenes containing naphtho-fused imidazo-
pyridines show circularly polarized luminescence (CPL) with a
wide range of potential applications for data storage and

processing, 3D displays, or CPL lasers.6 Moreover, imidazopyr-
idines functionalized with a diketopyrrolopyrrol subunit in
position 5 were employed as BODIPY dye analogues.7

Based on the work of us and others8 on the synthesis of
polycyclic heteroaromatic compounds and inspired by the
impressive properties of the abovementioned 5-arylated
imidazopyridines, we envisioned the development of a new
strategy for the synthesis of polycyclic imidazopyridines based
on the combination of Pd-catalyzed cross-coupling with acid-
mediated cycloisomerization reactions. In particular, the
application of simple Brønsted-acid-mediated cycloisomeriza-
tion reactions first introduced by the Swager group has been
recognized as a valuable tool for the construction of polycyclic
compounds, especially for economical and ecological reasons.9

As a common synthetic intermediate, we identified 5-(2-
alkynylphenyl)imidazopyridines A, which were planned to be
prepared by the application of Suzuki−Miyaura and Sonogashira
cross-coupling reactions (Scheme 2). An acid-mediated cyclo-
isomerization of A would then lead to benzo[h]imidazo[1,2-
a]quinolines B and/or to regioisomeric 1,2a-diazadibenzo-
[cd,f]azulenes C. Herein, we report the results of studies related
to the divergent synthesis of productsB andC.10 In addition, the
optical and electronic properties of both series of products were
studied by experimental and theoretical methods. In addition,
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products B and C constitute, to the best of our knowledge,
hitherto unknown heterocyclic core structures.

■ RESULTS AND DISCUSSION
Our first plan to prepare 5-(2-alkynylphenyl)imidazopyridines
5, key intermediates of our project, relied on the reaction of 5-
bromoimidazo[1,2-a]pyridine (1) with (2-bromophenyl)-
boronic acid (2) to give coupling product 3. The latter had
then to be transformed to compounds 5 by Sonogashira
reactions (Scheme 3). Imidazo[1,2-a]pyridine 1was prepared in
a 81% yield by cyclization of 6-amino-2-bromopyridine with
bromoacetaldehyde dimethyl acetal (nBuOH, reflux, 14 h). The
Suzuki−Miyaura reaction of 1 with 2 uneventfully afforded the
desired coupling product 3. However, the Sonogashira reaction
of 3 with arylalkynes 4 proved to be unsuccessful and gave
inseparable mixtures of the desired product and the starting
material.
To solve this problem, we changed the order of the Suzuki−

Miyaura and Sonogashira reactions. The Sonogashira reaction of

commercially available 2-bromo-1-iodobenzene (6) with
alkynes 4a−k afforded 2-alkynyl-1-bromobenzenes 7a−k.
Metal−halide exchange using nBuLi, addition of trimethyl
borate, and subsequent hydrolysis gave (2-alkynylphenyl)-
boronic acids 8a−k. The syntheses were carried out mostly in
analogy to procedures reported for related transforma-
tions.6,7,9−14 A detailed description of the experiments and the
characterization data can be found in the Supporting
Information. The structures of two derivatives of 7 and 8 were
independently confirmed by crystal structure analyses (see the
Supporting Information).
The Suzuki−Miyaura reaction of 8a−k with 1 afforded the

desired 5-(2-alkynylphenyl)imidazopyridines 5a−k (Table 1).
The reactions leading to products containing alkyl, methoxy,
fluoro, and CF3 groups proceeded in good yields. In case of the
dimethylamino and chloro groups, the yields were slightly lower
because of purification issues and competing side reactions,
respectively. The structure of 5b was independently confirmed
by the crystal structure analysis (Figure 1). The two aryl groups
of the diarylacetylene moiety are in plane, while the heterocyclic
scaffold and the aryl group are twisted out of plane due to steric
reasons.
The acid-mediated cycloisomerization of 8a−k was studied

next, with special emphasis on the regioselectivity. The
conditions of the reactions were optimized for the trans-
formation of 8a to six-membered ring 9a and seven-membered
ring 10a (Scheme 4, Table 2). Based on our previous work in the
field, we considered different Brønsted acids during the
optimization.15−17 It became soon apparent that the regiose-
lectivity depends on the choice of acid and solvent. The use of p-

Scheme 1. Biologically Active 5-Arylimidazopyridines

Scheme 2. Synthesis of Benzo[h]imidazo[1,2-a]quinolines B
and 1,2a-Diazadibenzo[cd,f]azulenes C by
Cycloisomerization of Common Intermediate A

Scheme 3. Synthesis of 5-(2-(Alkynyl)phenyl)imidazo[1,2-a]pyridines 5a−k; Conditions: (i) 6 (1.0 equiv), 4a−k (1.0 equiv), CuI
(8 mol %), Pd(PPh3)4 (4 mol %), NEt3, 20 °C, 4 h; (ii) 7a−k (1.0 equiv) nBuLi (1.0 equiv), B(OMe)3 (2.0 equiv), THF, −78 °C,
45min to 20 °C, 17 h; and (iii) 1 (1.0 equiv), Pd(PPh3)4 (3mol%), 8a−k (1.5 equiv), K2CO3 (2.4 equiv), n-butanol/H2O, 110 °C,
24 h
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toluenesulfonic acid (pTsOH) in toluene or xylene gave
exclusively the respective diazaazulene 10a (entries 2−5). The
best yield (37%) was obtained when toluene was used as the
solvent (100 °C, 12 h, entry 3). In contrast, imidazoquinoline 9a
instead of 10a was isolated, albeit in low yields, when pTsOH
was used in combination with hexafluoroisopropanol (HFIP) or
without solvent (entries 6 and 7). The use of methanesulfonic

acid (MsOH), trifluoracetic acid, and triflic acid (TfOH) again
exclusively afforded 9a (entries 8, 9, 11−14). Eventually, the
best yield of 9a (69%) was obtained when TfOH (5 equiv) was
employed in combination with dichloromethane (0 to 20 °C, 4
h). Interestingly, when water was added to the MsOH solution
in toluene, a mixture of products 9 and 10 was isolated,
highlighting the impact of water on the regioselectivity. No
product at all could be isolated when the Lewis acid PtCl2 was
used (the starting material was recovered, entry 15).
As a next step, we studied the scope of the synthesis of

benzoimidazoquinolines 9 using our optimized conditions

Table 1. Synthesis of 5-(2-(Alkynyl)phenyl)imidazo[1,2-a]pyridines 5a−ka

aReaction conditions: 1 (1.0 equiv), Pd(PPh3)4 (3 mol %), 8a−k (1.5 equiv), K2CO3 (2.4 equiv), n-butanol/H2O, 110 °C, 24 h.

Figure 1. Crystal structure of 5b (probability of ellipsoids is 50%).

Scheme 4. Synthesis of 9a and 10a (for Conditions, See Table
2)
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(triflic acid, DCM, 0 °C, 4 h). The cycloisomerization of 5a−e
and 5hk afforded the corresponding benzoimidazoquinolines

9a−e and 9h−k in good to excellent yields (Table 3). However,
the employment of dimethylamino- and CF3-substituted
derivatives 5f and 5g proved to be unsuccessful. This can be
explained by the electron withdrawing effect of the CF3 and
dimethylammonium groups. The latter is formed by the
protonation of the dimethylamino group during the reaction.
In all experiments, exclusively products 9were formed. Not even
trace amounts of product 10 could be detected. The structure of
9c was independently confirmed by the crystal structure analysis
(Figure 2). The benzoimidazoquinoline scaffold forms a

Table 2. Optimization of the Synthesis of 9a and 10a

yield (%)

entry acid [equiv] solvent temp °C time h 9 10

1 pTsOH [10] toluene 20 2 0 0
2 pTsOH [10] toluene 100 12 0 19
3 pTsOH [30] toluene 100 12 0 37
4 pTsOH [30] xylene 130 12 0 36
5 pTsOH [60] toluene 100 12 0 36
6 pTsOH [30] 120 12 25 0
7 pTsOH [30] HFIP 60 24 16 0
8 MsOH [30] HFIP 60 24 46 0
9 MsOH [30] toluene 100 12 42 0
10 MsOH [30] toluene/H2O 100 12 31 12
11 TFA [35] toluene 70 12 0 0
12 TFA [35] toluene 100 12 10 0
13 TfOH [1] DCM 0−20 4 traces 0
14 TfOH [5] DCM 0−20 4 69 0
15 PtCl2 [0.1] toluene 100 12 0 0

Table 3. Synthesis of Benzoimidazoquinolines 9a−ka

aReaction conditions: 5a−k (1.0 equiv), TfOH (5.0 equiv), CH2Cl2, 0−20, 4 h.

Figure 2. Crystal structure of 9c (the probability of the ellipsoids is
50%).
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[4]helicene structure with a torsion angle of θ = 32° due to the
ortho-annulation of the fused aryl rings. The attached phenyl
ring is twisted out of plane by 52°. The structure of 9b was also
confirmed by X-ray crystal structure analysis (see Supporting
Information).
The cycloisomerization of 5a-k, carried out using pTsOH in

toluene (100 °C, 12 h), afforded the corresponding
diazadibenzoazulenes 10a−k in mostly moderate yields (Table
4). The reaction was successful also for derivatives 5f and 5g
containing a CF3 and NMe2 group. The formation of
regioisomers 9 as side products was not observed. The synthesis
of products 10 from alkynes 5 represents what is, to the best of
our knowledge, the first example of a Brønsted acid-mediated
cycloisomerization leading to a seven-membered ring. The
structure of 10i was independently confirmed by crystal
structure analysis (Figure 3). The obtained crystals showed
only a weak diffraction pattern, and molecules in the asymmetric
unit are strongly disordered. Although the structure was proven,
it could not be deposited at the CCDC, and a detailed discussion
of the bond lengths and angles is not possible. However, it can be
seen that the fused heterocyclic system shows a deviation from
planarity induced by the incorporation of the seven-membered

ring. The 2-fluorobenzene ring attached to the double bond is
orthogonally twisted from the scaffold by sterical repulsion.
These results suggest that the choice of acid, solvent, and the

temperature play an important role in the selectivity. The
cycloisomerization presumably proceeds by protonation of the
alkyne, subsequent cyclization via the pyridine or the imidazole
moiety and deprotonation. The cyclization via the benzene ring
might be faster than the cyclization via the imidazole because of
the protonation of the nitrogen atom to the latter. At elevated

Table 4. Synthesis of Diazadibenzoazulenes 10a−ka

aReaction conditions: 5a−k (150 mg, 1.0 equiv), pTsOH (30 equiv), toluene, 100 °C, 12 h.

Figure 3. Single crystal structure of 10i (due to strong crystal disorder,
only weak crystal data was obtained, which precludes detailed
discussion and deposition at the CCDC).
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temperatures, an attack via the imidazolemight become viable. It
should be noted that pTsOH contains one equivalent of water
(in contrast to the other acids), which also might play a role in
the reaction. In conclusion, the origin of the regioselectivity
remains unclear at present.
Physical Properties. As mentioned above, both benzo[h]-

imidazo[1,2-a]quinolines 9 and 1,2a-diazadibenzo[cd,f]-
azulenes 10 represent, to the best of our knowledge, new
heterocyclic entities. Therefore, it was interesting to study the
optical and electronic properties. The steady-state absorption
and emission properties of selected compounds (9b−e and
10c−e) were studied (Figures 4 and 5). The optical properties
of imidazoquinolines 9b−e show only marginal deviation by
variation of the aryl ring in position 6. This can be explained by
the fact that the aryl group is twisted out of plane. All
compounds show strong absorptions at ∼300 nm and a weaker
broad band with a certain fine structure between 320 and 380
nm. Fluorescence quantum yields range between 23 and 28%
(Supporting Information, Table S3).18 Diazadibenzoazulenes
10 show an absorption behavior similar to that of imidazoquino-
lines 9. However, the lower energy band is slightly red-shifted

with the loss of its fine structure, again indicating the low impact
of the aryl rings attached to the heterocyclic scaffold on the
optical properties.
Density functional theory (DFT) calculations on the B3LYP

6-311G(d,p) level within IEFPCM for acetonitrile have been
performed to gain an improved understanding of the electronic
characteristics of both isomers.19 The calculations reflect the
experimental results very well. Visualization of the highest
occupied molecular orbital (HOMO) and lowest unoccupied
molecular orbital (LUMO) of 9c and 10c, accompanied with
their associated orbital energies, is depicted in Figure 6.
Imidazoquinoline 9c consists of a more stabilized HOMO as
compared to 10c, while the LUMO is higher in energy. Hence,
the resulting energy gap of 10c is 1.08 eV smaller as compared to
9c. The contribution of the attached aryl rings to the FMOs is
negligible for both isomers, which corresponds with the fact that
different derivatives show similar absorption and emission
spectra (Figures 4−6). TD-DFT calculations were performed to
get further insight into the nature of the excited states of both
compounds. For this reason, range-separated CAM-B3LYP
hybrid functionals have been examined, which give a well

Figure 4. UV−vis and emission spectra (excitated @360 nm) of benzo[h]imidazo[1,2-a]quinoline−derivatives 9b−e in CH2Cl2 (c = 10−4 M) at 20
°C.

Figure 5.UV−vis (left) and emission spectra (excitated @360 nm) of 1,2a1-diazadibenzo[cd,f]azulene−derivatives 10c−e in CH2Cl2 (c = 10−5 M) at
20 °C.
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correlated picture with regard to the experimental results. For
compound 9c, the first two transitions S1 ← S0 and S2 ← S0
with low oscillator strength originate mainly from HOMO →
LUMO transitions (contribution of ∼50 and 40%, respectively)
with admixture of HOMO − 1 → LUMO, HOMO − 1 →
LUMO + 1, and HOMO → LUMO + 1 (cf. Supporting
InformationTable S7). In contrast, for compound 10c, the S1←
S0 with low oscillator strength derives only from the HOMO →
LUMO transition, while weakly oscillating S2 ← S0 consists
mainly of HOMO → LUMO+ 1 with admixture of HOMO − 1
→ LUMO (cf. Supporting Information Table S8).
Additional NICS(1.7) calculations have been performed to

receive further insights into the aromaticity of the obtained
polycyclic heterocycle 9c and 10c, and the results for each ring
are depicted within molecular structures of Figure 6.20 As
expected for 9c, all rings of the scaffold show distinct
aromaticity, while the pyridine entity shows the lowest and the
imidazole ring the highest magnetically induced current
densities. However, the presence of a seven-membered azepine
ring within the polycyclic scaffold of 10c leads to strong
deviations (Figure 6). While the imidazole ring and the benzol
ring are still aromatic, NICS calculations reveal weak to non-
aromaticity for the pyridine moiety and anti-aromaticity for the
central azepine ring, which is in accordance with the strong
shielding of the vinylic proton detected in the NMR-spectra of
compounds 10 (cf. Supporting Information).

■ CONCLUSIONS
We developed a site-selective synthesis of benzo[h]imidazo[1,2-
a]quinolines and isomeric 1,2a-diazadibenzo[cd,f]azulenes,
which constitute, to the best of our knowledge, hitherto

unknown heterocyclic core structures. The synthesis is based
on the combination of Pd-catalyzed cross-coupling reactions
with Brønsted acid-mediated cycloisomerizations. The regiose-
lectivity of the cycloisomerization can be controlled by the
choice of acid. The optical and electrochemical properties of the
compounds were studied by UV/vis and fluorescence spectros-
copy and by cyclovoltammetry. The 1,2a-diazadibenzo[cd,f]-
azulenes exhibit bathochromically shifted absorptions and
emissions accompanied with a lower oxidation potential as
compared to the isomeric benzo[h]imidazo[1,2-a]quinolines.
DFT calculations support the experimental results and confirm a
negligible contribution of the attached aryl ring to the FMOs.

■ EXPERIMENTAL SECTION
General Information. If not otherwise stated, all employed have

commercially purchased and used without further purification. The
nuclear magnetic resonance spectra (1H/13C/19F/11B NMR) were
recorded on a Bruker AVANCE 300 III, 250 II, or 500. The analyzed
chemical shifts δ are referenced to residual solvent signals of the
deuterated solvents CDCl3 (δ = 7.26 ppm/77.16 ppm) or DMSO-d6 (δ
= 2.50 ppm/39.52 ppm).Multiplicities due to spin−spin correlation are
reported as follows: s = singlet, d = doublet, dd = double doublet, t =
triplet, pt = pseudo triplet, m =multiplet, and further described through
their coupling constants J. Infrared spectra (IR) were measured as
attenuated total reflection (ATR) experiments with a Nicolet 380 FT-
IR spectrometer. The signals have been characterized through their
wave numbers and their corresponding absorption as very strong (vs),
strong (s), medium (m), weak (w), or very weak (vw). UV/vis spectra
were recorded on a Cary 60 UV−vis spectrophotometer and emission
spectra with an Agilent Cary Eclipse fluorescence spectrophotometer.
Cyclovoltammetry (CV) was measured in CH3CN with 0.1 M
nBu4NPF6 as a supporting electrolyte, a glassy carbon working

Figure 6. Visualization of HOMO and LUMO with associated energies and calculated NICS values drawn within the molecular structures.
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electrode, ANE2 (Ag/AgNO3 0.01 M in CH3CN) as a reference
electrode, and a Pt counter electrode with ferrocene as an external
standard (1 mM in CH3CN). The potential is given versus Fc+/Fc. The
potentiostat used was a PalmSense EmStat3 blue. Basic and high-
resolution mass spectra (MS/HRMS) were measured on instruments
which were paired with preceding gas chromatography (GC) or liquid
chromatography (LC). The samples have been ionized through
electron impact ionization (EI) on an Agilent 6890/5973 or Agilent
7890/5977 GC−MS equipped with a HP-5 capillary column using
helium carrier gas or by applying electron spray ionization (ESI) on an
Agilent 1200/6210 time-of-flight (TOF) LC−MS. X-ray single-crystal
structure analysis was performed on a Bruker Apex Kappa-II CCD
diffractometer.
Materials. The applied solvents, n-butanol, THF, toluene, xylene,

HFIP, and DCM, were obtained as dry solvents through commercial
sources and employed without further purification. Solvents for
extraction and column chromatography were available after previous
distillation. If not otherwise stated, all reagents such as alkynes 4,
catalysts, ligands, acids, and bases were purchased and used without
further purification. Column chromatography was performed using a
Merck Silica gel 60 (particle size 63−200 μm).
General Procedure for the Synthesis of Benzo[h]imidazo-

[1,2-a]quinolones 9a−k. In a pressure tube under an inert
atmosphere, 5a−k (100 mg, 1 equiv) was dissolved in DCM (2 mL).
The mixture was cooled to 0 °C. Then TfOH (5 equiv) was dropwise
added. The reaction was stirred at 0 °C for 2 h and then at room
temperature for further 2 h. The solution was diluted with ethyl acetate
and extracted three times with a saturated solution of sodium
bicarbonate. The organic layer was dried with sodium sulfate, filtered,
and concentrated in vacuo. The residue was purified by column
chromatography (Heptane/EtOAc = 3:1).
General Procedure for the Synthesis of 1,2a-Diazadibenzo-

[cd,f]azulenes 10a−k. In a pressure tube under an inert atmosphere
were added substances 5a−k (150mg, 1 equiv), pTsOH (30 equiv) and
toluene (5 mL). The mixture was stirred at 100 °C for 12 h in a
stainless-steel heating block. Then, the solution was cooled to 20 °C,
diluted with ethyl acetate, and extracted three times with a saturated
solution of sodium bicarbonate. The organic layer was dried with
sodium sulfate, filtered, and concentrated in vacuo. The residue was
purified by column chromatography (toluene/EtOAc = 3:1).
6-(4-(tert-Butyl)phenyl)benzo[h]imidazo[1,2-a]quinoline (9a).

Starting from 5a (100 mg, 0.29 mmol), the compound was isolated
as a yellow solid (69 mg, 69%); mp: 185−187 °C. Rf: 0.34 (heptane/
ethyl acetate, 3:1). 1H NMR (500 MHz, chloroform-d) δ: 9.07 (d, J =
8.5 Hz, 1H), 8.97 (s, 1H), 8.03 (d, J = 6.5 Hz, 1H), 7.94−7.66 (m, 6H),
7.56 (d, J = 8.1 Hz, 2H), 7.45 (d, J = 8.1 Hz, 2H), 1.43 (s, 9H). 13C{1H}
NMR (126 MHz, chloroform-d) δ: 150.9, 138.7, 136.7, 133.3, 129.8,
129.1, 127.3, 126.7, 126.5, 125.4, 124.9, 123.5, 122.4, 121.3, 116.8, 34.7,
31.4. MS (GC): m/z (%) = 325 (4), 351 (28), 350 (M+, C25H22N2,
100), 337 (3), 336 (24), 335 (89), 333 (6), 332 (1). HRMS (ESI-TOF)
m/z: [M + H]+ calcd for C25H23N2 351.1861; found, 351.1871. IR
(ATR): ṽ 2957 (s), 1698 (m), 1597 (m), 1290 (vs), 1267 (s), 1137 (s),
826 (vs), 705 (vs).
6-(4-Fluorophenyl)benzo[h]imidazo[1,2-a]quinolone (9b). Start-

ing from 5b (100 mg, 0.32 mmol), the compound was isolated as a
yellow solid (99 mg, 99%); mp: 155−157 °C. Rf: 0.28 (heptane/ethyl
acetate, 3:1). 1H NMR (126 MHz, chloroform-d) δ: 9.15 (s, 1H), 9.08
(d, J = 8.6 Hz, 1H), 8.14 (d, J = 8.0 Hz, 1H), 7.89−7.70 (m, 5H), 7.56−
7.47 (m, 3H), 7.37 (t, J = 8.8 Hz, 2H). 13C{1H} NMR (126 MHz,
DMSO-d6) δ: 162.7 (d, J = 248.0 Hz), 137.7, 135.8, 133.4, 133.3, 131.9
(d, J = 8.2 Hz), 130.5, 129.3, 127.7, 127.1, 126.9, 124.7, 123.8, 122.6,
121.3, 117.1, 116.4 (d, J = 21.5 Hz), 115.8 (d, J = 3.6 Hz), 115.6. 19F
NMR (471 MHz, chloroform-d) δ: −114.1. MS (GC): m/z (%) = 314
(2), 313 (23), 312 (M+, C21H13FN2, 100), 311 (42), 310 (9), 309 (2),
308 (1). HRMS (EI): calcd for C21H13N2F (M+), 312.1057; found,
312.1054. IR (ATR): ṽ 1694 (m), 1595 (s), 1506 (s), 1292 (s), 1218
(s), 1156 (s), 828 (s), 721 (vs).
6-Phenylbenzo[h]imidazo[1,2-a]quinoline (9c). Starting from 5c

(100 mg, 0.34 mmol), the compound was isolated as a colorless solid
(69 mg, 69%); mp: 201−203 °C. Rf: 0.28 (heptane/ethyl acetate, 3:1).

1H NMR (250MHz, DMSO-d6) δ: 9.31−9.10 (m, 1H), 8.34−8.18 (m,
1H), 7.97 (s, 1H), 7.93−7.72 (m, 4H), 7.69−7.43 (m, 7H). 13C{1H}
NMR (75 MHz, chloroform-d) δ: 139.9, 138.8, 133.4, 130.2, 129.3,
128.6, 127.9, 127.4, 126.9, 126.6, 124.6, 123.8, 122.6, 121.3, 117.1. MS
(GC): m/z (%) = 296 (2), 295 (22), 294 (M+, C21H13N2, 100), 293
(49), 292 (9), 291 (3), 290 (2). HRMS (EI): calcd for C21H13N2 (M+),
294.1151; found, 294.1146. IR (ATR): ṽ 1669 (m), 1595 (m), 1492
(m), 1393 (m), 1290 (m), 1137 (m), 810 (m), 758 (s).

6-(4-Methoxyphenyl)benzo[h]imidazo[1,2-a]quinoline (9d).
Starting from 5d (100 mg, 0.31 mmol), the compound was isolated
as a yellow solid (64 mg, 64%); mp: 150−152 °C. Rf: 0.21 (heptane/
ethyl acetate, 3:1). 1H NMR (500 MHz, DMSO-d6) δ: 9.79 (d, J = 9.7
Hz, 1H), 9.27−9.06 (m, 1H), 8.24−8.17 (m, 1H), 8.05−7.92 (m, 1H),
7.86−7.62 (m, 3H), 7.48 (d, J = 8.8 Hz, 3H), 7.23−7.09 (m, 3H), 3.85
(s, 3H). 13C{1H} NMR (126 MHz, DMSO-d6) δ: 159.0, 137.6, 133.6,
132.8, 131.5, 131.1, 130.9, 129.6, 129.1, 127.5, 127.2, 126.3, 123.6,
122.7, 122.6, 120.5, 117.0, 116.3, 114.05, 114.09, 113.9, 55.2. MS
(GC): m/z (%) = 327 (1), 326 (3), 325 (25), 324 (C22H16N2O, 100),
323 (6), 310 (3), 309 (12), 308 (3). HRMS (ESI-TOF)m/z: [M +H]+
calcd for C22H17N2O, 325.1341; found, 325.1341. IR (ATR): ṽ 2924
(m), 1698 (s), 1597 (s), 1506 (s), 1393 (m), 1238 (vs), 1177 (s), 1030
(s).

6-(p-Tolyl)benzo[h]imidazo[1,2-a]quinoline (9e). Starting from 5e
(100mg, 0.32mmol), the compound was isolated as a dark-yellow solid
(91 mg, 91%); mp: 131−133 °C. Rf: 0.30 (heptane/ethyl acetate, 3:1).
1H NMR (250MHz, chloroform-d) δ: 9.06 (d, J = 7.5 Hz, 1H), 8.95 (s,
1H), 8.09−7.98 (m, 1H), 7.87 (s, 1H), 7.82−7.66 (m, 5H), 7.37 (q, J =
8.2 Hz, 4H), 2.49 (s, 3H). 13C{1H} NMR (63 MHz, chloroform-d) δ:
138.8, 137.8, 136.9, 133.4, 133.0, 130.1, 129.4, 129.3, 127.5, 126.8,
126.7, 125.1, 123.6, 122.6, 121.5, 116.8, 21.4. MS (GC):m/z (%) = 310
(5), 309 (24), 308 (M+, C22H16N2, 100), 307 (26), 306 (5), 305 (4),
304 (1), 295 (1), 294 (3), 293 (21), 292 (7), 291 (2), 290 (2). HRMS
(ESI-TOF) m/z: [M + H]+ calcd for C22H17N2, 309.1392; found,
309.1402. IR (ATR): ṽ 2920 (m), 1694 (m), 1595 (s), 1510 (m), 1391
(m), 1290 (s), 1135 (s), 816 (vs).

6-(m-Tolyl)benzo[h]imidazo[1,2-a]quinoline (9h). Starting from
5h (100 mg, 0.32 mmol), the compound was isolated as a yellow solid
(96 mg, 96%); mp: 75−77 °C. Rf: 0.30 (heptane/ethyl acetate, 3:1). 1H
NMR (300 MHz, chloroform-d) δ: 8.94 (d, J = 9.1 Hz, 1H), 8.83 (s,
1H), 7.91 (dd, J = 8.0, 1.6 Hz, 1H), 7.86−7.70 (m, 2H), 7.70−7.62 (m,
1H), 7.61−7.56 (m, 4H), 7.35−7.10 (m, 3H), 2.35 (s, 3H). 13C{1H}
NMR (75 MHz, chloroform-d) δ: 139.8, 138.9, 138.3, 133.4, 133.4,
132.4, 130.9, 130.1, 129.2, 128.7, 128.5, 127.8, 127.4, 127.3, 126.8,
126.5, 124.8, 122.6, 121.2, 117.3, 117.0, 21.6. MS (GC):m/z (%) = 310
(3), 309 (25), 308 (M+, C22H16N2, 100), 307 (25), 306 (5), 305 (4),
303 (2), 294 (5), 293 (21), 292 (8), 291 (3), 290 (1). HRMS (ESI-
TOF) m/z: [M + H]+ calcd for C22H17N2, 309.1392; found, 309.1389.
IR (ATR): ṽ 2920 (w), 1696 (w), 1601 (m), 1486 (m), 1292 (s), 1148
(m), 886 (m), 787 (s).

6-(2-Fluorophenyl)benzo[h]imidazo[1,2-a]quinoline (9i). Starting
from 5a (100 mg, 0.32 mmol), the compound was isolated as a yellow
solid (95 mg, 95%); mp: 180−182 °C. Rf: 0.26 (heptane/ethyl acetate,
3:1). 1H NMR (300 MHz, DMSO-d6) δ: 9.28−9.20 (m, 1H), 9.20−
9.14 (m, 1H), 8.24 (dd, J = 7.8, 1.7 Hz, 1H), 8.03 (s, 1H), 7.94−7.74
(m, 4H), 7.69−7.52 (m, 2H), 7.51−7.38 (m, 2H), 7.38−7.31 (m, 1H).
13C{1H} NMR (75 MHz, chloroform-d) δ: 160.2 (d, J = 247.1 Hz),
145.8, 133.4, 132.6, 132.4 (d, J = 3.2 Hz), 130.4 (d, J = 8.2 Hz), 130.2,
129.4, 127.6, 127.5, 127.4, 127.3, 127.2, 124.6 (d, J = 3.7 Hz), 124.1,
122.7, 121.5, 117.4, 116.0 (d, J = 22.0 Hz), 115.7. 19F NMR (282 MHz,
DMSO-d6) δ −114.1. MS (GC): m/z (%) = 314 (3), 313 (23), 312
(M+, C21H13FN2, 100), 311 (32), 310 (6), 309 (1). HRMS (ESI-TOF)
m/z: [M + H]+ calcd for C21H14FN2, 313.1141; found, 313.1140. IR
(ATR): ṽ 2920 (w), 1696 (w), 1601 (m), 1486 (m), 1292 (s), 1148
(m), 886 (m), 707 (vs).

6-(4-Chlorophenyl)benzo[h]imidazo[1,2-a]quinoline (9j). Starting
from 5j (100 mg, 0.30 mmol), the compound was isolated as a yellow
solid (81 mg, 81%); mp: 145−147 °C. Rf: 0.30 (heptane/ethyl acetate,
3:1). 1HNMR (500MHz) δ: 9.19 (d, J = 33.6 Hz, 1H), 8.79 (d, J = 53.8
Hz, 1H), 8.47−6.59 (m, 11H). 13C{1H} NMR (63 MHz, chloroform-
d) δ: 138.3, 137.5, 134.2, 133.7, 133.2, 131.5, 129.3, 128.8, 127.6, 127.1,
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126.6, 124.2, 123.8, 122.6, 121.0, 117.4, 115.7. MS (GC): m/z (%) =
332 (1), 331 (7), 330 (34), 329 (28), 328 (M+, C21H13ClN2, 100), 327
(13), 326 (2), 294 (4), 293 (19), 292 (13), 291 (4), 290 (3), 289 (1).
HRMS (ESI-TOF) m/z: [M + H]+ calcd for C21H14ClN2, 329.0845;
found, 329.0844. IR (ATR): ṽ 1695 (w), 1592 (w), 1487 (s), 1425 (m),
1289 (s), 1133 (m), 1085 (s), 1011 (m).
6-(2-Chlorophenyl)benzo[h]imidazo[1,2-a]quinoline (9k). Start-

ing from 5k (100 mg, 0.30 mmol), the compound was isolated as a
brown solid (88 mg, 88%); mp: 131−133 °C. Rf: 0.28 (heptane/ethyl
acetate, 3:1). 1HNMR (300MHz, DMSO-d6) δ: 9.25 (s, 1H), 9.19 (d, J
= 9.0 Hz, 1H), 8.23 (dd, J = 7.9, 1.6 Hz, 1H), 7.95 (s, 1H), 7.90−7.75
(m, 4H), 7.72−7.65 (m, 1H), 7.61−7.53 (m, 3H), 7.18 (d, J = 9.5 Hz,
1H). 13C{1H} NMR (75 MHz, DMSO-d6) δ: 137.9, 135.1, 133.7,
133.0, 132.7, 132.1, 130.2, 129.4, 129.2, 127.8, 127.6, 126.7, 123.2,
123.1, 122.9, 120.4, 117.5, 116.3. MS (GC): m/z (%) = 332 (1), 331
(8), 330 (34), 329 (24), 328 (M+, C21H13ClN2, 100), 295 (2), 294
(19), 293 (83), 292 (22), 291 (8), 290 (6), 289 (2). HRMS (ESI-TOF)
m/z: [M + H]+ calcd for C21H14ClN2, 329.0845; found, 329.0840. IR
(ATR): ṽ 1632.02 (w), 1475 (m), 1421 (m), 1292 (s), 1137 (m), 1052
(s), 1026 (vs), 813 (s).
3-(4-(tert-Butyl)phenyl)-1,2a1-diazadibenzo[cd,f]azulene (10a).

Starting from 5a (150 mg, 0.43 mmol), the compound was isolated
as a red solid (56 mg, 37%); mp: 147 °C. Rf: 0.30 (toluene/ethyl
acetate, 3:1). 1H NMR (300 MHz, chloroform-d) δ: 7.32−7.26 (m,
2H), 7.20−7.11 (m, 2H), 7.00−6.82 (m, 4H), 6.77−6.66 (m, 2H),
6.57−6.50 (m, 1H), 6.37−6.32 (m, 1H), 5.38 (s, 1H), 1.26 (s, 9H).
13C{1H} NMR (75 MHz, chloroform-d) δ: 151.7, 151.3, 143.1, 140.4,
138.5, 137.3, 136.9, 132.9, 132.7, 131.2, 131.1, 130.5, 129.9, 129.2,
127.8, 127.0, 125.4, 118.5, 113.9, 34.7, 31.4. MS (GC): m/z (%) = 353
(1), 352 (13), 351 (M+, C25H22N2, 100), 350 (71), 337 (3), 336 (22),
335 (84), 334 (21), 333 (17). HRMS (ESI-TOF)m/z: [M +H]+ calcd
for C25H23N2 [M + H], 351.1861; found, 351.1856. IR (ATR): ṽ 2959
(m), 1622 (w), 1506 (w), 1473 (m), 1280 (m), 1168 (s), 843 (m), 758
(vs).
3-(4-Fluorophenyl)-1,2a1-diazadibenzo[cd,f]azulene (10b). Start-

ing from 5b (150 mg, 0.48 mmol), the compound was isolated as a red
solid (36mg, 24%); mp: 59 °C.Rf: 0.23 (toluene/ethyl acetate, 3:1). 1H
NMR (300 MHz, DMSO-d6) δ: 7.38−7.32 (m, 2H), 7.25−7.18 (m,
2H), 7.16−7.13 (m, 3H), 6.96−6.91 (m, 2H), 6.83 (dd, J = 6.1, 2.5 Hz,
1H), 6.69 (dd, J = 5.6, 2.7 Hz, 1H), 6.55 (s, 1H), 5.52 (s, 1H). 13C{1H}
NMR (75 MHz, DMSO-d6) δ: 163.3 (d, J = 244.5 Hz), 141.9, 139.1,
137.0, 136.2, 134.7, 133.3, 131.8, 131.3, 131.14 (d, J = 2.0 Hz), 130.08
(d, J = 8.2 Hz), 129.9, 127.1, 118.0, 115.4 (d, J = 21.3 Hz), 114.3. 19F
NMR (282MHz, DMSO-d6) δ:−113.5. MS (GC):m/z (%) = 314 (3),
313 (23), 312 (M+, C21H13FN2, 100), 311 (48), 310 (32), 309 (4), 308
(3), 307 (1). HRMS (ESI-TOF) m/z: [M + H]+ calcd for C21H14N2F,
313.1141; found, 313.1139. IR (ATR): ṽ 2920 (m), 2852 (m), 1624
(m), 1599 (m), 1504 (s), 1282 (m), 1220 (s), 1156 (s), 839 (s).
3-Phenyl-1,2a1-diazadibenzo[cd,f]azulene (10c). Starting from 5c

(150mg, 0.51 mmol), the compound was isolated as a red solid (36 mg,
24%); mp: 44 °C. Yield: 24%. Rf: 0.22 (toluene/ethyl acetate, 3:1). 1H
NMR (500 MHz, DMSO-d6) δ: 7.44−7.34 (m, 3H), 7.33−7.26 (m,
2H), 7.17−7.11 (m, 3H), 6.97−6.91 (m, 2H), 6.87−6.80 (m, 1H), 6.69
(dd, J = 6.1, 2.3 Hz, 1H), 6.55 (s, 1H), 5.53 (s, 1H). 13C{1H} NMR
(126 MHz, DMSO-d6) δ: 151.0, 142.0, 140.7, 139.2, 136.2, 135.8,
133.3, 131.8, 131.4, 131.1, 131.0, 129.9, 128.8, 128.5, 128.2, 127.8,
126.9, 118.0, 114.3. MS (GC):m/z (%) = 296 (2), 295 (18), 294 (M+,
C21H14N2, 100), 293 (48), 292 (36), 290 (5). HRMS (ESI-TOF)m/z:
[M +H]+ calcd for C21H15N2, 295.1235; found, 295.1235. IR (ATR): ṽ
2922 (m), 1620 (w), 1607 (w), 1473 (m), 1284 (m), 1164 (s), 754
(vs).
3-(4-Methoxyphenyl)-1,2a1-diazadibenzo[cd,f]azulene (10d).

Starting from 5d (150 mg, 0.46 mmol), the compound was isolated
as a red oil (44 mg, 29%). Rf: 0.19 (toluene/ethyl acetate, 3:1). 1H
NMR (300MHz, DMSO-d6) δ: 7.27−7.18 (m, 2H), 7.13 (d, J = 2.9Hz,
3H), 6.96−6.89 (m, 4H), 6.84−6.75 (m, 1H), 6.67 (dd, J = 5.8, 2.5 Hz,
1H), 6.58 (s, 1H), 5.49 (s, 1H), 3.77 (s, 3H). 13C{1H}NMR (75MHz,
DMSO-d6) δ: 159.1, 142.0, 139.4, 136.4, 135.4, 133.1, 133.0, 131.8,
131.3, 131.1, 130.8, 129.7, 129.1, 126.5, 118.1, 114.2, 113.8, 55.1. MS
(GC): m/z (%) = 326 (3), 325 (24), 324 (C22H16N2O, 100), 323 (8),

310 (5), 309 (23), 308 (83). HRMS (ESI-TOF) m/z: [M + H]+ calcd
for C22H17N2O, 325.1341; found, 325.1332. IR (ATR): ṽ 2922 (m),
1605 (m), 1504 (s), 1286 (m), 1238 (s), 1164 (s), 1026 (s), 789 (s).

3-(p-Tolyl)-1,2a1-diazadibenzo[cd,f]azulene (10e). Starting from
5e (150 mg, 0.5 mmol), the compound was isolated as a red oil (51 mg,
34%). Rf: 0.23 (toluene/ethyl acetate, 3:1). 1H NMR (500 MHz,
DMSO-d6) δ: 7.19 (s, 4H), 7.14 (d, J = 2.7 Hz, 3H), 6.96−6.92 (m,
2H), 6.84−6.78 (m, 1H), 6.69 (dd, J = 5.8, 2.6 Hz, 1H), 6.58 (s, 1H),
5.51 (s, 1H), 2.32 (s, 3H). 13C{1H} NMR (126 MHz, DMSO-d6) δ:
142.0, 139.2, 137.9, 137.5, 136.1, 135.7, 133.2, 131.7, 131.3, 131.1,
130.9, 129.9, 129.0, 128.9, 127.7, 126.7, 117.9, 114.3, 20.8. MS (GC):
m/z (%) = 310 (3), 309 (24), 308 (C22H16N2, 100), 307 (24), 306 (8),
305 (8), 304 (2) 303 (4), 294 (2), 293 (14), 292 (28), 291 (3), 290 (3).
HRMS (ESI-TOF) m/z: [M + H]+ calcd for C22H17N2, 309.1392;
found, 309.1396. IR (ATR): ṽ 2920 (m), 1622 (m), 1506 (m), 1475
(m), 1280 (m), 1168 (s), 1022 (m), 752 (vs).

4-(1,2a1-Diazadibenzo[cd,f]azulen-3-yl)-N,N-dimethylaniline
(10f). Starting from 5f (150 mg, 0.4 mmol), the compound was isolated
as a dark brown solid (45 mg, 30%); mp: 152−154 °C. Rf: 0.19
(toluene/ethyl acetate, 3:1). 1H NMR (500 MHz, DMSO-d6) δ: 7.13−
7.07 (m, 5H), 6.96−6.88 (m, 2H), 6.79 (ddd, J = 6.0, 3.9, 2.0 Hz, 1H),
6.72−6.63 (m, 4H), 5.48 (s, 1H), 2.91 (s, 6H). 13C{1H} NMR (126
MHz, DMSO-d6) δ: 151.0, 150.4, 142.3, 139.9, 136.6, 136.2, 133.0,
131.9, 131.4, 131.3, 130.7, 129.8, 129.3, 128.7, 128.4, 125.9, 118.2,
114.2, 111.9, 39.6. MS (GC): m/z (%) = 339 (4), 338 (27), 337 (M+,
C23H19N3, 100), 336 (23), 323 (4), 322 (12), 321 (13), 320 (8), 319
(2). HRMS (ESI-TOF) m/z: [M + H]+ calcd for C23H20N3, 338.1657;
found, 338.1649. IR (ATR): ṽ 2800 (w), 1729 (w), 1609 (s), 1521 (s),
1473 (m), 1445 (m), 1346 (s), 1286 (m), 1228 (m), 1168 (s), 750 (vs).

3-(4-(Trifluoromethyl)phenyl)-1,2a1-diazadibenzo[cd,f]azulene
(10g). Starting from 5g (150 mg, 0.4 mmol), the compound was
isolated as a brown oil (20 mg, 13%). Rf: 0.35 (toluene/ethyl acetate,
3:1). 1H NMR (500 MHz, DMSO-d6) δ: 8.32 (dd, J = 7.9, 1.5 Hz, 1H),
8.23 (dd, J = 8.2, 1.4 Hz, 1H), 7.85−7.79 (m, 3H), 7.68 (d, J = 8.0 Hz,
2H), 7.63−7.50 (m, 3H), 7.39 (dd, J = 8.9, 7.3 Hz, 1H), 7.31 (s, 1H),
6.98 (s, 1H). 13C{1H} NMR (126 MHz, DMSO-d6) δ: 143.7, 143.4,
132.6, 132.3, 131.2, 129.3, 129.0, 128.9, 127.9 (q, J = 32.0 Hz), 126.5,
126.3 (q, J = 3.7Hz), 125.0, 124.9, 124.7, 124.5, 124.4 (q, J = 270.1Hz),
119.7, 117.3, 116.4, 107.7. 19F NMR (282 MHz, DMSO-d6) δ: −60.8.
MS (GC): m/z (%) = 364 (3), 363 (22), 362 (C22H13F3N2, 100), 361
(86), 360 (33), 359 (2), 294 (2), 293 (14), 292 (48), 291 (7), 290 (9),
289 (2), 288 (1). HRMS (ESI-TOF) m/z: [M + H]+ calcd for
C22H14F3N2, 363.1109; found, 363.1116. IR (ATR): ṽ 2924 (w), 1698
(w), 1603 (m), 1508 (m), 1319 (s), 1156 (s), 1063 (s), 1016 (s).

3-(m-Tolyl)-1,2a1-diazadibenzo[cd,f]azulene (10h). Starting from
5h (150 mg, 0.5 mmol), the compound was isolated as a red solid (72
mg, 48%); mp: 106−108 °C. Rf: 0.26 (toluene/ethyl acetate, 3:1). 1H
NMR (300 MHz, chloroform-d) δ: 7.28−7.20 (m, 1H), 7.19−7.09 (m,
1H), 7.09−6.93 (m, 6H), 6.84 (dd, J = 8.9, 7.2 Hz, 1H), 6.72 (s, 1H),
6.66−6.60 (m, 1H), 6.46 (d, J = 6.2 Hz, 1H), 5.46 (s, 1H), 2.35 (s, 2H).
13C{1H} NMR (63 MHz, chloroform-d) δ: 143.1, 141.3, 140.2, 138.2,
137.0, 136.9, 133.0, 131.2, 131.1, 130.7, 129.4, 129.0, 128.8, 128.4,
127.2, 125.3, 118.3, 114.0, 21.5. MS (GC): m/z (%) = 310 (3), 309
(23), 308 (M+, C22H16N2, 100), 307 (26), 306 (8), 305 (7), 304 (2),
303 (4), 294 (2), 293 (11), 292 (25), 291 (3), 290 (3). HRMS (ESI-
TOF) m/z: [M + H]+ calcd for C22H17N2, 309.1392; found, 309.1388.
IR (ATR): ṽ 2920 (w), 1622 (m), 1517 (m), 1475 (s), 1344 (m), 1282
(m), 1168 (s), 907 (m).

3-(2-Fluorophenyl)-1,2a1-diazadibenzo[cd,f]azulene (10i). Start-
ing from 5i (150 mg, 0.5 mmol), the compound was isolated as a red oil
(35 mg, 23%). Rf: 0.23 (toluene/ethyl acetate, 3:1). 1H NMR (500
MHz, DMSO-d6) δ: 7.43 (t, J = 7.7 Hz, 1H), 7.36 (t, J = 8.6 Hz, 1H),
7.25 (q, J = 8.4, 7.4 Hz, 2H), 7.16 (dt, J = 17.8, 8.6 Hz, 2H), 6.96−6.90
(m, 3H), 6.80 (dd, J = 7.3, 1.7 Hz, 1H), 6.68 (dd, J = 6.1, 2.2 Hz, 1H),
6.36 (s, 1H), 5.53 (s, 1H). 13C{1H} NMR (126 MHz, DMSO-d6) δ:
159.1 (d, J = 245.0 Hz), 158.1, 151.1, 141.7, 138.6, 135.9, 133.4, 131.5,
131.4, 131.1, 130.7 (d, J = 3.1 Hz), 130.3 (d, J = 8.2 Hz), 129.8, 129.4,
128.1, 127.9, 124.9 (d, J = 3.5 Hz), 118.1, 115.9 (d, J = 22.0 Hz), 114.3.
19F NMR (282 MHz, DMSO-d6) δ: −114.8. MS (GC):m/z (%) = 314
(3), 313 (22), 312 (M+, C21H13FN2, 100), 311 (30), 310 (22), 309 (2),
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308 (3). HRMS (ESI-TOF) m/z: [M + H]+ calcd for C21H14FN2,
313.1141; found, 313.1145. IR (ATR): ṽ 2922 (m), 2852 (w), 1622
(w), 1453 (m), 1177 (m), 1024 (vs), 995 (vs), 746 (vs).
3-(4-Chlorophenyl)-1,2a1-diazadibenzo[cd,f]azulene (10j). Start-

ing from 5j (150 mg, 0.5 mmol), the compound was isolated as a red oil
(39 mg, 26%). Rf: 0.28 (toluene/ethyl acetate, 3:1). 1H NMR (300
MHz, DMSO-d6) δ: 7.46−7.40 (m, 2H), 7.36−7.30 (m, 2H), 7.14 (q, J
= 2.7 Hz, 3H), 6.95−6.91 (m, 2H), 6.81 (td, J = 4.2, 2.0 Hz, 1H), 6.67
(dd, J = 5.9, 2.4 Hz, 1H), 6.56 (s, 1H), 5.51 (s, 1H). 13C{1H}NMR (75
MHz, DMSO-d6) δ: 141.9, 139.5, 139.0, 136.3, 134.5, 133.3, 132.6,
131.8, 131.3, 131.19, 131.15, 129.8, 128.5, 127.1, 118.1, 114.3. MS
(GC): m/z (%) = 332 (1), 331 (7), 330 (34), 329 (28), 328 (M+,
C21H13ClN2, 100), 327 (16), 326 (6), 294 (2), 293 (16), 292 (43), 291
(10), 289 (2). HRMS (ESI-TOF) m/z: [M + H]+ calcd for
C21H14ClN2, 329.0845; found, 329.0849. IR (ATR): ṽ 2919 (m),
2849 (w), 1636 (w), 1463 (w), 1259 (m), 1022 (vs), 1003 (vs), 758 (s).
3-(2-Chlorophenyl)-1,2a1-diazadibenzo[cd,f]azulene (10k). Start-

ing from 5k (150 mg, 0.5 mmol), the compound was isolated as a red
solid (80 mg, 53%); mp: 85−87 °C. Rf: 0.58 (toluene/ethyl acetate,
3:1). 1H NMR (500 MHz, DMSO-d6) δ: 9.26 (s, 1H), 9.19 (d, J = 8.6
Hz, 1H), 8.24 (d, J = 8.0 Hz, 1H), 7.96 (s, 1H), 7.91−7.86 (m, 2H),
7.85−7.75 (m, 2H), 7.70 (dd, J = 7.5, 1.2 Hz, 1H), 7.61−7.54 (m, 3H),
7.18 (dd, J = 9.6, 1.0 Hz, 1H). 13C{1H}NMR (126MHz, DMSO-d6) δ:
144.8, 137.9, 135.1, 133.7, 133.0, 132.7, 132.1, 129.5, 129.3, 127.8,
127.6, 126.6, 123.2, 123.1, 122.9, 120.4, 117.5, 116.3. MS (GC): m/z
(%) = 332 (2), 331 (8), 330 (35), 329 (25), 328 (M+, C21H13ClN2,
100), 327 (3), 326 (1), 295 (2), 294 (20), 293 (92), 292 (25), 291 (9),
290 (6), 289 (2). HRMS (EI): calcd for C21H13ClN2 (M+), 328.0761;
found, 328.0761. IR (ATR): ṽ 2921 (m), 1636 (w), 1477 (m), 1419
(m), 1289 (s), 1139 (m), 1026 (s), 1003 (s).
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a b s t r a c t

Carba: and heterocyclic benzoin derivatives were prepared by Sonogashira coupling of alkynes with 1,2-
dihaloalkenes and subsequent oxidation of the alkyne to a 1,2-diketone. The Pd-catalyzed reaction of the
product with (2-bromophenyl)boronic acid in the presence of phenylacetylene resulted in formation of
cyclic benzoin derivatives by Suzuki-Miyaura reaction and subsequent Pd catalyzed nucleophilic addition
to the carbonyl group. Hitherto unprecedented 5-hydroxy-5-phenylbenzo[b]naphtho[1,2-d]thiophene-
6(5H)-ones and their regioisomers were prepared from 2,3-dibromobenzothiophene. Phenanthrene
benzoin derivatives were prepared from 2-bromo-1-iodobenzene.

© 2023 Elsevier Ltd. All rights reserved.

1. Introduction

Tertiary a-hydroxyketones are present in a variety of natural
products and clinically used drugs, such as the antibiotic doxycyclin
and daunorubicin or the analgetic (þ)-paeonilacton B isolated from
the plant Paeonia albiflora Pallas [1]. They are traditionally prepared
by oxidation of 1,2-diols [2]. Tertiary a-hydroxyketones are also
available by acid mediated a-hydroxylation [3]. In 2013, Liang and
Jiao reported a metal free Cs2CO3-catalyzed synthesis using oxygen
[4]. a-Hydroxyketones also represent important starting materials
in organic synthesis [5]. Yamamoto and coworkers reported a
Grignard-type Pd-catalyzed cyclization by nucleophilic attack of
aryl bromides to ketones to give cyclic alcohols [6]. Kündig et al.
reported a Pd-catalyzed synthesis of 3-hydroxyindoles from N-(2-
halophenyl)-2-oxopropanoic amides [7]. Yang et al. developed a
scandium(III) triflate catalyzed intramolecular Friedel-Crafts

alkylation of N-(2-halophenyl)-2-oxopropanoic amide [8a]. Ritter
et al. reported a dinuclear palladium catalyst for the a-hydroxyl-
ation of carbonyl compounds with oxygen [8b]. Herein, we report
the synthesis of carba- and heterocyclic benzoin derivatives by
combination of Pd catalyzed cross-coupling, oxidation and nucle-
ophilic addition reactions. Hitherto unprecedented 5-hydroxy-5-
phenylbenzo[b]naphtho[1,2-d]thiophene-6(5H)-ones and their
regioisomers were prepared from 2,3-dibromobenzothiophene.
Likewise, phenanthrene benzoin derivatives were prepared from 2-
bromo-1-iodobenzene [8].

For clarity, the synthetic strategy is summarized in Scheme 1 for
one derivative. The Sonogashira reaction of 2,3-
dibromobenzothiophene (1a) with phenylacetylene (2a) afforded
2-alkynyl-3-bromobenzothiophene 3a and subsequent oxidation of
the alkyne gave 1,2-dione 4a. The Suzuki-Miyaura reaction of 4a
with 2-bromophenylboronic acid (5a) gave product 6a. The latter
was transformed to a-hydroxyketone 7a which was accompanied
by its isomer 8a. This key reaction was discovered basically by
serendipity. Originally we planned to carry out a Sonogashira re-
action at the bromide of 6awith phenylacetylene. However, instead
of the expected cross-coupling, a Grignard-type cyclization was
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observed in which phenylacetylene served as a reducing agent
(Glaser coupling). Although (unstable) 6a could be isolated and
characterized, it later turned out that the transformation of 5a to 7a
and 8a could be carried out as a one-pot reaction.

2. Results and discussion

The Sonogashira reaction of commercially available 2,3-
dibromobenzothiophene (1) with alkynes 2a-e, following condi-
tions reported by Lyaskovskyy et al. [9], afforded 2-alkynyl-3-
bromobenzothiophenes 3a-e in 57e86% yields (Scheme 2). The
best yield was observed for product 3a derived from phenyl-
acetylene. The reaction of commercially available 2,3-
dibromothiophene (1b) with phenylacetylene, following condi-
tions reported by Kivrak et al., [10] gave product 3f in 75%. Products
3e and 3f contained a small amount of impurities which, however,
could be separated after the next step.

The oxidation of alkynes 3a-f, following conditions reported by
Wu and coworkers for the oxidation of diarylalkynes [11], afforded
1,2-diones 4a-f in 26e60% yields (Scheme 3). The yields were
significantly lower as compared to the yields reported for diary-
lalkynes. The yields of 4e and 4f are based on 1a and 1b, respec-
tively (two steps), because products 3e and 3f could not be isolated
in entirely pure form and were employed without purification in
the oxidation. The Structure of 4awas independently confirmed by
Xray crystallography (Fig. 1).

The Suzuki-Miyaura reaction of 4awith 2-bromophenylboronic
acid (5a), following conditions reported by Kiyosei et al. for the

reaction of 2-bromobenzo[b]thiophene with 5a [12], afforded the
desired product 6a in 75% yield (Scheme 4). However, 6a turned out
to be unstable and had to be rapidly used for the following trans-
formation. In the following step, we attempted to carry out a
Sonogashira cross-coupling reaction of 6a with phenylacetylene
(2a). In order to improve the solubility of the starting materials in
neat diisopropylamine, it proved to be important to add DMF to
reaction mixture and to carry out the reaction at 140 �C. Much to
our surprise, the Pd catalyzed reaction of 6a with 2a afforded the
cyclic a-hydroxyketones 7a and 8a, albeit, in only 23% combined
yield rather than the expected coupling product 9. The structures of
7a, 8a and 8c were independently confirmed by X-ray crystal
structure analyses (Figs. 2e4).

The optimization of the combined yield of products 7a and 8a,
which could not be efficiently separated at this stage, was studied
next (SI, Table S1). As a catalyst was used Pd(PPh3)2Cl2 (5e20mol%).
Employment of diisopropylamine (DIPA) as the solvent gave the
desired products in only 5% yield, due to low solubility of the
starting materials. The use of 1,4-dioxane, DMSO and DMF proved
to be rather unsuccessful as well. The best solvent turned out to be
acetonitrile. The yield could not be improved by change of the
catalyst. Only trace amounts of product were obtained when
Pd(CH3CN)2Cl2 (5 mol%) in the presence of SPhos (10 mol%) were
used as catalyst and ligand, respectively. In contrast, employment of
acetonitrile and HP(tBu)3BF4 in the presence of a high amount of 2a
(1.8 equiv.) allowed to improve the yield to 75%. The yield decreased
to 51% when only half amount of solvent was used. This might be
explained by solubility problems. Further variation of the solvent

Scheme 1. Synthetic strategy.

Scheme 2. Synthesis of 3-bromo-2-(arylethynyl)benzothiophenes 3a-e. Isolated yields; conditions: For 3a-e: i, 1a (1 equiv.), 2a-e (1.05 equiv.), Pd(PPh3)2Cl2 (2 mol%), CuI (1 mol%),
NEt3, 20 �C, 20 h. For 3f: i, 1b (1 equiv.), 2a (1.05 equiv.), Pd(PPh3)2Cl2 (4 mol%), CuI (2 mol%), NEt3, 60 �C, 3 h *The products contained a small amount of impurities.
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was not studied. The presence of alkyne 2a proved to be mandatory
and can be explained by its function as reducing agent (vide infra).
In fact, in the absence of 2a, using acetonitrile as the solvent, no
product was formed at all (entry 5). In case of DMSO, trace amounts
of product were formed which can be explained by the fact that
DMSO, in contrast to acetonitrile, may also act as a reducing agent.

We observed that products 7a and 8a were formed in small
amounts already during the Suzuki-Miyaura reaction of 4a.

Therefore, we studied the possibility to develop a one-pot synthesis
of 7a and 8a from 4a (Scheme 5). At the beginning, we studied
reaction conditions which rely on work-up of the reaction mixture
after the first coupling reaction based on extraction, filtration,
removal of solvent and employment of the crude product mixture
in the following step. Later, we observed that much better yields
were obtained when no aqueous work-up was carried out. After
much experimentation, we found that best results were obtained
using Pd(PPh3)2Cl2 (5 mol%) and HP(tBu)3BF4 (10 mol%) for both
steps and acetonitrile/water as the solvent. The presence of an
excess of alkyne 2a proved to be important, but the presence of a
copper co-catalyst was not necessary. In fact, no conversion was
observed under otherwise identical conditions when 2a was not
added. In the crude product mixture (before chromatography), the
ratio of 7a and 8a was 2.8:1. At this stage, we also extensively
studied the separation of the two isomers. Eventually, an efficient
separation was possible by chromatography (silica gel) using
toluene as the eluent containing a few drops of diethyl ether. Iso-
mers 7a and 8a were isolated in pure form in 54% and 31% yields,
respectively.

The formation of products 7a and 8a might be explained by the
mechanism depicted in Scheme 6. Oxidative addition of the Pd(0)
catalyst to 4a gave intermediate A1which is in equilibriumwith A2.
Grignard-type cyclization of A1 afforded intermediate B1 which
subsequently reacted with water to afford product 7a and a Pd(II)
species. The latter is reduced by phenylacetylene (2a) bymeans of a
Glaser reaction to give diyne C which could be detected by TLC. As
mentioned above, Kündig et al. reported [7] a related Grignard-type
cyclization using n-butanol (2.0 equiv.) as an additive. The latter
served as a reducing agent and butyric aldehyde was detected in
the reaction mixture. The mechanism discussed above is related to
the one previously suggested by Yamamoto for a related trans-
formation [6]. The formation of isomer 8a might be explained as
follows: Intermediate A2 underwent a cyclization to give

Scheme 3. Synthesis of 1,2-diones 4a-f. Isolated yields. *The yields of 4e and 4f are based on 1a and 1b, respectively (two steps). Conditions: i, Pd(OAc)2 (0.1 equiv.), CuBr2 (0.1
equiv.), DMSO, 120 �C, 16 h.

Fig. 1. ORTEP of 4a.

6a5a4a

2a

98a + 7a 

Scheme 4. Transformation of 4a to 6a and 7a. Conditions: i: Pd(PPh3)4 (5 mol%), 5a (1.2
equiv.), Na2CO3 (3 equiv.), DME/H20 (4:1), 2 h, 85 �C; ii, Pd(PPh3)2Cl2 (10 mol%), CuI
(10 mol%), 2a (1.2 equiv.), diisopropylamine, 20 h, 20 -> 50 �C, then DMF, 140 �C, 8 h.

Fig. 2. ORTEP of 7a.
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intermediate B2 which subsequently underwent a rearrangement
to give B3. Reaction of the latter with water gave product 8a.
Alternatively, intermediate B1 might undergo a rearrangement to
B3 by extrusion of [PdBrL2]þ, which acts as a Lewis acid, to give
intermediate B4 and subsequent 1,2-shift of the phenyl group
(Scheme 7).

To shed light on the rearrangement, we studied the trans-
formation of 7a to its isomer 8a. While all attempts to induce a
rearrangement by Brønsted acid failed, a rearrangement could be
successfully induced by employment of two equivalents of silver
triflate to give 8a, albeit, in only 33% yield (Scheme 8). The Lewis
acids Cu(OTf)2 and Tl(OTf)3 in fluorinated solvents, such as ben-
zotrifluoride and tetrafluorobenzene also promoted the rear-
rangement. However, the yields were very low. The formation of 8a
can be explained by interaction of the carbonyl group with the
Lewis acid to give intermediate A, 1,2-shift of the phenyl group to
give intermediate B, protonation and extrusion of the Lewis acid.
Although this process should, in principle, be a catalytic reaction,
employment of catalytic amounts of Lewis acid did not promote the
reaction. This result shows that a Lewis acid mediated

rearrangement of B1 to B3 via B4 might be possible and might
explain the formation of isomer 8a.

The preparative scope was studied next (Scheme 9). The reac-
tion of 4a-ewith 5a afforded the desired products 7a-e and 8a-e in
good yields. The ratio of the two isomers was usually in the range of
1.7:1 to 2.3:1 which was also reflected by the yields of isolated
products. However, in case of p-methoxy derivatives 7d and 8d, the
ratio was nearly 1:1 which was again reflected by the isolated
yields. In case of thiophene derivatives 7f and 8f, derived from 4f
and 5a, the ratio of the isomers in the crude product mixture (4.3:1)
was significantly shifted in favour of the main isomer. After chro-
matography, 7f and 8f were isolated in 73 and 17% yields, respec-
tively. The reaction of 4a with (4-bromothien-3-yl)boronic acid
(5b) afforded products 7g (76%) and 8g (16%). The ratio of the iso-
mers in the crude product mixture was 4.8:1. The influence of the
substituents might be explained as follows. The rearrangement of
B1 to B3 via cationic intermediate B4 is expected to be accelerated
by the presence of an electron donating methoxy group which
stabilizes the cationic intermediate. This might explain the rela-
tively high amount of 8d in case of the formation of 7d and 8d.
Unfortunately, strongly electron-withdrawing substituents (nitro)
or pyridine instead of benzothiophene could not be successfully
employed.

The application of the methodology to benzene derivatives was
next studied. The Sonogashira-reaction of commercially available
2-bromo-1-iodobenzene (10a) with phenylacetylene (2a),
following conditions reported by Kikuchi et al. [13], afforded dia-
rylacetylene 11a in 93% yield (Scheme 10). Likewise, 11b and 11c
were prepared from 10a and acetylenes 2f and 2g, respectively. The
application of the conditions used for the oxidation of benzothio-
phene 3a to give 1,2-dione 4a to substrate 11a afforded 1,2-dione
12a, albeit, in only 29% yield. Increasement of the amount of
CuBr2 from 0.1 to 0.2 equiv. allowed to improve the yield to 41%.
Increasement of the temperature from 120 to 130 �C resulted in a
further increase of the yield to 55%. However, the reaction pro-
ceeded less cleanly and the chromatographic purification turned
out to be more difficult. Thus, derivatives 12b and 12c were even-
tually prepared using 0.2 equiv. of CuBr2 at 120 rather than 130 �C.

Fig. 3. ORTEP of 8a.

Fig. 4. ORTEP of 8c.

Scheme 5. One-pot synthesis of 7a and 8a from 4a. Conditions: i, Pd(PPh3)2Cl2 (5 mol%), HP(tBu)3BF4 (10 mol%), 5a (1.5 equiv.), K3PO4 (3 equiv.), acetonitrile/H2O, 80 �C, 20 h; no
work-up; ii, Pd(PPh3)2Cl2 (10 mol%), HP(tBu)3BF4 (20 mol%), DIPA, 2a (1.8 equiv.), 80 �C, 5 h.
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The one-pot reaction of 12a with (2-bromophenyl)boronic acid
(5a) to give a-hydroxyketone 13a, which can be regarded as a
phenanthrene derivative, was studied next. Due to the symmetrical
character of the starting material, only one isomer can be formed in
this reaction (in contrast to the corresponding reactions of 4a). The
application of the conditions developed for the one-pot reaction of
4a to 7a/8a resulted in formation of only trace amounts of product,
due to low conversion. Therefore, in the following experiments the
catalyst was changed. The yield of 13a was optimized to 55% using
Pd2dba3. An amount of 2.5 mol% of catalyst was added in the first
step and additional 5 mol% was added in the second step of the
one-pot reaction. Employment of the ligand SPhos gave the best
results (addition of 10 mol% in the first step and 20 mol% in the
second step). The use of Pd(OAc)2/XPhos resulted in formation of
the product in a bit lower yield (45%). Similar to the synthesis of 7a/
8a, it was important to use 1.8 equiv. of phenylacetylene (2a). In
fact, employment of only 0.2 equiv. of 2a resulted in a decrease of
the yield to 17%. This result suggests that 2a again acts as a reducing
agent. Decrease of the amount of SPhos to 7.5 mol% in the first step
resulted in a decrease of the yield to 40%. Employment of sodium
hydroxide instead of potassium phosphate as the base resulted in
formation of a complex mixture from which the desired product
could not be isolated. As a result, Pd2dba3/SPhos was further
employed as the best catalytic system and derivatives 13b and 13c
could be prepared, albeit, in onlymoderate yields (Table 1). Starting
with 2-bromo-4,5-difluoro-1-iodobenzene (10b), a separable
mixture of 13d (38%) and 14d (9%) was prepared via intermediates
11d and 12d. The reaction of 12a with 3-bromothiophene-4-
boronic acid (5b) afforded 13e in 76% yield (Scheme 11). The
structure of 13a was independently confirmed by X-ray crystal
structure analysis (Fig. 5). The structure shows that the biaryl unit is
slightly twisted out of plane.

B1

B2

8a

7a

6a

A1A2

B3

2a

C

Scheme 6. Possible mechanism of the formation of 7a and 8a.

B1

B4

B3

Scheme 7. Possible mechanism of the transformation of B1 to B3.

Scheme 8. Transformation of 7a to 8a. Conditions: AgOTf (2 equiv.), C6H5CF3, 100 �C,
5 h.
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3. Conclusions

In conclusion, we have reported a synthesis of benzoin de-
rivatives by Sonogashira coupling of alkynes with 1,2-

Scheme 9. Synthesis of 7a-g and 8a-g.

10a,b 11a-d 12a-d

5a

13a-d A

2a,f,g

14d

Scheme 10. Synthesis of 13a-d and 14d. Conditions: i, Pd(PPh3)2Cl2 (2.5 mol%), CuI (5 mol%),
2a,f,g (1.1 equiv.), NEt3, 20 �C, 5 h; ii, Pd(OAc)2 (10 mol%), CuBr2 (0.2 equiv.), DMSO, 16 h; iii, 1) Pd2dba3 (2.5 mol%), SPhos (10 mol%), 5a (1.5 equiv.), K3PO4 (3 equiv.), acetonitrile/H2O
(4:1), 80 �C, 20 h; 2) Pd2dba3 (5 mol%), SPhos (20 mol%), DIPA (10 equiv.), 2a (1.8 equiv.), 80 �C, 5 h.

Table 1
Synthesis of 13a-d and 14d.

R Ar 11 (%)a 12 (%)a 13 (%)a 14 (%)a

a H Ph 97 41 55 /
b H 4-tBuC6H4 99 54 36 /
c H 4-(F3C)C6H4 93 32 38 /
d F Ph 43 63 26 9

a Isolated yields.

12a 5b 13e 

Scheme 11. Synthesis of 13e. Conditions: i, 1) Pd2dba3 (2.5 mol%), SPhos (10 mol%), 5b
(1.5 equiv.), K3PO4 (3 equiv.), acetonitrile/H2O (4:1), 80 �C, 20 h; 2) Pd2dba3 (5 mol%),
SPhos (20 mol%), DIPA (10 equiv.), 2a (1.8 equiv.), 80 �C, 5 h.

Fig. 5. ORTEP of 13a.
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dihaloalkenes, oxidation of the alkyne to a 1,2-diketone and Pd-
catalyzed reaction of the product with (2-bromophenyl)- and (3-
bromothien-4-yl)boronic acid in the presence of phenylacetylene.
The final reaction was discovered by serendipity and optimized in
detail. The reaction was successfully applied to carba- and hetero-
cyclic substrates.

4. Experimental section

General. The nuclear magnetic resonance spectra (1H/13C/19F
NMR) were recorded on a Bruker AVANCE 300 III, 250 II or 500. The
analyzed chemical shifts d are referenced to residual solvents sig-
nals of the deuterated solvents CDCl3 (d ¼ 7.26 ppm/77.0 ppm), or
TFA-d (d ¼ 11.50 ppm/164.2 ppm). Multiplicities due to spin-spin
correlation are reported as follows: s ¼ singlet, d ¼ doublet,
dd ¼ double doublet, t ¼ triplet, pt ¼ pseudo triplet, m ¼multiplet
and further described through their coupling constants J. Infrared
spectra (IR) were measured as attenuated total reflection (ATR)
experiments with a Nicolet 380 FT-IR spectrometer. The signals
have been characterized through their wave numbers ṽ and their
corresponding absorption as very strong (vs), strong (s), medium
(m), weak (w) or very weak (vw). Mass- and high resolution mass
spectra (MS/HRMS) were measured on instruments which are
paired with a preceding gas chromatograph (GC) or liquid chro-
matograph (LC). The samples have been ionized through electron
impact ionization (EI) on an Agilent 6890/5973 or Agilent 7890/
5977 GC-MS equipped with a HP-5 capillary column using helium
carrier gas or by applying electron spray ionization (ESI) on an
Agilent 1200/6210 Time-of-Flight (TOF) LC-MS. Melting points
(mp) were determined by a Micro-Hot-Stage GalenTM III Cam-
bridge Instruments and are not corrected. Crystal structures are
deposited at the CCDC [14].

Synthesis of 3a-f. To a mixture of 1a (1.37 mmol), Pd(PPh3)2Cl2
(2mol%) and CuI (1mol%) was added 6mL of trimethylamine under
Argon atmosphere. Subsequently, the arylacetylene (1.44 mmol)
was dropwise added and the solution was purged with Argon for
1 min. The solutionwas stirred at 20 �C for 20 h. To themixturewas
added water and the mixture was extracted with dichloromethane
(3x). The combined organic layers were dried (MgSO4), filtered and
concentrated in vacuo. The residue was purified by chromatog-
raphy (silica gel, heptane).

3-Bromo-2-(phenylethynyl)benzo[b]thiophene (3a). Starting
with 1a (1200 mg) and 2a (474.0 ml), 3awas isolated as a colourless
solid (1107 mg, 86%); mp.: 72e75 �C. 1H NMR (250 MHz, CDCl3):
d ¼ 7.84e7.73 (m, 2H, HAr), 7.65e7.60 (m, 2H, HAr), 7.49e7.43 (m,
2H, HAr), 7.42e7.37 (m, 3H, HPh) ppm. 13C NMR (63 MHz, CDCl3):
d ¼ 138.4, 137.6 (CAr), 131.9, 129.3, 128.6, 126.7, 125.6, 123.8 (CHAr),
122.4 (CAr), 122.4 (CHAr), 120.5,113.9 (CAr), 99.3, 81.8 (CAlkin) ppm. IR
(ATR): ṽ ¼ 3056 (w), 2207 (w), 1595 (w), 1521 (w), 1480 (w), 1430
(w), 1243 (w), 818 (w), 748 (m), 721 (m), 705 (m), 666 (m), 528 (w),
511 (w), 435 (m) cm�1. MS (EI, 70 eV):m/z (%)¼ 315 (17), 314 ([M]þ,
C16H9

81BrS, 100), 313 (19), 312 ([M]þ, C16H9
79BrS, 98), 233 (8), 232

(35), 189 (48), 187 (22), 163 (13), 150 (8), 116 (9), 69 (11). HRMS (EI):
calcd for C16H9

79BrS ([M]þ) 311.96029, found 311.96087; calcd for
C16H9

81BrS ([M]þ) 313.95824, found 313.95872.
3-Bromo-2-(p-tolylethynyl)benzo[b]thiophene (3b). Starting

with 1a (1200mg) and 2b (547.2 ml), 3bwas isolated as a beige solid
(755 mg, 57%); mp.: 119e120 �C. 1H NMR (300 MHz, CDCl3):
d ¼ 7.82e7.78 (m, 1H, HAr), 7.77e7.73 (m, 1H, HAr), 7.51 (d,
3J ¼ 8.1 Hz, 2H, HAr), 7.47e7.40 (m, 2H, HAr), 7.19 (d, 3J ¼ 7.8 Hz, 2H,
HAr), 2.39 (s, 3H, CH3) ppm. 13C NMR (75 MHz, CDCl3): d ¼ 139.6,
138.4, 137.7 (CAr), 131.8, 129.4, 126.6, 125.6, 123.8, 122.4 (CHAr),
119.4, 113.5, 99.6 (CAr), 81.2 (CAlkin), 21.8 (CH3) ppm. IR (ATR):
ṽ¼ 2918 (w), 2201 (w),1529 (w),1494 (w),1430 (w),1306 (w),1245
(w), 1016 (w), 925 (w), 814 (m), 744 (w), 719 (w), 528 (w), 515 (w),

416 (m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 329 (19), 328 ([M]þ,
C17H11

81BrS,100), 327 (29), 326 ([M]þ, C17H11
79BrS, 96), 247 (6), 246 (9),

245 (29), 215 (6), 202 (13), 123 (11). HRMS (EI): calcd for C17H11
79BrS

([M]þ) 325.97594, found 325.97577; calcd for C17H11
81BrS ([M]þ)

327.97389, found 327.97395.
3-Bromo-2-((4-fluorophenyl)ethynyl)benzo[b]thiophene

(3c). Starting with 1a (1200 mg) and 2c (509.7 ml), 3c was isolated
as a beige solid (987 mg, 73%); mp.: 88e89 �C. 1H NMR (300 MHz,
CDCl3): d ¼ 7.82e7.78 (m, 1H, HAr), 7.78e7.73 (m, 1H, HAr), 7.61 (d,
3J¼ 8.9 Hz, 2H, HAr), 7.48e7.43 (m, 2H), 7.09 (pt, 3J¼ 8.8 Hz, 2H, HAr)
ppm. 13C NMR (75 MHz, CDCl3): d ¼ 163.15 (d, 1JC-F ¼ 251.1 Hz, CAr)
138.4, 137.6, 134.7, 134.6 (CAr), 133.90 (d, 3JC-F ¼ 8.5 Hz, CHAr), 126.7,
125.7, 123.8, 122.4 (CHAr), 120.3 (CAr), 118.6 (d, 4JC-F ¼ 3.5 Hz, CAr),
116.00 (d, 2JC-F ¼ 22.2 Hz, CHAr), 113.9 (CAr), 98.1 (CAlkin), 81.6 (d, 5JC-
F¼ 1.5 Hz, CAlkin) ppm.19F NMR (282MHz, CDCl3): d¼�109.26 ppm.
IR (ATR): ṽ¼ 1597 (m), 1523 (m), 1490 (m), 1154 (m), 1090 (w), 1012
(w), 927 (w), 803 (m), 744 (m), 719 (m), 699 (m), 528 (m), 517 (m),
424 (m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 333 (19), 332 ([M]þ,
C16H8

81BrFS,100), 331 (19), 330 ([M]þ, C16H8
79BrFS, 98), 250 (26), 207

(34), 205 (11), 166 (8), 165 (7), 125 (10). HRMS (EI): calcd for
C16H8

79BrFS ([M]þ) 329.95086, found 329.95081; calcd for
C16H8

81BrFS ([M]þ) 331.94981, found 331.94981.
3-Bromo-2-((4-methoxyphenyl)ethynyl)benzo[b]thiophene

(3d). Starting with 1a (1200 mg) and 2d (559.8 ml), 3d was isolated
as a beige solid (893 mg, 64%); mp.: 94e98 �C. 1H NMR (300 MHz,
CDCl3): d ¼ 7.84e7.70 (m, 2H. HAr), 7.56 (d, 3J ¼ 8.9 Hz, 2H, HAr),
7.50e7.39 (m, 2H, HAr), 6.91 (d, 3J ¼ 9.0 Hz, 2H, HAr), 3.85 (s, 3H,
OCH3) ppm. 13C NMR (75 MHz, CDCl3): d ¼ 160.5, 138.3, 137.7 (CAr),
133.5, 126.5, 125.6, 123.67, 122.4 (CHAr), 120.9, 114.5 (CAr), 114.3
(CHAr), 113.2 (CAr), 99.6, 80.7 (CAlkin) 55.5 (OCH3) ppm. IR (ATR):
ṽ ¼ 2926 (m), 2835 (w), 2205 (w), 1599 (m), 1494 (m), 1434 (m),
1294 (m), 1245 (m), 1170 (m), 1028 (m), 835 (m), 816 (m), 738 (m),
534 (m), 429 (m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 346 (7), 345 (19),
344 ([M]þ, C17H11

81BrOS, 100), 343 (20), 342 ([M]þ, C17H11
79BrOS, 100),

329 (40), 301 (13), 299 (14), 220 (10), 219 (26), 176 (17), 172 (8), 171
(8). HRMS (EI): calcd for C17H11

79BrOS ([M]þ)341.97085, found
341.97072; calcd for C17H11

81BrOS ([M]þ) 343.96880, found
343.96911.

3-Brom-2-(o-tolylethinyl)benzo[b]thiophene (3e). Starting
with 1a (1200mg) and 2e (543.6 ml), 3ewas isolated as a beige solid
(968 mg, 75%); a small amount of impurity could not be removed.
The compoundwas used as is for the synthesis of 4f; mp.: 73e77 �C.
MS (EI, 70 eV): m/z (%) ¼ 329 (19), 328 ([M]þ, C17H11

81BrS, 100), 326
([M]þ, C17H11

79BrS, 97), 248 (13), 246 (32), 245 (79), 215 (26), 213 (11),
203 (13), 202 (30), 200 (11), 123 (16), 101 (10). HRMS (EI): calcd for
C17H11

79BrS ([M]þ) 325.97594, found 325.97678; calcd for C17H11
81BrS

([M]þ) 327.97389, found 327.97516.
Synthesis of 11a-c. To a mixture of 10a (1.77 mmol),

Pd(PPh3)2Cl2 (2.5 mol%) and CuI (5 mol%) was added 6 mL of tri-
methylamine under Argon atmosphere. Subsequently, the aryla-
cetylene (1.95 mmol) was dropwise added and the solution was
purged with Argon for 1 min. The solution was stirred at 20 �C for
5 h. To the mixturewas added water and the mixturewas extracted
with dichloromethane (3x). The combined organic layers were
dried (MgSO4), filtered and concentrated in vacuo. The residue was
purified by chromatography (silica gel, heptane).

1-Bromo-2-(phenylethynyl)benzene (11a). Starting with 10a
(500 mg) and phenylacetylene (214 ml), 11a was isolated as a col-
ourless solid (441 mg, 97%); Rf: 0.49 (Heptane). 1H NMR (250 MHz,
CDCl3): d ¼ 7.62e7.57 (m, 4H, HAr), 7.39e7.36 (m, 5H, HPh) ppm.13C
NMR (63 MHz, CDCl3): d ¼ 133.4, 132.6, 131.8, 129.5, 128.8, 128.5,
127.2 (CHAr), 125.8, 125.6, 123.1 (CAr), 94.1, 88.2 (CAlkin) ppm. IR
(ATR): ṽ ¼ 3056 (w), 2219 (w), 1597 (w), 1490 (m), 1463 (m), 1432
(w), 1041 (m), 1024 (m), 748 (vs), 686 (vs), 653 (m), 546 (m), 517
(m), 441(m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 259 (16), 258 ([M]þ,
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C14H9
81Br, 99), 257 (18), 256 ([M]þ, C14H9

79Br, 100), 177 (19), 176 (92),
151 (35), 150 (36), 126 (14), 98 (18), 88 (15), 75 (14), 74 (17), 63 (14),
51 (18), 50 (20), 39 (22). HRMS (EI): calcd for C14H9

79Br ([M]þ)
255.98821, found 255.98826; calcd for C14H9

81Br ([M]þ) 257.98617,
found 257.98660.

1-Bromo-2-((4-(tert-butyl)phenyl)ethynyl)benzene (11b).
Starting with 10a (500 mg) and 4-tert-butylphenylacetylene
(351.3 mL),11bwas isolated as a colourless solid (548mg, 99%); mp.:
62e67 �C. 1H NMR (250 MHz, CDCl3): d ¼ 7.66e7.54 (m, 2H, HAr),
7.55 (d, 3J ¼ 8.5 Hz, 2H, HAr), 7.41 (d, 3J ¼ 8.5 Hz, 2H, HAr), 7.34e7.25
(m, 1H, HAr), 7.21e7.14 (m, 1H, HAr), 1.35 (s, 9H, C(CH3)3) ppm. 13C
NMR (63 MHz, CDCl3): d ¼ 152.1 (CAr), 133.3, 132.5, 131.6, 129.3,
127.1 (CHAr), 125.8, 125.8 (CAr), 125.5 (CHAr), 120.0 (CAr), 94.3, 87.6
(CAlkin), 35.0 (C(CH3)3), 31.3 (CH3) ppm. IR (ATR): ṽ¼ 2955 (w), 2221
(w),1501 (w),1465 (w),1433 (w),1359 (w),1266 (w),1100 (w),1027
(w), 829 (m), 750 (m), 559 (m), 442 (m) cm�1. MS (EI, 70 eV): m/z
(%) ¼ 314 ([M]þ, C18H17

81Br, 43), 312 ([M]þ, C18H17
79Br, 43), 300 (20),

299 (99), 298 (20), 297 (100), 218 (21), 203 (27), 202 (48), 189 (23),
176 (29), 41 (21), 39 (21).

1-Bromo-2-((4-(trifluormethyl)phenyl)ethynyl)benzene
(11c). Starting with 10a (500 mg) and 4-(trifluormethyl)phenyl-
acetylene (345.5 ml),11cwas isolated as a colourless solid (557.4mg,
97%); mp.: 68e74 �C. 1H NMR (300 MHz, CDCl3): d ¼ 7.70e7.60 (m,
5H, HAr), 7.57 (dd, 3J¼ 7.7 Hz, 3J¼ 1.8 Hz, 1H, HAr), 7.34e7.29 (m,1H,
HAr), 7.25e7.19 (m, 1H, HAr). ppm.13C NMR (75 MHz, CDCl3):
d ¼ 133.5, 132.1 (CHAr), 130.4 (q, 2JC-F ¼ 32.7 Hz, CAr), 130.1, 127.3
(CHAr), 126.9 (q, 5JC-F ¼ 1.6 Hz, CAr), 126.0, 125.9, 125.6 (CHAr), 125.5
(q, 4JC-F ¼ 3.8 Hz, CHAr), 124.06 (q, 1JC-F ¼ 272.1 Hz, CF3) 92.5, 90.4
(CAlkin) ppm. 19F NMR (282 MHz, CDCl3): d ¼ �62.83 ppm. IR (ATR):
ṽ ¼ 2924 (w), 1611 (w), 1319 (m), 1170 (m), 1154 (m), 1104 (m), 1063
(m), 839 (m), 752 (m), 709 (m), 655 (w), 596 (m), 517 (w), 455 (w),
439 (w) cm�1. MS (EI, 70 eV): m/z (%) ¼ 327 (16), 326 ([M]þ,
C15H8

81BrF3, 95), 325 (16), 324 ([M]þ, C15H8
79BrF3, 100), 245 (12), 225

(40), 199 (12), 176 (49), 175 (18), 150 (13), 98 (13), 69 (16). HRMS
(EI): calcd for C15H8

79BrF3 ([M]þ) 323.97560, found 323.97499; calcd
for C15H8

81BrF3 ([M]þ) 325.97355, found 325.97269.
1-Bromo-4,5-difluoro-2-(phenylethynyl)benzene (11d).

Starting with 10b (1600 mg, 5.88 mmol) and phenylacetylene
(646 ml, 600 mg, 5.88 mmol), 11d was isolated as a colourless solid
(746 mg, 43%). 1H NMR (300 MHz, Chloroform-d) d 7.56e7.52 (m,
3H, HAr), 7.40e7.31 (m, 4H, HAr). 13C NMR (75 MHz, Chloroform-d)
d 132.65 (CHAr), 129.35 (CHAr), 128.59 (CHAr), 121.95 (CAr), 81.70
(C^C), 74.06 (C^C). 19F NMR 19F NMR (282 MHz, Chloroform-d)
d�133.08 (d, J¼ 21.0 Hz, 1 F, CFAr),�138.07 (d, J¼ 21.0 Hz, 1 F, CFAr).
IR (ATR): ~v¼ 1588 (w), 1483 (m), 1438 (m), 1392 (w), 1324 (w), 1184
(w), 1067 (w), 1024 (w), 912 (m), 750 (vs).

Synthesis of 4a-g and 12a-c. Compound 3a-f (1 equiv.),
Pd(OAc)2 (0.1 equiv.) and CuBr2 (0.1 equiv.) were dissolved in 20 mL
of DMSO. In case of 11a-c, 0.2 equiv. of CuBr2 were employed. The
solution was stirred at 120 �C for 14 h. To the mixture was added
water and the mixture was extracted with ethyl acetate (3x). The
combined organic layers were dried (MgSO4), filtered and
concentrated in vacuo. The residue was purified by chromatog-
raphy (silica gel, heptane/EtOAc).

1-(3-Bromobenzo[b]thien-2-yl)-2-phenylethane-1,2-dione
(4a). Startingwith 3a (878mg, 2.8mmol), 4awas isolated as a beige
solid (561 mg, 58%); mp.: 122e129 �C. 1H NMR (300 MHz, CDCl3):
d ¼ 8.03 (dd, 3J ¼ 8.4 Hz, 4J ¼ 1.3 Hz, 2H, HAr/Ph), 7.97 (ddd,
3J ¼ 8.0 Hz, 4J ¼ 1.4 Hz, 5J ¼ 0.7 Hz, 1H, HAr), 7.91e7.87 (m, 1H, HAr/

Ph), 7.72e7.66 (m, 1H, HAr/Ph), 7.62e7.49 (m, 4H, HAr/Ph) ppm. 13C
NMR (75 MHz, CDCl3): d ¼ 192.2, 188.5 (C]O), 141.1, 138.7 (CAr/Ph),
135.1 (CHAr/Ph), 134.7, 132.9 (CAr/Ph), 130.3, 129.5, 129.2, 126.3, 126.0,
123.2 (CHAr/Ph), 117.0 (CAr/Ph) ppm. IR (ATR): ṽ¼ 3058 (w), 2922 (w),
1671 (m), 1636 (m), 1591 (m), 1492 (m), 1449 (w), 1426 (w), 1309
(w), 1247 (m), 1203 (m), 1107 (m), 999 (w), 909 (w), 846 (m), 781

(m), 754 (m), 707 (m), 649 (m), 612 (m) cm�1. MS (EI, 70 eV): m/z
(%) ¼ 346 ([M]þ, C16H9

81BrO2S, 2), 344 ([M]þ, C16H9
81BrO2S, 3), 265

(22), 241 (43), 239 (42), 213 (19), 211 (19),132 (67),105 (83), 93 (17),
77 (100), 51 (42), 50 (17). HRMS (EI): calcd for C16H9O2

79BrS ([M]þ)
343.95011, found 343.95031; calcd for C16H9O2

81BrS ([M]þ)
345.94807, found 345.94805.

1-(3-Bromobenzo[b]thien-2-yl)-2-(p-tolyl)ethane-1,2-dione
(4b). Starting with 3b (735 mg, 2.25 mmol), 4b was isolated as a
beige solid (514 mg, 60%); mp.: 150e154 �C. 1H NMR (300 MHz,
CDCl3): d ¼ 7.99e7.87 (m, 2H), 7.92 (d, 3J ¼ 8.3 Hz, 2H, HAr),
7.61e7.48 (m, 2H, HAr), 7.34 (d, 3J¼ 8.0 Hz, 2H, HAr), 2.46 (s, 3H, CH3)
ppm. 13C NMR (75MHz, CDCl3): d¼ 191.9, 188.6 (C]O),146.4, 141.0,
138.8, 134.8, 130.5 (CAr), 130.4, 130.4, 130.0, 130.0, 129.5, 126.2,
126.0, 123.2 (CHAr), 116.9 (CAr), 22.1 (CH3) ppm. IR (ATR): ṽ ¼ 2918
(m), 1663 (w), 1636 (w), 1494 (w), 1244 (w), 1200 (w), 1171 (m), 909
(w), 814 (w), 755 (m), 716 (m), 684 (m), 606 (m), 584 (m), 479
(m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 360 ([M]þ, C17H11

81BrO2S, 1), 358
([M]þ, C17H11

79BrO2S, 1), 279 (12), 241 (15), 239 (15), 132 (16), 119
(100), 91 (22). HRMS (EI): calcd for C17H11

79BrO2S ([M]þ) 357.96576,
found 357.96513; calcd for C17H11

81BrO2S ([M]þ) 359.96372, found
359.96440.

1-(3-Bromobenzo[b]thien-2-yl)-2-(4-fluorophenyl)ethane-
1,2-dione (4c). Starting with 3c (914 mg, 2.76 mmol), 4c was iso-
lated as a red solid (502 mg, 50%); mp.: 122e126 �C. 1H NMR
(300 MHz, CDCl3): d ¼ 8.08 (d, 3J ¼ 9.0 Hz, 2H, HAr), 7.97 (ddd,
3J ¼ 7.9 Hz, 4J ¼ 1.4 Hz, 5J ¼ 0.7 Hz, 1H, HAr), 7.91e7.87 (m, 1H, HAr),
7.59 (ddd, 3J ¼ 8.1 Hz, 3J ¼ 7.1 Hz, 4J ¼ 1.4 Hz, 1H, HAr), 7.52 (ddd,
3J ¼ 8.1 Hz, 3J ¼ 7.1 Hz, 4J ¼ 1.2 Hz, 1H, HAr), 7.22 (d, 3J ¼ 8.8 Hz, 2H,
HAr) ppm. 13C NMR (75 MHz, CDCl3): d ¼ 190.5, 188.0 (C]O), 167.0
(d, 1JC-F ¼ 258.4 Hz, CAr) 141.1, 138.7, 134.4 (CAr), 133.1 (d, 3JC-
F ¼ 9.8 Hz, CHAr), 129.6 (CHAr), 129.37 (d, 4JC-F ¼ 3.0 Hz, CAr), 126.3,
126.0, 123.2 (CHAr), 117.1 (CAr), 116.7 (d, 2JC-F ¼ 22.3 Hz, CHAr) ppm.
19F NMR (282 MHz, CDCl3): d ¼ �101.02 (s, 1 F, CFAr) ppm. IR (ATR):
ṽ¼ 3075 (w), 2962 (w),1670 (w),1641 (w),1592 (w),1496 (w),1237
(w),1196 (w), 1151 (w), 821 (m), 753 (m), 721 (m), 606 (m), 581 (m),
503 (w), 425 (w) cm�1. MS (EI, 70 eV): m/z (%) ¼ 364 ([M]þ,
C14H9

81BrO2S, 5), 362 ([M]þ, C14H9
79BrO2S, 4), 283 (15), 242 (10), 241

(100), 240 (11), 239 (98), 213 (14), 211 (13), 132 (39), 123 (73), 95
(33), 75 (10). HRMS (EI): calcd for C14H9

79BrO2S ([M]þ) 361.94069,
found 361.94082; calcd for C14H9

81BrO2S ([M]þ) 363.93865, found
363.93849.

1-(3-Bromobenzo[b]thien-2-yl)-2-(4-methoxyphenyl)
ethane-1,2-dione (4d). Starting with 3d (871 mg, 2.54 mmol), 4d
was isolated as a beige solid (374 mg, 40%); mp.: 140e143 �C. 1H
NMR (300 MHz, CDCl3): d ¼ 8.00 (d, 3J ¼ 9.1 Hz, 2H, HAr), 7.96 (ddd,
3J ¼ 7.9 Hz, 4J ¼ 1.4 Hz, 5J ¼ 0.7 Hz, 1H, HAr), 7.88 (ddd, 3J ¼ 8.1 Hz,
4J ¼ 1.2 Hz, 5J ¼ 0.7 Hz, 1H, HAr), 7.57 (ddd, 3J ¼ 8.1 Hz, 3J ¼ 7.1 Hz,
4J¼ 1.4 Hz,1H, HAr), 7.50 (ddd, 3J¼8.0 Hz, 3J¼ 7.1 Hz, 4J¼ 1.3 Hz,1H,
HAr), 7.01 (d, 3J ¼ 9.1 Hz, 2H, HAr), 3.90 (s, 3H, OCH3) ppm. 13C NMR
(75 MHz, CDCl3): d ¼ 190.8, 188.6 (C]O), 165.2, 141.0, 138.8, 134.7
(CAr), 132.7, 132.7, 129.4, 126.2, 126.0 (CHAr), 125.9 (CAr), 123.2
(CHAr), 116.8 (CAr), 114.6, 114.6 (CHAr), 55.8 (OCH3) ppm. IR (ATR):
ṽ¼ 3058 (w), 2847 (w),1651 (w),1594 (m),1565 (m),1474 (m),1423
(m), 1262 (m), 1149 (m), 1015 (m), 912 (m), 887 (m), 838 (m), 787
(m), 753 (m), 723 (m), 567 (m), 508 (m) cm�1. MS (EI, 70 eV): m/z
(%)¼ 376 ([M]þ, C17H11

81BrO3S, 0.2), 374 ([M]þ, C17H11
79BrO3S, 0.2), 241

(4), 136 (9), 135 (100), 132 (8), 107 (4), 92 (7), 77 (8). HRMS (EI):
calcd for C17H11

79BrO3S ([M]þ) 373.96068, found 373.96124; calcd for
C17H11

81BrO3S ([M]þ) 375.95863, found 375.95875.
1-(3-Brombenzo[b]thiophene-2-yl)-2-(o-tolyl)ethan-1,2-

dion (4e). Starting with 3e (969 mg, 2.96 mmol), 4ewas isolated as
a beige solid (274 mg, 26% over two steps based on 1a); mp.:
102e105 �C. 1H NMR (250 MHz, CDCl3): d ¼8.00e7.94 (m, 1H, HAr),
7.92e7.87 (m, 1H, HAr), 7.74 (dd, 3J ¼ 7.8 Hz, 4J ¼ 1.3 Hz, 1H, HAr),
7.62e7.48 (m, 3H, HAr), 7.39e7.28 (m, 2H, HAr), 2.74 (s, 3H, CH3)
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ppm. 13C NMR (63MHz, CDCl3): d¼ 193.9,188.6 (C]O),142.0,141.0,
138.8, 135.0 (CAr), 134.1, 133.2, 132.8 (CHAr), 131.4 (CAr), 129.4, 126.2,
126.2, 125.9, 123.2 (CHAr), 116.6 (CAr), 22.2 (CH3) ppm. IR (ATR):
ṽ ¼ 3060 (w), 2923 (w), 1668 (m), 1636 (m), 1489 (m), 1306 (w),
1249 (w), 1196 (m), 912 (w), 848 (w), 755 (m), 716 (m), 643 (m), 616
(m) cm�1. MS (EI, 70 eV): ([M]þ, C17H11

81BrO2S, 1), 358 ([M]þ,
C17H11

79BrO2S, 1), 279 (15), 241 (16), 239 (15), 132 (19), 119 (100), 91
(29). HRMS (EI): calcd for C17H11

79BrO2S ([M]þ) 357.96576, found
375.96494; calcd for C17H11

81BrO2S ([M]þ) 359.96372, found
389.96393.

1-(3-Bromothien-2-yl)-2-phenylethane-1,2-dione (4f). Start-
ing with 3f (885 mg, 3.36 mmol), 4f was isolated as a beige solid
(470 mg, 34% over two steps based on 1b); mp.: 54e56 �C. 1H NMR
(300 MHz, CDCl3): d ¼ 8.02e7.99 (m, 2H, HPh), 7.74 (d, 3J ¼ 5.1 Hz,
1H, HThiophene), 7.70e7.64 (m, 1H, HPh), 7.56e7.50 (m, 2H, HPh), 7.17
(d, 3J ¼ 5.1 Hz, 1H, HThiophene) ppm. 13C NMR (75 MHz, CDCl3):
d¼ 192.0,186.1 (C]O),136.0, 135.0 (CHAr/Thio), 134.3 (CAr/Thio), 133.7
(CHAr/Thio), 132.8 (CAr/Thio), 130.3, 129.2 (CHAr/Thio), 118.9 (CAr/Thio)
ppm. IR (ATR): ṽ ¼ 3097 (w), 3984 (w), 2923 (w), 1675 (m), 1626
(m), 1489 (w), 1399 (m), 1205 (m), 1005 (w), 885 (m), 745 (m), 716
(m), 684 (m), 682 (m), 638 (m), 484 (m) cm�1. MS (EI, 70 eV): 296
([M]þ, C12H7

81BrO2S, 2), 294 ([M]þ, C12H7
79BrO2S, 2), 215 (4),191 (24),

189 (24), 106 (8), 105 (100), 82 (11), 77 (34), 51 (10), 50 (4). HRMS
(EI): calcd for C12H7

79BrO2S ([M]þ) 293.93446, found 293.93440;
calcd for C12H7

81BrO2S ([M]þ) 295.93242, found 295.93246.
1-(2-Bromophenyl)-2-phenylethane-1,2-dione (12a). Starting

with 11a (911 mg, 3.54 mmol), 12a was isolated as a beige oil
(430 mg, 41%); Rf: 0.25 (Heptane/EtOAc 20:1). 1H NMR (300 MHz,
CDCl3): d ¼ 8.10e8.06 (m, 2H, HAr), 7.84e7.80 (m, 1H, HAr),
7.70e7.62 (m, 2H, HAr), 7.58e7.51 (m, 2H, HAr), 7.50e7.42 (m, 2H,
HAr). 13C NMR (75 MHz, CDCl3): d ¼ 194.3, 191.6 (C]O), 136.2 (CAr),
134.6, 134.5, 133.9 (CHAr), 132.9 (CAr), 132.7, 130.5, 129.0, 128.0
(CHAr), 122.0 (CAr) ppm. IR (ATR): ṽ ¼ 3026 (w), 1672 (s), 1585 (m),
1449 (m), 1432 (m), 1253 (m), 1203 (s), 1965 (w), 1026 (m), 876 (m),
857 (m), 742 (m), 723 (s), 684 (m), 633 (s), 451 (m) cm�1. MS (EI,
70 eV):m/z (%) ¼ 290 ([M]þ, C14H9

81BrO2, 1), 288 ([M]þ, C14H9
79BrO2,

1), 185 (40), 183 (42), 157 (12), 155 (13), 106 (7), 105 (100), 77 (33),
76 (10), 75 (8), 51 (9), 50 (7). HRMS (EI): calcd for C14H9

79BrO2 ([M]þ)
287.97804, found 287.97772; calcd for C14H9

81BrO2 ([M]þ)
289.97600, found 289.97590.

1-(2-Bromophenyl)-2-(4-(tert-butyl)phenyl)ethane-1,2-
dione (12b). Starting with 11b (1321 mg, 4.22 mmol), 12b was
isolated as a beige solid (670 mg, 46%); mp.: 64e70 �C. 1H NMR
(250 MHz, CDCl3): d ¼ 8.00 (d, 3J ¼ 8.5 Hz, 2H, HAr), 7.83e7.78 (m,
1H, HAr), 7.66e7.61 (m, 1H, HAr), 7.55 (d, 3J ¼ 8.5 Hz, 2H, HAr),
7.48e7.42 (m, 2H, HAr), 1.37 (s, 9H, C(CH3)3) ppm. 13C NMR (63MHz,
CDCl3): d¼ 194.5, 191.4 (C]O), 158.7, 136.3 (CAr), 134.3, 133.9, 132.7,
130.5 (CHAr), 130.3 (CAr), 127.90, 126.1 (CHAr), 121.9 (CAr), 35.5
(C(CH3)3), 31.2 (C(CH3)) ppm. IR (ATR): ṽ¼ 3062 (w), 2960 (w),1668
(m), 1599 (m), 1587 (m), 1565 (m), 1460 (m), 1408 (m), 1364 (m),
1257 (m), 1213 (m), 1186 (m), 1110 (m), 1066 (w), 877 (m), 740 (m),
665 (m), 640 (m), 547 (m), 496 (m) cm�1. MS (EI, 70 eV): m/z
(%) ¼ 346 ([M]þ, C18H17

81BrO2, 0.09), 344 ([M]þ, C18H17
79BrO2, 0.11),

185 (6), 183 (6), 162 (12), 161 (100), 155 (4), 146 (7), 118 (9), 115 (4),
91 (5). HRMS (ESI-TOF): calcd for C18H18

79BrO2 ([MþNa]þ 367.0309,
found 367.0310.

1-(2-Bromophenyl)-2-(4-(trifluoromethyl)phenyl)ethane-
1,2-dione (12c). Starting with 11c (1678 mg, 5.16 mmol), 12c was
isolated as a beige solid (608 mg, 33%); mp.: 110e115 �C. 1H NMR
(300 MHz, CDCl3): d ¼ 8.20 (d, 3J ¼ 8.0 Hz, 2H, HAr), 7.84e7.79 (m,
3H, HAr), 7.66e7.62 (m, 1H, HAr), 7.50 (ddd, 3J ¼ 6.6 Hz, 3J ¼ 4.1 Hz,
4J¼ 1.9 Hz, 2H, HAr) ppm. 13C NMR (75MHz, CDCl3): d¼ 193.8, 190.1
(C]O), 136.1 (CAr), 135.6 (q, 2JC-F ¼ 32.8 Hz, CAr) 135.5 (CAr) 134.8,
133.7, 132.6, 130.8, 128.2 (CHAr), 126.0 (q, 3JC-F ¼ 3.7 Hz, CHAr),
123.58 (q, 1JC-F ¼ 273.0 Hz, CF3). 121.90 (CAr) ppm. IR (ATR):

ṽ ¼ 1681(w), 1667 (w), 1585 (w), 1510 (w), 1438 (w), 1409 (w), 1323
(m), 1285 (w), 1206 (w), 1173 (m), 1059 (m), 873 (w), 840 (w), 765
(w), 744 (m), 666 (w) cm�1. HRMS (ESI): calcd for C18H17

79Br
([MþH]þ) 312.05081, found 312.05067; calcd for C18H17

81Br
([MþH]þ) 314.04877, found 314.04916.

1-(2-Bromo-4,5-difluorophenyl)-2-phenylethane-1,2-dione
(12d). Starting with 11d (746 mg, 2.55 mmol),12dwas isolated as a
colourless solid (521 mg, 63%). 1H NMR (300 MHz, Chloroform-d)
d 8.08e8.00 (m, 2H, HAr), 7.77e7.64 (m, 2H, HAr), 7.59e7.41 (m,
3H, HAr). 13C NMR (75 MHz, Chloroform-d) d 191.89 (C]O), 190.85
(C]O), 155.35e151.70 (m, CAr), 151.67e148.22 (m, CAr), 134.96
(CHAr), 132.99 (CAr), 132.54(CAr), 130.51(CHAr), 129.14 (CHAr),
123.05 (d, J ¼ 20.5 Hz, CHAr), 121.47 (dd, J ¼ 19.5, 2.0 Hz, CHAr),
116.72 (d, J ¼ 3.9 Hz, CAr). 19F NMR (282 MHz, Chloroform-d)
d �126.06 (d, J ¼ 21.0 Hz, 1 F, CFAr), �136.00 (d, J ¼ 20.9 Hz, 1 F,
CFAr).

Synthesis of 7a-g and 8a-g. To a mixture of 4a-f (0.88 mmol, 1
equiv.), Pd(PPh3)2Cl2 (5 mol%), HP(tBu)3BF4 (10 mol%), 5a,b (1.5
equiv.) and K3PO4 (3 equiv.) was added acetonitrile/water (8:2) and
the mixture was purged with Argon. The solution was stirred at
80 �C for 20 h. The solution was cooled to 20 �C and Pd(PPh3)2Cl2
(10 mol%), HP(tBu)3BF4 (20 mol%), diisopropylamine (409 ml) and
phenylacetylene (1.8 equiv) were added and the mixture was
purged with Argon. The solution was stirred at 80 �C for 5 h. To the
mixturewas added water and the mixture was extracted with ethyl
acetate (3x). The combined organic layers were dried (MgSO4),
filtered and concentrated in vacuo. The residue was purified by
chromatography (silica gel, toluene with a few drops of diethyl
ether).

(R/S)-5-Hydroxy-5-phenylbenzo[b]naphtho[1,2-d]thio-
phene-6(5H)-one (7a). Starting with 4a (300 mg, 0.88 mmol), 7a
was isolated as a yellow solid (161 mg, 54%); mp.: 187e189 �C. 1H
NMR (250 MHz, DMSO‑d6): d ¼ 8.83e8.78 (m, 1H, HAr), 8.53 ¼ 8.48
(m, 1H, HAr), 8.20e8.14 (m, 1H, HAr), 7.74e7.69 (m, 1H, HAr),
7.67e7.63 (m, 2H, HAr), 7.58e7.48 (m, 2H, HAr), 7.31e7.27 (m, 2H,
HAr), 7.22e7.18 (m, 3H, HAr), 6.81 (s, 1H, OH) ppm. 13C NMR
(63 MHz, DMSO‑d6): d ¼ 195.4 (C]O), 144.4, 143.0, 142.0, 139.9,
135.5, 133.5 (CAr), 129.1 (CHAr), 128.8 (CAr), 128.7, 128.5, 128.4, 128.3,
127.8, 126.4, 125.7, 125.7, 124.9, 124.5 (CHAr), 80.3 (COH) ppm. IR
(ATR): ṽ ¼ 3439 (w), 2920 (w), 2852 (w), 1727 (w), 1657 (m), 1500
(w), 1356 (w), 1251 (w), 1148 (m), 978 (m), 783(m), 767 (m), 721
(m), 694 (m), 604 (m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 343 (10), 342
([M]þ, C22H14O2S, 44), 238 (14), 237 (82), 222 (17), 221 (100), 220
(13), 219 (15), 208 (19), 189 (14), 176 (22), 165 (32), 164 (11), 163
(15), 105 (99), 77 (80), 51 (35), 50 (12). HRMS (EI): calcd for
C22H14O2S ([M]þ) 342.07090, found 342.07073.

(R/S)-5-Hydroxy-5-(p-tolyl)benzo[b]naphtho[1,2-d]thio-
phene-6(5H)-one (7b). Starting with 4b (316 mg, 0.88 mmol), 7b
was isolated as a yellow solid (147 mg, 47%); mp.: 142e152 �C. 1H
NMR (250 MHz, CDCl3): d ¼ 8.67e8.56 (m, 1H, HAr), 8.33 (dd,
3J ¼ 7.6 Hz, 4J ¼ 1.7 Hz, 1H, HAr), 7.96e7.89 (m, 1H, HAr), 7.86e7.81
(m, 1H, HAr), 7.61e7.43 (m, 4H, HAr), 7.18 (d, 3J ¼ 8.4 Hz, 2H, HAr),
6.98 (d, 3J ¼ 7.9 Hz, 2H, HAr), 4.56 (s, 1H, OH), 2.21 (s, 3H, CH3) ppm.
13C NMR (63 MHz, CDCl3): d ¼ 196.8 (C]O), 152.3, 144.5, 142.0,
141.8, 138.9, 138.4, 136.0 (CAr), 129.5, 129.3 (CHAr), 129.2 (CAr), 128.5,
128.4, 128.1, 126.2, 125.9, 125.0, 124.3 (CHAr), 81.3 (COH), 21.1 (CH3).
ppm. IR (ATR): ṽ ¼ 3456 (w), 2920 (w), 1660 (w), 1504 (w), 1359
(w), 1191 (w), 975 (w), 814 (w), 775 (w), 731 (m), 584 (w), 508 (w),
420 (w) cm�1. MS (EI, 70 eV): m/z (%) ¼ 356 ([M)þ, C23H16O2S, 53),
340 (58), 328 (23), 327 (47), 311 (28), 295 (23), 237 (86), 236 (22),
208 (19), 165 (26), 148 (22), 119 (100), 91 (18). HRMS (EI): calcd for
C23H16O2S ([M]þ) 356.08655, found 356.08549.

(R/S)-5-(4-Fluorophenyl)-5-hydroxybenzo[b]naphtho[1,2-d]
thiophene-6(5H)-one (7c). Starting with 4b (320 mg, 0.88 mmol),
7c was isolated as a yellow solid (178 mg, 56%); mp.: 128e138 �C.
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1H NMR (300 MHz, CDCl3): d ¼ 8.64e8.60 (m, 1H, HAr), 8.34 (dd,
3J ¼ 7.6 Hz, 4J ¼ 1.6 Hz, 1H, HAr), 7.97e7.92 (m, 1H, HAr), 7.84e7.80
(m,1H, HAr), 7.59e7.55 (m, 2H, HAr), 7.52 (dd, 3J¼ 7.6 Hz, 4J¼ 1.8 Hz,
1H, HAr), 7.48 (td, 3J¼ 7.5 Hz, 4J¼ 1.5 Hz,1H, HAr), 7.29 (d, 3J¼ 9.1 Hz,
2H), 6.87 (d, 3J ¼ 8.5 Hz, 2H, HAr), 4.57 (s, 1H, OH) ppm. 13C NMR
(75 MHz, CDCl3): d ¼ 196.5 (C]O), 162.7 (d, 1JC-F ¼ 247.8 Hz, CAr),
144.6,141.9,141.7,139.1 (d, 5JC-F¼ 1.4 Hz, CAr), 137.6 (d, 4JC-F¼ 3.1 Hz,
CAr), 135.9, 132.1 (CAr), 129.4, 128.7, 128.4, 128.3 (CHAr), 128.0 (d, 3JC-
F ¼ 8.4 Hz, CHAr), 126.2, 126.1, 125.2, 124.4 (CHAr), 115.6 (d, 3JC-
F ¼ 21.7 Hz, CHAr), 80.8 (COH) ppm. 19F NMR (282 MHz, CDCl3):
d ¼ �113.77 (s, 1 F, CFAr) ppm. IR (ATR): ṽ ¼ 3059 (w), 2920 (w),
1663 (m), 1599 (w), 1358 (w), 1236 (m), 1148 (m), 981 (w), 942 (w),
911 (w), 833 (m), 777 (m), 738 (m), 616 (w), 581 (w), 558 (m), 511
(m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 361 (13), 360 ([M]þ,
C22H13F2O2S, 66), 332 (36), 331 (58), 316 (12), 315 (35), 238 (28),
237 (100), 236 (14),165 (18),165 (18),132 (13),123 (30),104 (13), 95
(12). HRMS (EI): calcd for C22H13F2O2S ([M]þ) 360.06148, found
360.06109.

(R/S)-5-Hydroxy-5-(4-methoxyphenyl)benzo[b]naphtho[1,2-
d]thiophene-6(5H)-one (7d). Starting with 4d (330 mg,
0.88 mmol), 7d was isolated as a yellow solid (138 mg, 42%); mp.:
148e158 �C. 1H NMR (250 MHz, CDCl3): d¼ 8.66e8.54 (m, 1H, HAr),
8.38e8.27 (m, 1H, HAr), 7.98e7.87 (m, 2H, HAr), 7.90e7.79 (m, 1H,
HAr), 7.61e7.43 (m, 4H, HAr), 7.21 (d, 3J ¼ 9.0 Hz, 2H, HAr), 6.70 (d,
3J ¼ 8.9 Hz, 2H, HAr), 4.56 (s, 1H, OH), 3.68 (s, 3H, OCH3) ppm. 13C
NMR (63 MHz, CDCl3): d ¼ 196.7 (C]O), 159.7, 144.4, 142.0, 141.6,
135.9, 133.7, 132.3, 129.5 (CAr), 129.2, 128.5, 128.4, 128., 1127.5, 126.1,
125.9, 125.0, 124.3, 114.1 (CHAr), 81.1 (COH), 55.3 (OCH3) ppm. IR
(ATR): ṽ ¼ 3419 (w), 2920 (m), 2852 (m), 1663 (m), 1601 (w), 1504
(m), 1459 (m), 1356 (m), 1245 (m), 1028 (m), 981 (m), 833 (m), 777
(m), 734 (m), 587 (m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 360 ([M]þ,
C22H13F2O2S, 23), 357 (10), 356 (33), 327 (11), 284 (12), 237 (21),
236 (18), 208 (10), 165 (11), 135 (100). HRMS (EI): calcd for
C22H13F2O2S ([M]þ) 372.08147, found 372.08139.

(R/S)-5-Hydroxy-5-(o-tolyl)benzo[b]naphtho[1,2-d]thio-
phene-6(5H)-one (7e). Starting with 4e (316 mg, 0.88 mmol), 7e
was isolated as a yellow solid (176 mg, 56%); mp.: 218e225 �C. 1H
NMR (300 MHz, CDCl3): d ¼ 8.68e8.63 (m, 1H, HAr), 8.44e8.40 (m,
1H, HAr), 7.99e7.95 (m, 1H, HAr), 7.75e7.70 (m, 1H, HAr), 7.59e7.55
(m, 2H, HAr), 7.51 (ddd, 3J ¼ 7.9 Hz, 3J ¼ 6.9 Hz, 4J ¼ 1.9 Hz, 1H, HAr),
7.40 (ddd, 3J¼ 7.8 Hz, 4J¼ 1.9 Hz, 5J¼ 0.4 Hz,1H, HAr), 7.38e7.32 (m,
1H, HAr), 7.23e7.20 (m, 2H, HAr) 7.09e7.05 (m, 1H, HAr), 3.53 (s, 1H,
OH), 1.99 (s, 3H, CH3) ppm. 13C NMR (75MHz, CDCl3): d¼ 194.8 (C]
O), 144.5, 141.8, 140.6, 140.2, 136.3, 136.1, 134.0 (CAr), 132.1, 130.2
(CHAr), 130.1 (CAr), 129.3, 128.9, 128.4, 128.1, 126.8, 126.3, 126.0,
126.0, 124.9, 124.3 (CHAr), 79.6 (COH) 20.6 (CH3) ppm. IR (ATR):
ṽ ¼ 3064 (w), 3058 (w), 2923 (w), 2852 (w), 1729 (w), 1621 (w),
1501 (w), 1455 (w), 1340 (w), 1249 (w), 1029 (w), 985 (w), 767 (w),
743 (w), 716 (w), 640 (w), 628 (w), 569 (w), 510 (w), 447 (w), 415
(w) cm�1. MS (EI, 70 eV):m/z (%)¼ 357 (74), 356 ([M]þ, C23H16O2S2,
100), 340 (54), 338 (65), 328 (82), 327 (94), 311 (50), 310 (44), 309
(55), 238 (38), 237 (90), 236 (68), 208 (38), 165 (66), 132 (91), 119
(75), 104 (58), 91 (63). HRMS (EI): calcd for C23H16O2S ([M]þ)
356.08655, found 356.08594.

(R/S)-5-Hydroxy-5-phenylnaphtho[2,1-b]thiophene-4(5H)-
one (7f). Starting with 4f (260 mg, 0.88 mmol), 7fwas isolated as a
brownish solid (188 mg, 73%); mp.: 149e151 �C. 1H NMR (300 MHz,
CDCl3): d ¼ 7.84 (d, 3J ¼ 5.1 Hz, 1H, HThiophene), 7.78e7.75 (m, 1H,
HAr/Ph), 7.66e7.63 (m, 1H, HAr/Ph), 7.60 (d, 3J ¼ 5.1 Hz, 1H, HAr/Ph),
7.45e7.35 (m, 2H, HAr/Ph), 7.31e7.27 (m, 2H, HAr/Ph), 7.23e7.19 (m,
3H, HAr/Ph), 4.55 (s, 1H, OH) ppm. 13C NMR (75 MHz, CDCl3):
d ¼ 194.3 (C]O), 148.7, 142.7, 142.4 (CAr), 137.4 (CHAr), 131.5, (CAr),
128.7, 128.6, 128.5, 128.2 (CHAr), 128.0 (CAr), 125.5, 124.7, 124.2
(CHAr), 81.2 (COH) ppm. IR (ATR): ṽ ¼ 3447 (w), 3106 (w), 1634 (w),
1445 (w), 1413 (w), 1362), 1266 (w), 1193 (W), 978 (w), 904 (w), 821

(w), 770 (w), 738 (w), 721 (w), 692 (w), 613 (w), 422 (w) cm�1. MS
(EI, 70 eV):m/z (%)¼ 293 (21), ([M]þ, C18H12O2S, 100), 264 (13), 263
(38), 247 (25), 235 (15), 231 (15), 202 (14), 187 (58), 115 (20), 105
(17), 77 (14). HRMS (EI): calcd for C18H12O2S ([M]þ) 292.05525,
found 292.05493.

(R/S)-4-Hydroxy-4-phenyl-[2]benzothiole[5,4-b]benzothio-
phene-5-one (7g). Starting with 4g (300 mg, 0.88 mmol), 7g was
isolated as a brownish solid (230 mg, 76%); mp.: 200e204 �C. 1H
NMR (300 MHz, CDCl3): d ¼ 8.43e8.38 (m, 1H, HAr/Ph), 8.06 (d,
4J ¼ 2.8 Hz, 1H, HThiophene), 7.94e7.90 (m, 1H, HAr/Ph), 7.58 (d,
4J ¼ 2.9 Hz, 1H, HThiophene), 7.59e7.54 (m, 3H, HAr/Ph), 7.32e7.28 (m,
2H, HAr/Ph), 7.24e7.20 (m, 3H, HAr/Ph) ppm. 13C NMR (75 MHz,
CDCl3): d ¼ 195.6 (C]O), 144.2, 143.2, 142.3, 139.0, 135.7, 131.8,
130.7 (CAr), 128.8, 128.5, 128.5, 126.1, 125.8, 125.4, 124.4, 124.1, 121.8
(CHAr), 80.6 (COH) ppm. IR (ATR): ṽ ¼ 3469 (w), 3097 (w), 2920 (w),
2852 (w), 1729 (w), 1643 (w), 1472 (w), 1448 (w). 1279 (w), 1249
(w), 1134 (w), 980 (w), 829 (w), 802 (w), 723 (m), 699 (m), 650 (m),
603 (m), 444 (w), 422 (m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 349 (24),
348 ([M]þ, C20H12O2S2, 100), 332 (16), 321 (21), 320 (56), 319 (51),
303 (27), 291 (24), 258 (21), 245 (15), 243 (82), 171 (25), 105 (15), 77
(21). HRMS (EI): calcd for C20H12O2S2 ([M]þ) 348.02732, found
348.02664.

(R/S)-6-Hydroxy-6-phenylbenzo[b]naphtho[1,2-d]thio-
phene-5(6H)-one (8a). Starting with 4a (300 mg, 0.88 mmol), 8a
was isolated as a brownish solid (92 mg, 31%); mp.: 219e222 �C. 1H
NMR (250 MHz, CDCl3): d ¼ 8.43e8.39 (m, 1H, HAr), 8.28e8.24 (m,
1H, HAr), 7.93 (ddd, 3J¼ 7.9 Hz, 4J ¼ 1.3 Hz, 5J ¼ 0.7 Hz, 1H, HAr), 7.85
(ddd, 3J ¼ 7.6 Hz, 4J ¼ 1.5 Hz, 5J ¼ 0.4 Hz, 1H, HAr), 7.72 (ddd,
3J ¼ 7.9 Hz, 3J ¼ 7.5 Hz, 4J ¼ 1.5 Hz, 1H, HAr), 7.53 (ddd, 3J ¼ 8.3 Hz,
3J ¼ 7.1, 4J ¼ 1.4 Hz, 1H, HAr), 7.47e7.40 (m, 1H, CHAr), 7.37e7.29 (m,
3H, HAr), 7.24e7.18 (m, 3H, HAr), 4.84 (s, 1H, OH) ppm. 13C NMR
(63 MHz, CDCl3): d ¼ 201.0 (C]O), 145.5, 141.0, 139.4, 136.2, 136.2
(CAr), 135.4,129.2,128.9,128.8 (CHAr),128.3 (CAr), 127.6 (CHAr),126.8
(CAr), 125.9, 125.5, 125.0, 124.1, 123.7, 123.2 (CHAr), 80.8 (COH) ppm.
IR (ATR): ṽ¼ 3462 (w), 2920 (w),1686 (w),1697 (w),1480 (w),1362
(w), 1271 (w), 1189 (w), 1148 (w), 987 (w), 863 (w), 767 (m), 723
(m), 694 (m), 420 (w) cm�1. MS (EI, 70 eV): m/z (%) ¼ 342 ([M]þ,
C22H14O2S, 25), 314 (18), 313 (28), 297 (17), 284 (10), 252 (10), 238
(17), 237 (100), 236 (12), 208 (25), 165 (49), 164 (15), 163 (24), 105
(32), 78 (12), 77 (54), 51 (21). HRMS (EI): calcd for C22H14O2S ([M]þ)
342.07090, found 342.07070.

(R/S)-6-Hydroxy-6-(p-tolyl)benzo[b]naphtho[1,2-d]thio-
phene-5(6H)-one (8b). Starting with 4b (316 mg, 0.88 mmol), 8b
was isolated as a brownish solid (88 mg, 28%); mp.: 170e179 �C. 1H
NMR (250MHz, DMSO‑d6): d¼ 8.55 (d, 3J¼ 8.2 Hz,1H, HAr), 8.39 (d,
3J ¼ 7.8 Hz, 1H, HAr), 8.14e8.03 (m, 1H, HAr), 7.84e7.75 (m, 2H, HAr),
7.61e7.52 (m, 1H, HAr), 7.51e7.35 (m, 2H, HAr), 7.27 (s, 1H, OH), 7.17
(d, 3J ¼ 8.3 Hz, 2H, HAr), 7.02 (d, 3J ¼ 8.3 Hz, 2H, HAr), 2.16 (s, 3H,
CH3) ppm. 13C NMR (63 MHz, DMSO‑d6): d ¼ 199.3 (C]O), 148.7,
139.9, 137.8, 136.8, 135.8 (CAr), 135.3 (CHAr), 134.7 (CAr), 129.1 (CHAr),
128.7 (CAr), 128.4, 127.7 (CHAr), 126.0 (CAr), 125.7, 125.6, 124.9, 124.1,
123.6, 123.3 (CHAr), 79.9 (COH), 20.5 (CH3) ppm. IR (ATR): ṽ ¼ 3468
(w), 2992 (w), 2852 (w), 1677 (m), 1597 (w), 1482 (w), 1269 (w),
1191 (w), 1148 (m), 985 (w), 795 (m), 769 (m), 727 (m), 670 (m), 618
(w), 497 (m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 357 (22), 356 ([M]þ,
C23H16O2S, 52), 340 (83), 328 (28), 327 (48), 311 (41), 295 (21), 237
(88), 236 (37), 147 (26), 142 (32), 119 (100). HRMS (EI): calcd for
C23H16O2S ([M]þ) 356.08655, found 356.08574.

(R/S)-6-(4-Fluorophenyl)-6-hydroxybenzo[b]naphtho[1,2-d]
thiophene-5(6H)-one (8c). Starting with 4c (320 mg, 0.87 mmol),
8c was isolated as a brownish solid (83 mg, 26%); mp.: 184e187 �C.
1H NMR (300 MHz, CDCl3): d ¼ 8.43e8.39 (m, 1H, HAr), 8.27e8.24
(m, 2H, HAr), 7.94 (ddd, 3J ¼ 8.0 Hz, 4J ¼ 1.3 Hz, 5J ¼ 0.7 Hz, 1H, HAr),
7.85 (ddd, 3J ¼ 7.6 Hz, 4J ¼ 1.5 Hz, 5J ¼ 0.4 Hz, 1H, HAr), 7.74 (ddd,
3J ¼ 7.9 Hz, 3J ¼ 7.5 Hz, 4J ¼ 1.5 Hz, 1H, HAr), 7.54 (ddd, 3J ¼ 8.3 Hz,
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3J ¼ 7.2 Hz, 4J ¼ 1.3 Hz, 1H, HAr), 7.48e7.42 (m, 1H, HAr), 7.34 (td,
3J¼ 7.6 Hz, 4J¼ 1.1 Hz, 1H, HAr), 7.28 (d, 3J¼ 9.1 Hz, 1H, HAr), 6.90 (d,
3J ¼ 8.5 Hz, 2H, HAr), 4.82 (s, 1H, OH) ppm. 13C NMR (75 MHz,
CDCl3): d ¼ 209.4, 163.1 (d, 1JC-F ¼ 240.6 Hz, CAr), 145.9, 141.0, 136.1,
136.0 (CAr), 135.5 (CHAr), 135.2 (d, 4JC-F ¼ 3.0 Hz, CAr), 129.2 (CHAr),
128.2 (CAr), 128.0 (d, 3JC-F ¼ 8.5 Hz, CHAr), 127.7 (CHAr), 126.9 (CAr),
125.6, 125.2, 124.1, 123.7, 123.3 (CHAr), 115.79 (d, 2JC-F ¼ 21.7 Hz,
CHAr), 80.3 (COH) ppm. 19F NMR (282 MHz, CDCl3): d ¼ �113.21 (s,
1 F, CFAr) ppm. IR (ATR): ṽ¼ 3456 (w), 2920 (w), 1680 (w), 1597 (w),
1232 (w), 1144 (w), 826 (w), 804 (w), 773 (w), 729 (w), 672 (w), 420
(w) cm�1. MS (EI, 70 eV):m/z (%)¼ 360 ([M]þ, C22H13F2O2S, 30), 344
(9), 332 (16), 331 (28), 315 (18), 238 (17), 237 (100), 165 (11), 123
(19), 104 (8). HRMS (EI): calcd for C22H13F2O2S ([M]þ) 360.06148,
found 360.06149.

(R/S)-6-Hydroxy-6-(4-methoxyphenyl)benzo[b]naphtho[1,2-
d]thiophene-5(6H)-one (8d). Starting with 4d (330 mg,
0.88mmol), 8dwas isolated as a brownish solid (131mg, 40%); mp.:
204e209 �C. 1H NMR (250 MHz, DMSO‑d6): d ¼ 8.54 (d, 3J ¼ 8.2 Hz,
1H, HAr), 8.39 (d, 3J ¼ 8.0 Hz, 1H, HAr), 8.10 (d, 3J ¼ 7.7 Hz, 1H, HAr),
7.85e7.73 (m, 2H, HAr), 7.57 (ddd, 3J¼ 8.4 Hz, 3J¼ 7.2 Hz, 4J¼ 1.4 Hz,
1H, HAr), 7.54e7.33 (m, 2H, HAr), 7.24 (s, 1H, OH), 7.20 (d, 3J¼ 8.9 Hz,
2H, HAr), 6.79 (d, 3J ¼ 8.9 Hz, 2H, HAr), 3.63 (s, 3H, OCH3) ppm. 13C
NMR (63 MHz, DMSO‑d6): d ¼ 199.2 (C]O), 159.3, 148.8, 139.9,
135.8 (CAr), 135.2 (CHAr), 134.7, 131.5, 128.7 (CAr), 128.4, 127.6, 127.2
(CHAr), 126.0 (CAr), 125.6, 124.90, 124.0, 123.6, 123.3, 113.9 (CHAr),
79.6 (COH), 55.1 (OCH3) ppm. IR (ATR): ṽ¼ 3466 (w), 2920 (w), 2859
(w), 1682 (w), 1599 (w), 1504 (w), 1252 (w), 10149 (w), 1019 (w),
985 (w), 826 (w), 777 (m), 728 (m), 674 (m), 650 (w), 579 (w), 417
(w) cm�1. MS (EI, 70 eV): m/z (%) ¼ 372 ([M]þ, C23H16O3S, 28), 356
(26), 344 (14), 343 (21), 327 (15), 284(12), 237 (27), 236 (21), 208
(11), 165 (13), 136 (11), 135 (100). HRMS (EI): calcd for C23H16O3S
([M]þ) 372.08147, found 372.08116.

(R/S)-6-Hydroxy-6-(o-tolyl)benzo[b]naphtho[1,2-d]thio-
phene-5(6H)-one (8e). Starting with 4e (316 mg, 0.88 mmol), 8e
was isolated as a brownish solid (75 mg, 24%); mp.: 145e148 �C. 1H
NMR (300 MHz, CDCl3): d ¼ 8.42e8.38 (m, 1H, HAr), 8.22e8.17 (m,
1H, HAr), 7.91 (ddd,3J ¼ 7.9 Hz, 4J ¼ 1.3 Hz, 5J ¼ 0.7 Hz, 1H, HAr), 7.85
(ddd, 3J ¼ 7.6 Hz, 4J ¼ 1.5 Hz, 5J ¼ 0.6 Hz, 1H, HAr), 7.68 (ddd,
3J ¼ 8.0 Hz, 3J ¼ 7.5 Hz, 4J ¼ 1.5 Hz, 1H, HAr), 7.53 (ddd, 3J ¼ 8.4 Hz,
3J ¼ 7.2 Hz, 4J ¼ 1.3 Hz, 1H, HAr), 7.47e7.41 (m, 1H, HAr), 7.33 (td,
3J¼ 7.6 Hz, 4J¼ 1.1 Hz,1H, HAr), 7.24e7.08 (m, 4H, HAr), 7.05e6.99 (s,
1H, OH), 2.32 (s, 3H, CH3) ppm.13C NMR (75 MHz, CDCl3): d ¼ 200.2
(C]O), 145.7, 141.2, 138.0, 136.9, 136.2, 135.3 (CAr), 134.8, 132.7
(CHAr),129.3 (CAr), 129.0,128.7 (CHAr),127.9 (CAr), 127.7,127.0,126.3,
125.5, 125.1, 123.9, 123.7, 123.3 (CHAr), 81.1 (COH) 32.3 (CH3) ppm. IR
(ATR): ṽ ¼ 3405 (w), 2920 (w), 2852 (w), 1687 (w), 1597 (w), 1457
(w),1264 (w),1024 (w), 980 (w), 802 (w), 772 (w), 753 (w), 728 (w),
420 (w) cm�1. MS (EI, 70 eV): m/z (%) ¼ 356 ([M]þ, C23H16O2S2, 21),
340 (31), 327 (10), 295 (16), 238 (10), 237 (67), 208 (10), 132 (11),
119 (100), 118 (11), 104 (14), 91 (21), 57 (13). HRMS (EI): calcd for
C23H16O2S ([M]þ) 356.08655, found 356.08575.

(R/S)-4-Hydroxy-4-phenylnaphtho[2,1-b]thiophene-5(4H)-
one (8f). Starting with 4f (260 mg, 0.88 mmol), 8fwas isolated as a
brownish solid (41 mg, 16%); mp.: 161e163 �C. 1H NMR (300 MHz,
CDCl3): d¼ 7.84 (ddd, 3J¼ 7.7 Hz, 4J¼ 1.3 Hz, 5J¼ 0.6 Hz, 1H, HAr/Ph),
7.68 (ddd, 3J ¼ 7.8 Hz, 4J ¼ 1.6 Hz, 5J ¼ 0.6 Hz, 1H, HAr/Ph), 7.66e7.61
(m, 1H, HAr/Ph), 7.47 (d, 3J ¼ 5.2 Hz, 1H, HThiophene), 7.44 (d,
3J ¼ 5.2 Hz, 1H, HThiophene), 7.32e7.28 (m, 1H, HAr/Ph), 7.27e7.24 (m,
2H, HAr/Ph), 7.24e7.20 (m, 3H, HAr/Ph), 4.72 (s, 1H, OH) ppm. 13C NMR
(75 MHz, CDCl3): d ¼ 201.4 (C]O), 142.9, 140.7, 135.8 (CAr), 135.7
(CHAr), 133.3 (CAr), 129.1, 128.8, 128.6, 127.8, 127.5 (CHAr), 127.3 (CAr),
125.6, 123.9, 122.6 (CHAr), 80.2 (COH) ppm. IR (ATR): ṽ ¼ 3471 (w),
2920 (w), 2852 (w), 1675 (w), 1602 (w), 1284 (w), 1264 (w), 1181
(w), 1134 (W), 985 (w), 865 (w), 770 (w), 745 (w), 714 (m), 699 (w),
665 (w), 611 (w), 491 (w), 430 (w) cm�1. MS (EI, 70 eV): m/z

(%) ¼ 293 (18), 292 ([M]þ, C18H12O2S, 93), 264 (17), 263 (88), 247
(25), 188 (17), 187 (100), 115 (22), 107 (17), 105 (50), 77 (16). HRMS
(EI): calcd for C18H12O2S ([M]þ) 292.05525, found 292.05485.

(R/S)-5-Hydroxy-5-phenyl-[2]benzothiole[5,4-b]benzothio-
phene-4-one (8g). Starting with 4g (300 mg, 0.88 mmol), 8g was
isolated as a brownish solid (52 mg, 17%); mp.: 174e184 �C. 1H NMR
(300MHz, CDCl3): d¼ 8.24e8.20 (m,1H, HAr/Ph), 8.21 (d, 4J¼ 2.8 Hz,
1H, HThiophene), 7.89 (ddd, 3J¼ 8.0 Hz, 4J¼ 1.2 Hz, 5J¼ 0.7 Hz,1H, HAr/

Ph), 7.83 (d, 4J ¼ 2.8 Hz, 1H, HThiophene), 7.57e7.51 (m, 1H, HAr/Ph),
7.46e7.41 (m, 1H, HAr/Ph), 7.34e7.30 (m, 2H, HAr/Ph), 7.25e7.22 (m,
3H, HAr/Ph), 4.67 (s, 1H, OH) ppm. 13C NMR (75 MHz, CDCl3):
d ¼ 194.2 (C]O), 145.3, 140.9, 140.6, 135.7, 135.4 (CAr), 134.0 (CHAr),
133.5 (CAr), 128.9, 128.7, 125.5, 125.4, 125.2 (CHAr), 125.2 (CAr), 123.5,
122.8, 118.6 (CHAr), 81.0 (COH) ppm. IR (ATR): ṽ ¼ 3471 (w), 3104
(w), 2920 (w), 2850 (w), 1731 (w), 1682 (w), 1448 (w), 1132 (m),
1000 (w), 802 (m), 765 (m), 723 (m), 692 (m), 660 (m), 589 (m), 567
(m), 457 (m) cm�1. MS (EI, 70 eV): m/z (%) ¼ 349 (24), 348 ([M]þ,
C20H12O2S2,100), 332 (18), 321 (16), 320 (57), 319 (52), 303 (29), 291
(24), 258 (20), 245 (15), 244 (15), 243 (83), 171 (25), 105 (16), 77
(20). HRMS (EI): calcd for C20H12O2S2 ([M]þ) 348.02732, found
348.02689.

Synthesis of 13a-c. To a mixture of 12a (0.427 mmol, 1 equiv.),
Pd2dba3 (2.5 mol%), SPhos (10 mol%), 5a (1.5 equiv.), K3PO4 (3
equiv.) was added acetonitrile/water (8:2) and the mixture was
purged with Argon. The solution was stirred at 80 �C for 20 h. The
solution was cooled to 20 �C and Pd2dba3 (5 mol%), SPhos (20 mol
%), diisopropylamine (603 ml) and phenylacetylene (1.8 equiv) were
added and the mixture was purged with Argon. The solution was
stirred at 80 �C for 5 h. To the mixture was added water and the
mixture was extracted with ethyl acetate (3x). The combined
organic layers were dried (MgSO4), filtered and concentrated in
vacuo. The residue was purified by chromatography (silica gel,
heptane/EtOAc).

10-Hydroxy-10-phenylphenanthren-9(10H)-one (13a). Start-
ing with 12a (371 mg, 1.28 mmol), 13awas isolated as a beige solid
(202 mg, 55%); mp.: 100e104 �C. 1H NMR (300 MHz, CDCl3):
d ¼ 7.95 (ddd, 3J ¼ 7.3 Hz, 4J ¼ 1.8 Hz, 5J ¼ 0.9 Hz, 2H, HAr/Ph), 7.82
(ddd, 3J ¼ 7.7 Hz, 4J ¼ 1.5 Hz, 5J ¼ 0.5 Hz, 1H, HAr/Ph), 7.79e7.76 (m,
1H, HAr/Ph), 7.65 (ddd, 3J ¼ 8.0 Hz, 3J ¼ 7.4, 4J ¼ 1.5 Hz, 1H, HAr/Ph),
7.52e7.42 (m, 2H, HAr/Ph), 7.34 (ddd, 3J ¼ 8.6 Hz, 3J ¼ 5.7 Hz,
4J ¼ 1.1 Hz, 1H, HAr/Ph), 7.17e7.15 (m, 5H, HAr), 4.88 (s, 1H, OH) ppm.
13C NMR (75 MHz, CDCl3): d ¼ 201.5 (C]O), 141.6, 139.7, 137.9 (CAr/
Ph),135.3 (CHAr/Ph),130.5 (CAr/Ph),129.8,128.9,128.6,128.6 (CHAr/Ph),
128.5 (CAr/Ph), 128.3, 128.2, 128.0, 126.3, 123.9, 123.3 (CHAr/Ph), 80.5
(COH) ppm. IR (ATR): ṽ ¼ 3476 (w), 2920 (w), 1684 (m), 1597 (w),
1267 (w), 1199 (m), 1160 (m), 997 (m), 754 (m), 727 (m), 696 (m),
664 (m), 620 (m), 476 (m) cm�1. MS (EI, 70 eV):m/z (%)¼ 286 ([M]þ,
C20H14O2, 16), 257 (27), 241 (14), 239 (14), 182 (14), 181 (100), 153
(25), 152 (74), 151 (30), 126 (10), 105 (30), 78 (12), 77 (70), 76 (14),
51 (32), 50 (14). HRMS (EI): calcd for C20H14O2 ([M]þ) 286.09883,
found 286.09915.

10-(4-(tert-Butyl)phenyl)-10-hydroxyphenanthren-9(10H)-
one (13b). Starting with 12b (442 mg, 1.28 mmol),13bwas isolated
as a beige solid (158 mg, 36%); mp.: 48e50 �C. 1H NMR (500 MHz,
CDCl3): d ¼ 7.98e7.95 (m, 1H, HAr), 7.94e7.92 (m, 1H, HAr),
7.87e7.84 (m, 1H, HAr), 7.79e7.76 (m, 1H, HAr), 7.67e7.64 (m, 1H,
HAr), 7.48e7.44 (m, 3H, HAr), 7.36e7.33 (m, 1H, HAr), 7.17 (d,
3J ¼ 8.8 Hz, 2H, HAr), 7.08 (d, 3J ¼ 8.8 Hz, 2H, HAr), 4.84 (s, 1H, OH),
1.19 (s, 9H, CH3) ppm. 13C NMR (126 MHz, CDCl3) d ¼ 201.5 (C]O),
151.1, 139.9, 138.5, 138.0 (CAr), 135.3 (CHAr), 130.2 (CAr), 129.8, 128.8
(CHAr), 128.6 (CAr), 128.6, 128.2, 128.0, 125.9, 125.7, 123.9, 123.3
(CHAr), 80.3 (CeOH), 34.5 (C(CH3)3, 31.3 (CH3). ppm. IR (ATR):
ṽ ¼ 2955 (w), 2862 (W), 2221 (w), 1504 (w), 1463 (m), 1432 (w),
1360 (w), 1265 (w), 1102 (w), 1026 (m), 828 (m), 750 (m), 661 (m),
560 (m), 441 (w) cm�1. MS (EI, 70 eV): m/z (%) ¼ 342 ([M]þ,
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C24H22O2, 15), 257 (33), 181 (75), 180 (33), 161 (91), 153 (36), 152
(100), 151 (34), 118 (36), 117 (24), 115 (23), 91 (39), 77 (24), 57 (25),
41 (24). HRMS (ESI-TOF): calcd for C24H23O2 ([MþNa]þ) 365.1517,
found 365.1514.

10-Hydroxy-10-(4-(trifluoromethyl)phenyl)phenanthren-
9(10H)-one (13c). Starting with 12c (457 mg, 1.28 mmol), 13c was
isolated as a beige solid (150 mg, 33%); mp.: 48e50 �C. 1H NMR
(300 MHz, CDCl3): d ¼ 8.01e7.97 (m, 1H, HAr), 7.97e7.93 (m, 1H,
HAr), 7.85e7.81 (m, 1H, HAr), 7.76e7.73 (m, 1H, HAr), 7.72e7.66 (m,
1H, HAr), 7.53e7.45 (m, 2H, HAr), 7.42e7.39 (m, 2H, HAr), 7.37e7.31
(m, 3H, HAr), 4.95 (s, 1H, OH) ppm.13C NMR (75 MHz, CDCl3):
d ¼ 200.9 (C]O), 145.5 (CAr), 143.5 (CHAr), 139.1, 137.9 (CAr), 135.8
(CHAr), 135.0 (CAr), 130.6 (CHAr), 130.4 (q, 2JC-F ¼ 32.5 Hz, CAr), 130.1
(CAr), 130.0 (CHAr), 129.3, 129.1, 128.9, 128.5, 128.3 (CHAr), 128.1
(CAr), 127.9, 126.7 (CHAr), 125.60 (q, 3JC-F ¼ 3.8 Hz, CHAr), 124.1, 123.5
(CHAr), 123.99 (q, 1JC-F ¼ 272.2 Hz, CeF), 80.15 (CeOH) ppm. 19F
NMR (282MHz, CDCl3): d¼�62.75 (s, 3 F, CF3) ppm. MS (EI, 70 eV):
m/z (%) ¼ 354 ([M]þ, C21H13O2F3, 51), 326 (16), 325 (59), 309 (16),
209 (11),182 (35), 181 (100), 173 (12), 153 (20), 152 (28), 145 (13),
104 (12), 76 (10). HRMS (EI): calcd for C21H13O2F3 ([M]þ] 354.08622,
found 354.08635.

6,7-Difluoro-10-hydroxy-10-phenylphenanthren-9(10H)-one
(13d). Starting with 12d (863 mg, 2.65 mmol),13dwas isolated as a
yellow solid (222 mg, 26%). 1H NMR (300 MHz, Chloroform-d)
d 7.86e7.77 (m, 2H, HAr), 7.75e7.66 (m, 2H, HAr), 7.66e7.54 (m,
1H, HAr), 7.37 (td, J ¼ 7.5, 1.1 Hz, 1H, HAr), 7.21e7.12 (m, 5H, HAr),
4.85 (s, 1H, OH). 13C NMR (75 MHz, Chloroform-d) d 200.36 (C]O),
135.62 (CHAr), 129.17 (CHAr), 128.81(CHAr), 128.57 (CHAr), 128.45
(CHAr), 126.06 (CHAr), 123.39 (CHAr), 117.40 (CHAr), 113.04 (CHAr),
79.97 (CeOH). 19F NMR (282 MHz, Chloroform-d) d �135.09 (d,
J¼ 21.9 Hz,1 F, CFAr),�137.29 (d, J¼ 21.5 Hz,1 F, CFAr). MS (GC):m/z
(%) ¼ 322 (C20H12F2O2, 20), 293 (23), 217 (60), 105 (100). HRMS
(EI): calcd for C20H12F2O2, 322.0799, found 322.0802. IR
(ATR): ¼ 3486 (m), 1683 (s), 1596 (m), 1510 (s), 1487 (m), 1448 (s),
1417 (m), 1306 (m), 1267 (s), 1137 (s), 1013 (s).

4-Hydroxy-4-phenylnaphtho[1,2-c]thiophene-5(4H)-one
(13e). Starting with 12a (747 mg, 2.58 mmol), 13e was isolated as a
yellow solid (576mg, 76%). 1H NMR (250MHz, Chloroform-d) d 8.05
(d, J ¼ 2.9 Hz, 1H, HAr), 7.77e7.61 (m, 2H, HAr), 7.61e7.53 (m, 1H,
HAr), 7.48 (d, J ¼ 3.0 Hz, 1H, HAr), 7.35e7.17 (m, 1H, HAr), 7.10 (d,
J¼ 0.7 Hz, 5H, HAr), 4.69 (s,1H, OH). 13C NMR (63MHz, Chloroform-
d) 200.42 (C]O), 135.03 (CHAr), 133.13 (CAr), 129.22 (CAr), 128.80
(CAr), 128.67 (CHAr), 128.34 (CHAr), 128.24 (CHAr), 128.12 (CHAr),
126.10 (CHAr), 126.02 (CHAr), 124.40 (CHAr), 123.85 (CAr), 123.75
(CHAr), 121.11 (CHAr), 119.38 (CHAr), 80.40 (CeOH). MS (GC): m/z
(%) ¼ 292 (C18H12O2S, 84), 264 (24), 263 (48), 247 (30), 187 (100).
HRMS (ESI): calcd for C18H12O2S, 292.0553, found 292.0553. IR

(ATR):¼ 1671 (vs),1582 (s), 1448 (m),1432 (m),1252 (m),1203 (vs),
1178 (s), 1065 (m), 1026 (m), 857 (s).
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Synthesis and Properties of Diindeno[1,2,3-cd:1’,2’,3’-
mn]pyrene and Two of Its Aza-Analogs
Aleksandra Khomutetckaia,[a] Niels Hildebrandt,[a] Peter Ehlers,[a] Alexander Villinger,[a] and
Peter Langer*[a, b]

The incorporation of heteroatoms into polycyclic aromatic
hydrocarbons (PAHs) has been recognized as valuable tool to
alter their inherent optical and electrochemical properties and
are thought as promising next-generation semiconductor
materials. We herein report the synthesis of diindenopyrene, a
fragment of C70 and two of its nitrogen-doped aza-analogs. The

developed synthetic procedure is based on Brønsted-acid-
mediated cycloisomerization followed by Pd-catalyzed C�H-
activation as key-steps. The impact of N-doping on the optical
and electrochemical properties has been studied and the
experimental results are supported by DFT calculations.

Introduction

Polycyclic aromatic hydrocarbons (PAHs) are of considerable
current interest in materials science. This interest is amplified
not only by the unique electronic and optical properties for
application in electronic devices, but also by the opportunity to
fine-tune these properties by the substitution pattern, structural
alternation, or incorporation of heteroatoms.[1–5]

In this context, pyrene is one of the most studied compounds
with regard to their photophysical properties and there is an
increased interest in the employment of pyrene-based com-
pounds for organic electronics.[6–8] Indeno[1,2,3-cd]pyrenes can
be regarded as a pyrene annulated to an indene moiety and
represent a substructure of fullerene C70. Compared to Buckmin-
ster fullerene C60, C70 shows higher extinction coefficients and
lower lying HOMO and LUMO levels.[9] However, most research is
devoted to the synthesis of C60 fragments. The incorporation of
heteroatoms to these substructures, in order to alter their
inherent physical properties, is still elusive which is most likely
due to the lack of expedient synthetic methodologies.[10–16]

Indenopyrenes can be prepared by electrophilic aromatic
substitution or Pd-catalyzed cross-coupling reaction and C�H
activation (Figure 1).[17–19] For example, Scott and co-workers
synthesized several indenopyrenes by Pd-catalyzed C�H activa-
tion using aryl triflates and their optical properties were

thoroughly investigated.[20] Later, the group of Mastalerz revisited
the synthesis of tetraindopyrene and diindenopyrenes and
demonstrated their application as p-channel charge carriers.[21]

Recently, the group of Amsharov developed a synthetic strategy
to non-alternant PAHs using activated γ-alumina.[22]

Despite these recent advancements, there is still a lack of
synthetic methodologies towards those C70 substructures. In
addition, the implementation of heteroatoms to alter the optical
and electrochemical properties has, to the best of our knowl-
edge, not been reported to date. Hence, we herein report the
synthesis and properties of diindenopyrene 3a which has been
once mentioned in a patent for application as an organic thin
film solar cell material, but lacking details related to synthesis,
characterization and structural, optical and electrochemical
features.[23] In addition, we report the synthesis and properties of
hitherto unknown azadiindenopyrenes 3b and 3c.

Results and Discussion

The synthesis of 3a–c is connected to our previous work related
to the synthesis of azapyrene derivatives (Scheme 1). Starting
materials 1 were synthesized by site- and chemoselective cross-
coupling reactions, adapting previously reported procedures (see
SI).[24,25] The synthesis of diaryl(aza)pyrenes 2a–c was accom-
plished by acid-mediated cycloisomerization. While for 2b and
2c Brønsted acids were used, they led to decomposition of the
starting material in case of 2a. Thus, PtCl2 was employed
following conditions reported by Schreiner and co-workers.[26]

Final products 3a–c were obtained by Pd catalyzed C�H
activation. Orange-red diindenopyrene 3a was isolated in 40%
yield, accompanied by one-side cyclized indenopyrene 3a’
(shown in SI) in 22%. Yellow azadiindenopyrenes 3b and 3c
were obtained in 24% and 26% yields under the same
conditions. The reactions were carried out using PdCl2(PhCN)2 as
catalyst, PCy3 as ligand, pivalic acid and cesium carbonate. N,N-
Dimethylacetamide was employed as the solvent (150 °C, 14 h).
Variation of catalyst, base, catalyst loading, or prolongation of
the reaction time did not improve the yield of 3a–c (Table S5, SI).
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Figure 1. Known di-, tri and tetraindenopyrenes in comparison with this work.

Scheme 1. Synthesis of (aza)diindenopyrenes. Conditions: a) MsOH, 120 °C, 16 h; b) pTsOH, xylene, 130 °C, 24 h; c) PtCl2, toluene, 110 °C, 20 h; d) PdCl2(PhCN)2
(10 mol%), PCy3 (20 mol%), Cs2CO3 (2.0 eq.) PivOH (40 mol%), DMA, 16 h.
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The structure of 3a was independently confirmed by X-ray
crystal structure analysis (Figure 2).[27] Compound 3a crystallized
in the orthorhombic space group P21 21 21 and displays a planar
structure with herringbone-like packing. Parallel molecules
occupy a slipped face-to-face orientation with a distance of
3.423 Å which is about the sum of van der Waals radii. Short π-
CH contacts of 2.787 Å are found between two adjacent
molecules which occupy an orthogonal orientation (89.76°) to
each other.

Steady-state UV-Vis and photoluminescence spectra (PL) of
synthesized diindenopyrenes were recorded in dichloromethane.
The corresponding spectra are shown in Figure 3 and the
respective optical data are reported in Table 1.

Diindenopyrene 3a shows strong absorption in the ultra-
violet region accompanied with a weak and broad low energy
band up to ~520 nm, incorporating certain vibrionic progression,

which is in accordance with other indenopyrenes. In general, the
obtained absorption spectra display close similarity to already
described tri- and tetraindenopyrenes, but with blue shifted
absorption maxima, due to its reduced conjugation length.[20,21]

Doping of the diindenopyrene core structure by nitrogen results
in minor modification of the spectral shape, leading to a
hypsochromically shifted low-energy absorption band. This effect
is more pronounced for symmetric aza-diindenopyrene 3b
compared to non-symmetric 3c. Typical absorption features of
pyrene and azapyrene are still maintained and typical Bb, La and
Lb bands are observed between 300–400 nm.[24] Hence, broad,
but weak low-energy bands from 400–500 nm of all three
compounds result from the π-expanded scaffold. TD-DFT on a
B3LYP/6-311+G(d,p) level of theory revealed that S0!S1
transition is mainly derived from HOMO!LUMO transition with

Figure 2. ORTEP of 3a. The thermal ellipsoids are drawn at the 50% probability level.

Figure 3. UV-vis (left) and emission spectra (excitated @450 nm) of 3a and (excitated @408 nm) of 3b, 3c in CH2Cl2 (c=10�5 M) at 20 °C.
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low oscillator strength for all three compounds which correlates
to their small extinction coefficients.

Photoluminescence (PL) spectra reveal two distinct emission
maxima accompanied by a weak shoulder at higher wavelength.
Similar to the absorption spectra, the emission band of hydro-
carbon 3a is bathochromically shifted as compared to its aza-
analogs 3b and 3c, while 3b shows emission at higher energies
than 3c. Relative quantum yields were determined using
Coumarin 153 as fluorescence standard and range between 3–
7%. Interestingly, the quantum yield of diindenopyrene 3a is still
7.5 times higher compared to tetraindenopyrene.[20,21]

In addition, CV measurements were performed to further
elucidate the electronic properties of diindenopyrenes 3a–c
(Figure 4). Compound 3a shows two quasi-reversible oxidation
events. In contrast, 3b and 3c show only one broad irreversible
oxidation at higher potential. Hence, the electron withdrawing
effect of the imine-type nitrogen might reduce the electron
density of the scaffold and hence oxidation is hampered for 3b
and 3c. The onset potentials of the first oxidations were used to
determine the HOMO energies which range between �5.66 eV
for 3a and �5.88 eV for 3c.

Table 1. Optical spectroscopic data of 3a–c in dichloromethane (c=10�5 M).

λ1,abs
[nm]

ɛ1[a] λ2,abs
[nm]

ɛ1 λ3,abs
[nm]

ɛ1[a] λ1,em
[nm]

λ2,em
[nm]

φ

3a 497sh 0.19 468 0.37 448 0.38 524 561 0.05

3b 454sh 0.18 427sh 0.51 408 0.67 478 506 0.03

3c 474sh 0.12 439sh 0.33 416 0.44 500 523 0.07

[a] [10�4 Lmol�1 cm�1]; [b] Fluorescence standard: coumarine 153 in EtOH (ϕ=0.38, λexc=430 nm for 3a and λexc=408 nm for 3b, 3c, respectively)[28] and
measured in dichloromethane.

Figure 4. Cyclic voltammetry of compounds 3a–c measured in DCM, 0.1 M nBu4NPF6, glassy carbon working electrode, ANE2 as the reference electrode, and
Pt counter-electrode with ferrocene as standard.
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Finally, DFT calculations for 3a–c and uncyclized 4,10-
diphenylpyrene 4 were carried out to verify the experimental
results.[29] The HOMO-LUMO band gaps have been determined to
~3.0 eV for 3a–c and are in very good agreement with the
experimental results. The calculated HOMO energies correlate
very well with experimentally determined values from CV
measurements. Visualization of the frontier molecular orbitals
(Figure 5) further explains the differences of oxidation potentials
of 3b and 3c. While the nitrogen atom of 3b is located at a
nodal plane, the nitrogen atom of 3c contributes to the HOMO
what explains the lowered oxidation potential and HOMO energy
vice versa. In contrast, uncyclized compound 4 has an increased
bandgap of 3.7 eV (Figure 5; Table 2). The reduction of the band
gap by annulation of the phenyl rings is mainly based on
stabilization of the LUMO energies, while HOMO levels are only
slightly affected.[30,31] Stabilization of HOMO and LUMO energies
of 3a–c might be due to the improved contribution of the
annulated phenyl rings to both frontier molecular orbitals

(FMOs). Introduction of nitrogen in 3b and 3c leads to further
reduction of both HOMO- und LUMO energy levels. This effect is
less pronounced for 3b than for 3c as the nitrogen atom of 3b
is localized in the nodal plane of the symmetric diindenopyrene
scaffold.

To gain further insights into the impact of nitrogen doping
on the aromaticity, nuclear independent chemical shift (NICS)
calculations have been performed for 3a–c and 4 and the
corresponding ring-currents have been determined and visual-
ized using the NICS2BC Wizard program developed by Paenurk
and Gershoni-Poranne.[33] NICS calculations have been performed
on the GIAO-B3LYP/6-311+G(d,p) level of theory[34] with the
optimized gas-phase structures at the B3LYP/6-311G(d,p) level a
height of 1.7 Å.[35] The results are presented in Figure 6 and in
agreement with previous studies on azapyrenes.[24]

For all compounds, rings A, B, C and E show aromatic
behavior, while NICS values for rings D suggest only weak to
non-aromatic behavior. Annulation of the E ring to the pyrene
scaffold leads to reduced aromaticity of the C-ring, while A and B
rings are largely unaffected. An impact of the presence of
nitrogen on the aromaticity of the fused rings A, B and E is not
observed (cf. Figure 6). Despite the fusion of their E-rings,
compounds 3a–c manifest a strong semi-global ring current of
its inherent pyrene moiety and a local ring-current for ring E.
Only a weak global ring current can be observed for 3a and 3b
which completely vanished for 3c. Hence, annulation of the E
rings and planarization does not affect the aromaticity of the
system and diindenopyrenes 3 behave largely like isolated
(aza�)pyrenes with two attached phenyl rings.

Figure 5. Calculated frontier molecular orbitals and energy levels at the B3LYP/6-311G(d,p) level of theory (isovalue=0.02 a.u.).[32]

Table 2. Optical, electrochemical, and theoretical data for 3a–c.

Eg
opt.

(eV)[a]
Eox

(V)[b]
HOMOcv

(eV)[c]
HOMODFT

(eV)[c]
LUMODFT

(eV)[c]
ΔEgDFT
(eV)

3a 2.51 1.04 �5.66 �5.58 �2.53 3.05

3b 2.81 1.24 �5.74 �5.77 �2.71 3.05

3c 2.69 1.41 �5.88 �5.81 �2.82 3.00

[a] Determined from the intersection of normalized absorption and
emission spectra; [b] versus Fc+/Fc; [c] calculated using the equation:
E(HOMO)cv= �e[(EOx vs Fc

+/Fc)+4.80]; [d] Calculated DFT energy levels at
the B3LYP/6-311G(d,p) level of theory.
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Conclusions

In summary, we have developed a novel synthetic method for
diindenopyrene 3a and its aza-analogs 3b and 3c. The impact of
nitrogen doping on the optical and electrochemical properties
have been studied experimentally and by DFT calculations. The
presence and position of nitrogen in the scaffold has a drastic
impact on the electronic properties. Hence, non-symmetric 3c
shows more pronounced changes of the absorption and
emission properties as well as oxidation potentials than 3b with
respect to 3a. Incorporation of nitrogen into the scaffold leads to
stabilized HOMO and LUMO levels, while their band-gap remains
largely unaffected. Hence, incorporation of nitrogen to inden-
opyrenes is a good handle to fine-tune the inherent electronic
properties. Future studies will be devoted toward the synthesis
of extended heteroatom-doped indenopyrenes.

Experimental Section
General Information: The nuclear magnetic resonance spectra
(1H/13C/19F NMR) were recorded on a Bruker AVANCE 300 III, 250 II, or
500. The analyzed chemical shifts δ are referenced to residual
solvents signals of the deuterated solvents CDCl3 (δ=7.26 ppm/
77.16 ppm), or DMSO-d6 (δ=2.50 ppm/39.52 ppm). Multiplicities due
to spin–spin correlation are reported as follows, s=singlet, d=

doublet, dd=double doublet, t= triplet, pt=pseudo triplet, m=

multiplet, and further described through their coupling constants J.
Infrared spectra (IR) were measured as attenuated total reflection
(ATR) experiments with a Nicolet 380 FT-IR spectrometer. The signals
have been characterized through their wave numbers and their
corresponding absorption as very strong (vs), strong (s), medium (m),
weak (w), or very weak (vw). UV/vis spectra were recorded on a Cary

60 UV–vis spectrophotometer and emission spectra with an Agilent
Cary Eclipse fluorescence spectrophotometer. Cyclovoltammetry (CV)
was measured in DCM with 0.1 M n-Bu4NPF6 as supporting electro-
lyte, glassy carbon working electrode, ANE2 (Ag/AgNO3 0.01 M in
CH3CN) as reference electrode, and Pt counter electrode with
ferrocene as external standard (1 mM in CH3CN). The potential is
given vs FcH/FcH+. The potentiostat used was an AMETEK PARSTAT
4000. Basic and high-resolution mass spectra (MS/HRMS) were
measured on instruments which are paired with a preceding gas
chromatograph (GC) or liquid chromatograph (LC). The samples have
been ionized through electron impact ionization (EI) on an Agilent
6890/5973 or Agilent 7890/5977 GC-MS equipped with a HP-5
capillary column using helium carrier gas or by applying electron
spray ionization (ESI) on an Agilent 1200/6210 Time-of-Flight (TOF)
LC–MS. X-ray single-crystal structure analysis was performed on a
Bruker Apex Kappa-II CCD diffractometer.

Materials: The applied solvents, DMSO, MeCN, Toluene, 1,4-Dioxane,
DMA were obtained as dry solvents through commercial sources and
employed without further purification. Solvents for extraction and
column chromatography were available after previous distillation.
Other reagents, catalysts, ligands, acids, and bases were utilized in
purchased purity. Column chromatography was performed using a
Merck Silica gel 60 (particle size 35–70 μm). The starting materials
1,3-dibromo-2-iodobenzene,[36] 3,5-dibromo-4-chloropyridine[24] and
3-chloropyridine-2,4-diyl bis(trifluoromethane-sulfonate)[25] were syn-
thesized according to known procedures.

General procedure for synthesis of
diindeno[1’,2’,3’:3,4;1’’,2’’,3’’:6,7]phenaleno[1,9-cd]pyridine (3a-c):
In a pressure tube with inert atmosphere were added 2a–c (100 mg,
1.0 equiv.), PdCl2(PhCN)2 (10 mol%), PCy3 (20 mol%), Cs2CO3

(2.0 equiv.), PivOH (40 mol%) and DMA (4 ml) as a solvent. The
reaction was heated in an alumina metal block at 150 °C for 18 h.
Then the cooled solution was diluted with dichloromethane and
washed with water 3 times, dried with sodium sulfate and purified
by column chromatography (Heptane:EtOAc=5 :1). Compounds 3a–
c purified by column chromatography Heptane:DCM=20 :1.

Figure 6. Calculated nucleus-independent chemical shifts (NICS) for (aza)-diindenopyrenes 3a–c and 4,10-diphenylpyrene 4. Left: structure of molecule with
respective NICS(1.7) values in the geometric center of each ring. Right: NICS2BC graphs (current was calculated from NICS(1.25); strength relative to
Iref=11.5 nAT�1 (ring current of benzene).
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Synthesis and Properties of Azadibenzo[a,e]pyrenes
Aleksandra Khomutetckaia,[a] Peter Ehlers,[a] Alexander Villinger,[a] and Peter Langer*[a, b]

Four different isomeric azadibenzo[a,e]pyrenes
(benzo[4,10]anthra[9,1-gh]isoquinolines and
benzo[4,10]anthra[1,9-fg]isoquinolines) were prepared by com-
bination of Pd-catalyzed Sonogashira and Suzuki cross-cou-
pling, Brønsted acid mediated cycloisomerization and Pd-
catalysed CH-activation reactions. The optical properties have
been studied by steady-state absorption and emission spectro-

scopy in different solvents and during acid titration. Trifluoro-
acetic acid protonation strongly affects absorption and emission
properties, with variations depending on the position of the
nitrogen atom of the specific compound. Electrochemical
analysis showed distinct oxidation and reduction potentials.
DFT calculations provided further insights into electronic
properties.

Introduction

Significant amounts of polycyclic heteroaromatic compounds
(PHAs) and their derivatives, containing nitrogen, sulfur and
oxygen, are found in the environment. They are released from
various sourcess such as natural oil seepage, oil spills, bilge
discharges and inland sources. Many of these substances are
toxic and cause adverse effects. At the same time, these
substances can be used in a variety of applications, including
the synthesis and development of pharmaceuticals, dyes,
plastics, pesticides and even in the field of circularly polarized
luminescence (CPL) lasers,[1] organic photovoltaic cells (OPVs),[2]

organic light-emitting diodes (OLEDs)[3] and organic field-effect
transistors (OFETs).[4,5] In this context, peri-fused arenes, such as
pyrene, are of special interest, due to their photophysical and
electronic properties. In fact, pyrene derivatives have become
prominent building blocks in organic electronics[4,6] and bio-
medical applications.[7]

The presence of a nitrogen atom in the PHA framework
usually leads to a change of the optical and electrochemical
properties and allows to adjust photoluminescence, redox
behaviour, optical absorption, stabilisation of HOMO-LUMO
energy levels, reduction of electron bandgaps and electron
acceptance. Aza-analogues of pyrene (azapyrenes) are impor-
tant materials for applications in organic semiconductor
devices, such as OLEDs, OFETs OPVs.[8] In addition, they show
self-assembling properties, have been used as main units of
molecular machines and act as DNA intercalators.[9]

While phenanthridines (azaphenanthrenes) constitute a
well-known class of compounds showing a variety of biological

activities, such as antimalarial, cytotoxic, antimycobacterial and
antitumour activity,[10] aza-pyrenes have only scarcely been
reported in the literature so far. In 1968, Kirchlechner reported
the synthesis of unsubstituted (parent) 2-azapyrene (A).[11] In
recent years, we have synthesized substituted azapyrenes and
observed that incorporation of nitrogen to the pyrene system
stabilizes both the HOMO and LUMO levels, whereby functional
groups at the K-region allow modulation of the photophysical
and electrochemical properties.[12] In 2015, Han and co-workers
obtained quinolinopyrene B.[13] In continuation of this work,
during the last three years, the groups of List, Ito and our group
reported the synthesis of N-doped benzo- and napththopyrenes
C, D and E, which underlines the importance of this substance
class (Scheme 1).[14]

Herein, we wish to report the synthesis and properties of
what are, to the best of our knowledge, hitherto unknown
azadibenzo[a,e]pyrenes 5a,b and 9a,b. These compounds,
formally named benzo[4,10]anthra[9,1-gh]isoquinolines and
benzo[4,10]anthra[1,9-fg]isoquinolines, can be regarded as aza-
analogues of parent dibenzo[a,e]pyrene (F) containing a
phenanthridine substructure which was first mentioned in the
literature by Bruno Schiedt in 1938, working at the University of
Rostock at that time.[15]

Results and Discussion

Synthesis

Our strategy for the synthesis of azadibenzo[a,e]pyrene is based
on the functionalization of dibromopyridines by Sonogashira
reaction with 1-chloro-2-ethynylbenzene, Suzuki-Miyaura reac-
tion with 2-naphthylboronic acid, acid mediated cyclization of
the alkyne with the naphthalene moiety and subsequent
cyclization by CH-activation via the chloride (Scheme 2). The
four regioisomeric products are obtained by variation of the
dibromopyridine and by the order of Sonogashira and Suzuki-
Miyaura reactions.

Sonogashira reaction of 2,3-dibromopyridine (1a) with 1-
chloro-2-ethynylbenzene regioselectively afforded 2-alkynyl-3-
bromopyridine 2a. Suzuki-Miyaura reaction of 2a with 2-

[a] A. Khomutetckaia, P. Ehlers, A. Villinger, P. Langer
Universität Rostock, Institut für Chemie,
A.-Einstein-Str. 3a, 18059 Rostock, Germany

[b] P. Langer
Leibniz Institut für Katalyse an der Universität Rostock,
A.-Einstein-Str.29a, 18059 Rostock, Germany
Tel.: +49 381 498 6410
Fax: +49 381 498 6412
E-mail: peter.langer@uni-rostock.de
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Scheme 1. Target molecules of this work in the context of related compounds

Scheme 2. Synthesis of 4a,b and 8a,b. Conditions: i For 2a: 1a (1.0 equiv.), 1-chloro-2-ethynylbenzene (1.2 equiv.), Pd(PPh3)4 (5 mol%), CuI (2 mol%), HNiPr2,
40 °C, 1 h. For 2b: 1b (1.0 equiv.), 1-chloro-2-ethynylbenzene (1.2 equiv.), Pd(PPh3)4 (10 mol%), CuI (10 mol%), HNiPr2, 40 °C, 3 h; ii, 2a,b (1.0 equiv.), 2-
naphthaleneboronic acid (1.1 equiv.), Pd(PPh3)4 (5 mol%), K3PO4 (2.0 equiv.), 1,4-dioxane/H2O (6 :1), 100 °C, 3 h; iii, 3a,b, 7a,b (1.0 equiv.), MsOH (30 equiv.),
120 °C, 18 h. For 6a: iv, 1a (1.0 equiv.), 2-naphthaleneboronic acid (1.1 equiv.), Pd(OAc)2 (5 mol%), PPh3 (10 mol%), K2CO3 (2.0 equiv.), CH3CN/CH3OH (2 :1),
50 °C, 21 h. For 6b: iv, 1b (1.0 equiv.), 2-naphthaleneboronic acid (1.1 equiv.), Pd(PPh3)4 (5 mol%), K3PO4 (2.0 equiv.), 1,4-dioxane, 90 °C, 3 h; v, 6a,b (1.0 equiv.),
1-chloro-2-ethynylbenzene (1.1 equiv.), PdCl2(PPh3)2 (5 mol%), CuI (5 mol%), NEt3, DMA, 90 °C, 6 h.
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naphthylboronic acid gave 2-alkynyl-3-naphthylpyridine 3a.
Subsequent cycloisomerization[16] in the presence of methane-
sulfonic acid (MsOH) afforded naphtho[2,1-f]quinoline (1-azach-
rysene) 4a. Likewise, 3-azachrysene 4b was prepared from 3,4-
dibromopyridine (1b). 4-Azachrysene 8a and 2-azachrysene 8b
were prepared from 1a and 1b, respectively, by changing the
order of Sonogashira and Suzuki-Miyaura reactions. The
structure of 4b was independently confirmed by crystal
structure analysis (Figure 1). The tetracyclic ring system deviates
slightly from planarity due to distortion at both cove-regions
with dihedral angles of ~8 ° and 16 ° (Figure 1) and the
attached 2-chlorophenyl ring is twisted by ~60 °. Molecules are
stacked in a slipped head-tail orientation comprising close π-π-
and CH-π-contacts. Additionally, two molecules of neighbouring
stacks undergo hydrogen bonding incorporating the pyridine
nitrogen atoms.

The cyclization of azachrysenes to azadibenzo[a,e]pyrenes
by Pd-catalyzed CH-activation reactions was studied next
(Scheme 3). Treatment of 4a with PdCl2 as the catalyst,
tricyclohexylphosphine (PCy3) as the ligand, and 1,8-
Diazabicyclo[5.4.0]undec-7-ene (DBU) as the base and N-
methyl-2-pyrrolidone (NMP) as the solvent afforded
benzo[4,10]anthra[1,9-fg]quinoline 5a in 78% yield.[17] In con-
trast, employment of PdCl2(PhCN)2 and pivalic acid (PivOH),
conditions reported by Nishihara and coworkers,[18] proved to
be unsuccessful. While products 5a,b and 9a were obtained in
good to very good yields, only a moderate yield of 9b was
obtained. In addition, for the synthesis of 9b a higher amount
of catalyst was required.

The structure of 9a was independently confirmed by crystal
structure analysis (Figure 2). The planar compound 9a crystal-
izes triclinic with -P1 space group. The molecules are aligned in

Figure 1. Crystal structure of 4b (probability of ellipsoids is 50%; CCDC: 2295828).

Scheme 3. Synthesis of 5a,b and 9a,b. Conditions: i, 4a,b, 8a, PdCl2 (0.2 equiv.), PCy3 (0.4 equiv.), DBU (3.0 equiv.), NMP, 150 °C, 18 h; ii, 8b, PdCl2 (0.4 equiv.),
PCy3 (0.8 equiv.), DBU (6.0 equiv.), NMP, 150 °C, 18 h.
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a slipped head – head orientation in the crystal lattice with
close π-π-contacts of 3.4 Å.

Physical Properties

We performed steady-state absorption and photoluminescence
(PL) measurements for azadibenzo[a,e]pyrenes 5a,b and 9a,b
which all represent yellow solids. All measurements were
carried out in dichloromethane. For quantum yield determina-
tion, quinine hemisulfate monohydrate in 0.05 M H2SO4 was
used as standard. The main optical data are given in Table 1
and Figure 3. All compounds exhibit broad low energy
absorption bands between 330 nm and 400 nm with a certain
fine-structure. Analysing the lowest energy absorption (S0

!S1)
at approx. 400 nm by TD-DFT calculations[19] on the B3LYP-
311G(d,p) level of theory reveals that this transition is mainly
derived from a HOMO-LUMO transition with high oscillator
strength for all synthesized compounds and with minor

admixture from HOMO!LUMO+1 for 5a,b, 9b and HOMO-2!

LUMO+1 for 9a. Comparison with all-carbon analogue F shows
that incorporation of nitrogen into the scaffold results in no
obvious shift of the absorption bands. However, extinction
values differ. Extinction values for λabs.1 are strongly increased
for nitrogen containing compounds compared to F, while
extinction values of F for λabs,2 – λabs,3 are twice as high
compared to its nitrogen doped analogues.

Emission spectra comprises of three emission bands at
~400 nm, ~425 nm and ~450 nm, while the lowest energy band
of 5a,b and 9a appears as a shoulder. The determined
fluorescence quantum yields range from 23 to 34%. Hence,
isomeric azadibenzopyrenes 5a,b and 9a,b show only margin-
ally altered absorption and emission properties.

Further studies of the excited and ground states were
carried out by solvatochromic experiments for compound 9a,
using cyclohexane, toluene, dichloromethane and acetonitrile
(Table 2, Figure 4). Based on empirical parameters, cyclohexane
is the least polar solvent in this series, while acetonitrile is the

Figure 2. Crystal structure of 9a (probability of ellipsoids is 50%; CCDC: 2295829).

Table 1. Optical data of 5 and 9.

5a 5b 9a 9b F[20]

λabs1[nm] 397 396 398 402 399

(ɛ1
[a]) 0.89 1.05 0.97 0.59 0.17

λabs2[nm] 377 384 377 379 380

(ɛ2
[a]) 1.25 1.19 1.29 1.13 2.29

λabs3[nm] 362 376 363 372 360

(ɛ3
[a]) 1.07 1.34 1.23 1.34 2.09

λem1[nm] 426 451sh 426 456 /

λem2[nm] 408 424 406 429 /

λem3[nm] 402 406 /

φ [%][b] 33 34 29 23 /

a [10–4 Lmol–1 cm–1]; measured in dichloromethane; b Fluorescence standard: quinine hemisulfate monohydrate in 0.05 M H2SO4 (ϕ=0.51)[21]; sh= shoulder.

Wiley VCH Dienstag, 19.03.2024

2499 / 346134 [S. 4/11] 1

Eur. J. Org. Chem. 2024, e202301299 (4 of 10) © 2024 Wiley-VCH GmbH

Research Article
doi.org/10.1002/ejoc.202301299

 10990690, 0, D
ow

nloaded from
 https://chem

istry-europe.onlinelibrary.w
iley.com

/doi/10.1002/ejoc.202301299 by U
niversitaet R

ostock U
niversitätsbibliothek R

ostock, W
iley O

nline Library on [25/03/2024]. See the Term
s and C

onditions (https://onlinelibrary.w
iley.com

/term
s-and-conditions) on W

iley O
nline Library for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons License



most polar one.[22] The absorption spectrum shows insignificant
changes, while the emission maxima display broadening in
more polar solvents and quantum yield differ only slightly
(table 2).

However, the most pronounced effect was observed for
trifluoroacetic acid (TFA) as solvent. Protonation of the pyridine
nitrogen leads to strong bathochromic shifts and loss of the
fine structure of the absorption and emission spectra. Hence,
protonation experiments were performed for all four synthe-
sized compounds 5 and 9 (Figure 5 and Figures S2-S4).

The absorption and emission properties are strongly
influenced by TFA. Even addition of only 0.6 equiv. of TFA,
changes the absorption properties of 5a and 9b and a new

band is observed at higher wavelength, whose intensity
increases with higher acid concentration for both compounds.
For 5b and 9a comparable effects are observed but at higher
acid concentration. Similar effects are observed in the emission
spectra. The emission spectra of 5a and 9b show a decrease of
intensity of the original bands and occurrence of a new
emission band at higher wavelength already with 0.6 eq of TFA
which remains approximately constant until 1.0 eq. Higher
concentration of acids intensifies this effect until the original
emission bands are vanished and the new band at higher
wavelength is maximized. 5b behaves slightly different com-
pared to 5a and 9b. Analogous spectral changes are only
observed at a TFA concentration of 0.8 eq and then constantly

Figure 3. UV�Vis and emission spectra (excited @370 nm) of 5a, 5b, 9a, 9b in CH2Cl2 (c=10�5 M) at 20 °C.

Table 2. Quantum yields of 9a in different solvents.

Acetonitrile Cyclohexane Toluene Dichloromethane

φ [%] 31 35 40 29

Fluorescence standard: quinine hemisulfate monohydrate in 0.05 M H2SO4 (ϕ=0.51)20

Figure 4. UV/Vis (left) and emission spectra (excited @370 nm) in different solvents (acetonitrile – black, cyclohexane – red, TFA – green, toluene – blue, DCM
– yellow) of 9a with c=10�5 M at 20 °C.
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enhance with increasing acid equivalents. In particular, novel
bands are observed at higher wavelength, while original band
decrease in both absorption and emission bands. For 9a similar
effects are detected with high access of TFA. Hence, 9a seem to
have reduced basicity as compared to the other derivatives and
the location of the pyridinic nitrogen within the cove region of
9a might be a potential explanation.

The electrochemical properties of 5 and 9 were examined
by performing cyclic voltammetry (CV) and differential pulse

voltammetry (DPV) in dichloromethane which is exemplarily
shown for compound 5a (Figure 6 and SI). CV-and DPV experi-
ments revealed that compounds 5 and 9 exhibit one oxidation
peak within the studied potential range. The oxidation onsets
are found in the range from 0.76 – 0.85 V vs. Fc+/Fc redox
couple. These oxidation potentials are slightly increased
compared to their carbon analogue F with Eox of 0.74 V vs. Fc+/
Fc what might be explained the presence of the electron
deficient pyridine ring.[23] This observation is an indication that
electrochemical properties can be fine-tuned by orientated
instalment of nitrogen. Finally, energies of the highest occupied
molecular orbitals (HOMOs) were determined for compounds 5
and 9 with very similar values in the range of �5.56 eV to
�5.65 eV (Table 3).

Density Functional Theory (DFT) calculations were carried
out to gain a more complete understanding of the electronic
structures.[19] The calculations were performed using the B3LYP
functionals together with the 6–311+G(d,p) basis set. Visual-
isation of the HOMO and LUMO (Figure 7) displays the electron
density distribution on the entire azadibenzo[a,e]pyrene scaf-
fold for compounds 5a,b and 9a,b. A comparison of the HOMO
and LUMO levels shows little variations between compounds 5
and 9, ranging from �5.71 eV to �5.80 eV, while the LUMO
levels are range from �2.20 eV to �2.28 eV. The calculated
HOMO and LUMO energy levels of 5 and 9 are in very good
agreement with the CV data confirming the experimental
results (Table 3). The energy gap between the HOMO and

Figure 5. UV-Vis and emission spectra (excited @380 nm) of 5a in CH2Cl2 (c=10�5 M) at 20 °C in dependence of the TFA concentration.

Figure 6. Cyclic voltammetry and differential pulse voltammetry of 5a
measured in DCM (c=1 mM), with 0.1 M nBu4NPF6, glassy carbon working
electrode, ANE2 as the reference electrode, and Pt counter-electrode with
ferrocene as standard.

Table 3. Optical, electrochemical, and theoretical data of 5a,b and 9a,b.

Eg
opt.

(eV)a
Eox

CV

(V)b
HOMOCV

(eV)c
HOMODFT

(eV)d
LUMODFT

(eV)d
ΔEgDFT
(eV)

ΔEgTD�DFT

(eV)

5a 3.16 0.85 �5.65 �5.75 �2.24 3.51 3.49

5b 3.17 0.79 �5.59 �5.80 �2.28 3.52 3.50

9a 3.16 0.76 �5.56 �5.71 �2.20 3.51 3.49

9b 3.15 0.79 �5.59 �5.73 �2.20 3.53 3.51

a Estimated from the intersection of normalized absorption and emission spectra. b determined from the onset oxidation potential of the CV-spectrum c

Calculated using the equation: E(HOMO)DPV= �e[(EOx vs Fc/Fc+) + 4.80]. c Calculated DFT and TD-DFT energy levels at the B3LYP/6-311G(d,p) level of
theory.
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LUMO levels remain relatively consistent across the compounds,
with values ranging from 3.51 eV to 3.53 eV. These slight
variations can be attributed to the introduction of the nitrogen
atom into the scaffold.

NICS calculation and respective ring currents as criteria of
aromaticity were obtained to gain further information on the
electronic properties on the as-prepared azadibenzopyrene
derivates (representatively shown for compound 5a; Figure 8
and SI, Figures S5-S7).[24] All rings A�E show aromatic properties
in all studied compounds. Only ring C shows slightly reduced
aromaticity. Ring currents are visualized by the NICS2BC wizard
software developed by Gershoni-Poranne et al..[25] The calcula-

tions reflect the result from NICS calculation revealing a strong
diatropic global ring current on the entire molecule. Whereas
some minor paratropic ring currents can be observed on rings
C what explains the lower NICS values of this ring. Hence, an
impact on the aromaticity from the different position of
Nitrogen-doping cannot be deduced.

Conclusions

In conclusion, we have reported the synthesis of four different
isomeric azadibenzo[a,e]pyrenes (benzo[4,10]anthra[9,1-

Figure 7. Visualization of HOMO and LUMO with associated energies.

Figure 8. NICS (1.7)ZZ values and Ring Current of compound 5a; left structure of 5a, center: 5a with NICS(1.7)ZZ values; right: NICS2BC graph of 5a (current
was calculated form NICS(1.25)ZZ strength relative to Iref (ring current of benzene, 11.5 nA T�1)).
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gh]isoquinolines and benzo[4,10]anthra[1,9-fg]isoquinolines) by
combination of Pd-catalyzed Sonogashira and Suzuki cross-
coupling, Brønsted acid mediated cycloisomerization and Pd-
catalysed CH-activation reactions. Absorption and emission
features of the studied compounds are very similar which were
also validated by TD-DFT calculations. Protonation by trifluoro-
acetic acid strongly affected the absorption and emission
properties of the studied compounds, with variations depend-
ing on the position of the nitrogen atom within the
azadibenzo[a,e]pyrene scaffold.

Experimental Section
General Information. The nuclear magnetic resonance spectra
(1H/13C NMR) were recorded on a Bruker AVANCE 300 III, 250 II, or
500. The analyzed chemical shifts δ are referenced to residual
solvents signals of the deuterated solvents CDCl3 (δ=7.26 ppm/
77.16 ppm), or DMSO-d6 (δ=2.50 ppm/39.52 ppm). Multiplicities
due to spin–spin correlation are reported as follows, s= singlet, d=
doublet, dd=double doublet, t= triplet, pt=pseudo triplet, m=

multiplet, and further described through their coupling constants J.
Infrared spectra (IR) were measured as attenuated total reflection
(ATR) experiments with a Nicolet 380 FT-IR spectrometer. The
signals have been characterized through their wave numbers and
their corresponding absorption as very strong (vs), strong (s),
medium (m), weak (w), or very weak (vw). UV/Vis spectra were
recorded on a Cary 60 UV–vis spectrophotometer and emission
spectra with an Agilent Cary Eclipse fluorescence spectrophotom-
eter. Cyclovoltammetry (CV) was measured in CH3CN with 0.1 M
nBu4NPF6 as supporting electrolyte, glassy carbon working elec-
trode, ANE2 (Ag/AgNO3 0.01 M in CH3CN) as reference electrode,
and Pt counter electrode with ferrocene as external standard (1 mM
in CH3CN). The potential is given vs Fc+/Fc. The potentiostat used
was a PARSTAT 4000 Potentiostat/Galvanostat/EIS Analyzer. Basic
and high-resolution mass spectra (MS/HRMS) were measured on
instruments which are paired with a preceding gas chromatograph
(GC) or liquid chromatograph (LC). The samples have been ionized
through electron impact ionization (EI) on an Agilent 6890/5973 or
Agilent 7890/5977 GC-MS equipped with a HP-5 capillary column
using helium carrier gas or by applying electron spray ionization
(ESI) on an Agilent 1200/6210 Time-of-Flight (TOF) LC–MS. X-ray
single-crystal structure analysis was performed on a Bruker Apex
Kappa-II CCD diffractometer.

Materials. The applied solvents, 1,4-Dioxane, N-Methyl-2-pyrroli-
done, DMA, DCM were obtained as dry solvents through commer-
cial sources and employed without further purification. Solvents for
extraction and column chromatography were available after
previous distillation. If not otherwise stated all reagents such as 1-
chloro-2-ethynylbenzene, 2-naphthaleneboronic acid, methanesul-
fonic acid, catalysts, ligands and bases were purchased and used
without further purification. Column chromatography was per-
formed using a Merck Silica gel 60 (particle size 63–200 μm).

General procedure for the synthesis of benzo[4,10]anthra[9,1-
gh]isoquinoline 5a-b, 9a. In a pressure tube under an inert
atmosphere were added 4a, 4b or 8a (109-390 mg, 1.0 equiv.),
PdCl2 (0.2 equiv.), PCy3 (0.4 equiv.), DBU (3.0 equiv.) and NMP. The
reaction was carried out in a pressure tube and heated in a metal
block at 150°C for 18 h. The solution was diluted with distilled
water and extracted three times with a dichloromethane, then
extracted five to six times with distilled water to remove NMP. The
organic layer was dried with sodium sulfate, filtered, and concen-

trated in vacuo. The residue was purified by column chromatog-
raphy (Heptane/EtOAc=3 :1).

Benzo[4,10]anthra[1,9-fg]quinoline (5a). Starting with 4a (120 mg,
0.35 mmol), 5a was isolated as a yellow solid (83 mg, 78%); mp.:
215–218 °C. 1H NMR (300 MHz, DMSO-d6/TFA) δ 9.06 (dd, J=42.6,
6.9 Hz, 2H), 8.31 – 7.03 (m, 11H). 13C{1H} NMR (75 MHz, DMSO-d6/
TFA) δ 143.9, 140.4, 129.9, 129.7, 127.4, 120.6. MS (GC): m/z (%)=
305 (3), 304 (24), 303 (M+ , C23H13N, 100), 302 (11), 301 (14), 300 (2).
HRMS (ESI-TOF) m/z: [M+H]+ calcd for C23H14N 304.1126, found
304.1129. IR (ATR): v˜= 2922 (m), 2852 (m), 1595 (m), 1513 (m),
1480 (w), 1455 (m), 1426 (m), 1405 (m), 1381 (m), 1313 (m), 1257
(m), 1150 (m), 1071 (m).

Benzo[4,10]anthra[9,1-gh]isoquinoline (5b). Starting with 4b
(109 mg, 0.32 mmol), 5b was isolated as a yellow solid (76 mg,
88%); mp.: 148–150 °C. 1H NMR (300 MHz, DMSO-d6) δ 10.51 (s, 1H),
9.44 (s, 1H), 9.35 (d, J=9.1 Hz, 1H), 9.04 (t, J=7.4 Hz, 2H), 8.97 –
8.77 (m, 2H), 8.44 (dd, J=24.4, 8.4 Hz, 2H), 8.24 (d, J=5.6 Hz, 1H),
8.10 (t, J=7.8 Hz, 1H), 7.85 – 7.79 (m, 2H), 5.75 (s, 1H).13C{1H} NMR
(75 MHz, DMSO-d6) δ 148.1, 143.4, 133.5, 131.3, 130.9, 130.3, 129.2,
129.1, 128.6, 128.3, 127.3, 126.9, 124.7, 124.0, 123.5, 122.7, 121.5,
121.2, 120.9, 118.8. MS (GC): m/z (%)=305 (2), 304 (28), 303 (M+ ,
C23H13N, 100), 302 (10), 301 (18), 300 (3). HRMS (ESI-TOF) m/z: [M+

H]+ calcd for C23H14N 304.1126, found 304.1127. IR (ATR): v˜= 2924
(m), 2850 (m), 1601 (m), 1422 (w), 1344 (w), 1257 (m), 1148 (w),
1018 (m), 948 (w).

Benzo[4,10]anthra[9,1-gh]quinoline (9a). Starting with 8a
(390 mg, 1.15 mmol), 9a was isolated as a yellow solid (212 mg,
61%); mp.: 206–208 °C. 1H NMR (300 MHz, DMSO-d6) δ 9.60 (d, J=
9.0 Hz, 1H), 9.40 (s, 1H), 9.23 (dd, J=4.2, 1.8 Hz, 1H), 9.04 – 8.77 (m,
4H), 8.39 (dd, J=16.7, 8.4 Hz, 2H), 8.10 (t, J=7.8 Hz, 1H), 7.86 – 7.76
(m, 3H). 13C{1H} NMR (75 MHz, DMSO-d6) δ 149.2, 142.4, 136.0,
131.7, 129.7, 129.2, 128.7, 128.0, 127.9, 127.7, 127.3, 127.2, 126.49,
126.48, 125.1, 123.9, 123.8, 123.5, 123.3, 122.2, 121.5, 120.4, 119.2.
MS (GC): m/z (%)=305 (4), 304 (30), 303 (M+ , C23H13N, 100), 302
(12), 301 (16), 300 (3), 299 (3). HRMS (ESI-TOF) m/z: [M+H]+ calcd
for C23H14N 304.1126, found 304.1132. IR (ATR): v˜= 3039 (m), 1593
(m), 1572 (m), 1508 (m), 1477 (m), 1428 (m), 1318 (m), 1300 (m),
1201 (m), 1158 (m), 1028 (w).

Synthesis of benzo[4,10]anthra[1,9-fg]isoquinoline (9b). In a
pressure tube under an inert atmosphere were added 8b (120 mg,
1.0 equiv.), PdCl2 (0.4 equiv.), PCy3 (0.8 equiv.), DBU (6.0 equiv.) and
NMP. The reaction was carried out in a pressure tube and heated in
a metal block at 150 °C for 18 h. The solution was diluted with
distilled water and extracted three times with dichloromethane,
then extracted five to six times with distilled water to remove NMP.
The organic layer was dried with sodium sulfate, filtered, and
concentrated in vacuo. The residue was purified by column
chromatography (Heptane/EtOAc=2 :1). Starting with 8b (120 mg,
0.35 mmol), 9b was isolated as a yellow solid (46 mg, 46%); mp.:
199–201 °C. 1H NMR (300 MHz, DMSO-d6) δ 9.68 (s, 1H), 9.37 (s, 1H),
8.99 – 8.80 (m, 3H), 8.76 (dt, J=9.8, 5.9 Hz, 3H), 8.34 – 8.22 (m, 2H),
8.03 (t, J=7.8 Hz, 1H), 7.78 – 7.69 (m, 2H).13C{1H} NMR (75 MHz,
DMSO-d6) δ 152.5, 142.9, 131.7, 130.4, 129.4, 129.1, 128.8, 128.0,
127.8, 127.6, 126.7, 126.4, 125.5, 125.3, 124.0, 123.7, 123.3, 123.2,
121.2, 120.4, 118.8, 115.2. MS (GC): m/z (%)=305 (3), 304 (24), 303
(M+ , C23H13N, 100), 302 (11), 301 (14), 300 (2). MS (GC): m/z (%)=
308 (9), 307 (8), 306 (13), 305 (28), 304 (71), 303 (M+ , C23H13 N,
86), 302 (33), 301 (52), 300 (9). HRMS (ESI-TOF) m/z: [M+H]+ calcd
for C23H14N 304.1126, found 304.1122. IR (ATR): v˜= 2961 (w), 2922
(m), 2852 (w), 1578 (m), 1463 (m), 1436 (w), 1401 (w), 1259 (s), 1086
(s), 1014 (s).
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Appendix 
Additional Analytical Data of Unpublished Compounds 

Applications in the synthesis of benzo[4',5']thieno[2',3':3,4]-

naphthobenzofurans 
The paragraph presented here is work in collaboration with my colleague Dr. Erich Ammon as 

a continuing project on the Pd-catalyzed intramolecular cyclization of ortho-

bromo(hetero)aryl-substituted (hetero)aryl-1,2-diketones and its application to the synthesis of 

carba- and heterocyclic benzoin derivatives (manuscript II). 

Since some of the compounds have not yet been published, the synthesis scheme and the 

analytical data for each of them can be found in the following section. 

 

 

Scheme 19. Synthesis of benzo[4',5']thieno[2',3':3,4]naphtho[2,1-b]benzofurans and benzo[4',5']-

thieno[2',3':3,4]naphtho[1,2-b]benzofurans. 
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(S)-10-hydroxy-10-phenylphenanthren-9(10H)-one 42, (S)-5-hydroxy-5-

phenylbenzo[b]naphtho[1,2-d]thiophen-6(5H)-one 43 and its regioisomer 44 were prepared as 

previously reported (manuscript II) by Sonogashira reaction of 1,2-dibromobenzothiophene 

with phenylacetylene, oxidation of the alkyne to 1,2-diketone and subsequent cyclization with 

(2-bromophenyl)boronic acid. Treatment of substances 42-44 with Sc(OTf)3 afforded products 

45-47 in yields ranging from 11-73%. 

 

6,7-difluorophenanthro[9,10-b]benzofuran (45a) 

Starting with 42a (100 mg, 0.31 mmol) and Sc(OTf)3 (153 mg, 

0.31mmol), 45a was isolated as a colourless solid (65 mg, 69%); 

mp: 169-171 °C. 1H NMR (500 MHz, DMSO-d6) δ 9.00 (s, 1H, HAr), 

8.88 (d, J = 8.1 Hz, 1H, HAr), 8.72 (d, J = 7.8 Hz, 1H, HAr), 8.59 (d, J = 

18.0 Hz, 1H, HAr), 8.40 (d, J = 7.3 Hz, 1H, HAr), 8.29 (s, 1H, HAr), 7.93 – 7.68 (m, 2H, HAr), 

7.62 – 7.49 (m, 1H, HAr). 13C NMR (126 MHz, DMSO-d6) δ 154.6 (CAr), 154.5 (CAr), 150.4 

(CAr), 128.0 (CHAr), 127.7 (CHAr), 127.4 (CHAr), 126.0 (d, J = 10.8 Hz, CHAr), 125.4 (CAr), 

124.2 (d, J = 19.5 Hz, CHAr), 123.9 – 123.4 (m, CHAr), 121.6 (d, J = 34.0 Hz, CHAr), 120.67 

(CAr), 114.0 (CAr), 112.2 (d, J = 23.3 Hz, CHAr), 111.5 (d, J = 8.7 Hz, CHAr), 111.0 (d, 

J = 18.7 Hz, CHAr). 19F NMR (471 MHz, DMSO-d6) δ -136.3 (d, J = 116.1 Hz, CF), -139.0 (d, 

J = 22.9 Hz, CF). MS (GC): m/z (%) = 304 (C20H10F2O, 100), 275 (24). HRMS (ESI): calcd 

for C20H10F2O, 304.0694, found 304.0694. IR (ATR): v~ = 2919 (m), 2851 (m), 1528 (m), 1454 

(m), 1364 (m), 1267 (m), 1201 (m), 1149 (s), 1024 (s), 997 (s). 

11-(tert-butyl)phenanthro[9,10-b]benzofuran (45b) 

Starting with 42b (100 mg, 0.29 mmol) and Sc(OTf)3 (287 mg, 

0.58 mmol), 45b was isolated as a colourless solid (30 mg, 32%); 

mp: 139-141 °C. 1H NMR (300 MHz, DMSO-d6) δ 8.98 – 8.93 (m, 2H, 

HAr), 8.71 (dd, J = 8.2, 1.4 Hz, 1H, HAr), 8.46 – 8.40 (m, 2H, HAr), 7.89 

(d, J = 1.7 Hz, 1H. HAr), 7.85 (s, 1H, HAr), 7.83 – 7.70 (m, 3H, HAr), 

7.56 (dd, J = 8.4, 1.7 Hz, 1H, HAr), 1.41 (s, 9H, tBu). 13C NMR (75 MHz, DMSO-d6) δ 155.6 

(CAr), 150.2 (CAr), 149.7 (CAr), 129.8 (CAr), 128.0 (CHAr), 127.7 (CHAr), 127.6 (CHAr), 127.5 

(CHAr), 125.6 (CHAr), 124.2 (CHAr), 124.0 (CHAr), 122.0 (CAr), 121.4 (CHAr), 120.9 (CHAr), 

113.8 (CAr), 108.7 (CHAr), 34.9 (C), 31.4 (tBu). MS (GC): m/z (%) = 324 (C24H20O, 69), 309 

(100), 281 (23). HRMS (ESI): calcd for C24H20O, 324.1508, found 324.1513. IR (ATR): v~ = 
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2959 (m), 1685 (s), 1650 (m), 1617 (s), 1599 (s), 1493 (m), 1448 (s), 1337 (s), 1267 (s), 1188 

(s). 

11-methylbenzo[4',5']thieno[2',3':3,4]naphtho[2,1-b]benzofuran (46a) 

Starting with 43a (100 mg, 0.28 mmol) and Sc(OTf)3 (276 mg, 

0.56 mmol), 46a was isolated as a colourless solid (54 mg, 

57%); mp: 213-215 °C. 1H NMR (250 MHz, DMSO-d6) δ 9.20 

(d, J = 8.4 Hz, 1H, HAr), 8.98 (d, J = 8.2 Hz, 1H, HAr), 8.61 – 

8.52 (m, 1H, HAr), 8.24 (d, J = 8.0 Hz, 1H, HAr), 8.03 (d, J = 7.9 Hz, 1H, HAr), 7.95 – 7.65 (m, 

4H, HAr), 7.59 (t, J = 7.5 Hz, 1H, HAr), 7.42 (d, J = 7.9 Hz, 1H, HAr), 2.59 (s, 3H, CH3). 13C 

NMR (63 MHz, DMSO-d6) δ 155.5 (CAr), 136.8 (CAr), 135.3 (CAr), 127.1 (CHAr), 125.3 (CHAr), 

124.7 (CHAr), 124.5 (CHAr), 123.6 (CHAr), 123.4 (CHAr), 121.1 (CHAr), 119.7 (CHAr), 111.6 

(CHAr), 20.7 (CH3). MS (GC): m/z (%) = 338 (C23H14OS, 100), 308 (7), 169 (11). HRMS (ESI): 

calcd for C23H14OS, 338.0759, found 338.0759. IR (ATR): v~ = 2917 (m), 1580 (m), 1446 (m), 

1362 (m), 1345 (m), 1228 (s), 1193 (m), 1055 (s), 803 (s). 

9-methylbenzo[4',5']thieno[2',3':3,4]naphtho[2,1-b]benzofuran (46b) 

Starting with 43b (100 mg, 0.28 mmol) and Sc(OTf)3 (276 mg, 

0.56 mmol), 46b was isolated as a colourless solid (61 mg, 64%); 

mp: 199-201 °C. 1H NMR (250 MHz, DMSO-d6) δ 9.27 – 9.21 (m, 

1H, HAr), 9.02 (d, J = 8.4 Hz, 1H, HAr), 8.94 – 8.83 (m, 1H, HAr), 8.42 

(d, J = 7.4 Hz, 1H, HAr), 8.25 (d, J = 7.6 Hz, 1H, HAr), 7.91 – 7.81 (m, 2H, HAr), 7.77 – 7.60 

(m, 2H, HAr), 7.52 – 7.40 (m, 2H, HAr), 2.71 (s, 3H, CH3).13C NMR (63 MHz, DMSO-d6) δ 

154.0 (CAr), 138.6 (CAr), 135.7 (CAr), 129.4 (CAr), 127.0 (CHAr), 125.9 (CHAr), 125.4 (CHAr), 

125.2 (CHAr), 124.3 (CHAr), 124.1 (CHAr), 123.7 (CHAr), 123.6 (CHAr), 123.3 (CHAr), 121.3 

(CAr), 119.1 (CHAr), 115.4 (CAr), 14.1 (CH3). MS (GC): m/z (%) = 324 (C23H14OS, 100), 308 

(9), 169 (8). HRMS (ESI): calcd for C23H14OS, 338.0759, found 338.0757.  IR (ATR): v~ = 

2919 (m), 2851 (m), 1543 (m), 1528 (m), 1448 (m), 1341 (m), 1259 (m), 1219 (m), 772 (s), 

735 (vs). 
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3-methylbenzo[4',5']thieno[2',3':3,4]naphtho[1,2-b]benzofuran (47a) 

Starting with 44a (100 mg, 0.28 mmol) and Sc(OTf)3 (276 mg, 

0.56 mmol), 47a was isolated as a colourless solid (69 mg, 73%); 

mp: 214-216 °C.  1H NMR (250 MHz, DMSO-d6, 100°C) δ 9.18 

(d, J = 8.8 Hz, 1H, HAr), 8.95 (d, J = 8.2 Hz, 2H, HAr), 8.55 (d, J = 

6.8 Hz, 1H, HAr), 8.21 (d, J = 7.6 Hz, 1H, HAr), 8.01 (d, J = 7.9 Hz, 

1H, HAr), 7.95 – 7.62 (m, 3H, HAr), 7.61 – 7.55 (m, 1H, HAr), 7.40 (d, J = 7.9 Hz, 1H, HAr), 

2.58 (s, 3H, CH3). 13C NMR (63 MHz, DMSO-d6, 100°C) δ 155.4 (CAr), 150.0 (CAr), 138.0 

(CAr), 136.7 (CAr), 135.2 (CAr), 138.5 (CAr), 127.0 (CHAr), 125.0 (CAr), 124.9 (CHAr), 124.5 

(CHAr), 124.4 (CHAr), 123,5 (CHAr), 123.3 (CHAr), 122.9 (CHAr), 121.0 (CHAr), 119.6 (CHAr), 

119.2 (CHAr), 111.5 (CHAr), 20.7 (CH3). MS (GC): m/z (%) = 338 (C23H14OS, 100), 337 (22), 

169 (10). HRMS (ESI): calcd for C23H14OS, 338.0759, found 338.0760. IR (ATR): v~ = 2917 

(m), 1580 (m), 1487 (m), 1446 (m), 1362 (m), 1226 (s), 119 (m), 1052 (s), 756 (vs). 

1-methylbenzo[4',5']thieno[2',3':3,4]naphtho[1,2-b]benzofuran (47b) 

Starting with 44b (100 mg, 0.28 mmol) and Sc(OTf)3 (276 mg, 

0.56 mmol), 47b was isolated as a colourless solid (10 mg, 11%); 

mp: 92-94 °C. 1H NMR (250 MHz, DMSO-d6, 100°C) δ 9.28 – 9.19 (m, 

1H, HAr), 9.02 (d, J = 8.2 Hz, 1H, HAr), 8.70 – 8.63 (m, 1H, HAr), 8.27 

(ddd, J = 7.9, 1.3, 0.6 Hz, 1H, HAr), 8.05 – 7.99 (m, 1H, HAr), 7.95 – 

7.81 (m, 2H, HAr), 7.76 – 7.68 (m, 1H, HAr), 7.64 – 7.47 (m, 3H, HAr), 2.76 (s, 3H, CH3). 13C 

NMR (63 MHz, DMSO-d6, 100°C) δ 127.4 (CHAr), 125.3 (CHAr), 125.1 (CHAr), 124.6 (CHAr), 

123.6 (CHAr), 123.5 (CHAr), 123.1 (CAr), 117.6(CAr). MS (GC): m/z (%) = 338 (C23H14OS, 

100), 169 (15). HRMS (ESI): calcd for C23H14OS, 338.0759, found 338.0753. IR (ATR): v~ = 

2919 (s), 2851 (m), 1578 (m), 1452 (m), 1364 (m), 1347 (m), 1221 (m), 1188 (s), 1085 (m), 

1026 (s). 

 

Synthesis and Properties of 1H-Pyrrolo[3',2':3,4]fluoreno-[9,1-

gh]quinolines and 7H-Pyrrolo[2',3',4':4,10]anthra[1,9-fg]-

quinolines 
The paragraph presented here focuses on the synthesis and applications of nitrogen-containing 

heterocyclic compounds using C-H activation reactions. The research highlights the strategic 
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synthesis of isomers of specific derivatives. Isomeric 1H-pyrrolo[3',2':3,4]fluoreno[9,1-

gh]quinolines and 7H-pyrrolo[2',3',4':4,10]anthra[1,9-fg]quinolines were prepared in four steps 

from 2,3- and 3,4-dibromopyridine by Pd-catalyzed Sonogashira and Suzuki-Miyaura 

reactions, acid mediated cycloisomerization and subsequent Pd-catalyzed C-H activation. 

 

 

Scheme 20. Synthesis strategy for of 1H-pyrrolo[3',2':3,4]fluoreno-[9,1-gh]quinolines and 7H-

pyrrolo[2',3',4':4,10]anthra[1,9-fg]-quinolines - derivatives. Conditions: i (for 49a), 48a (1.0 equiv.), 1-

chloro-2-ethynylbenzene (1.2 equiv.), Pd(PPh3)4 (5 mol%), CuI (2 mol%), HNiPr2, 40 °C, 1 h; (for 49b), 

48b (1.0 equiv.), 1-chloro-2-ethynylbenzene (1.2 equiv.), Pd(PPh3)4 (10 mol%), CuI (10 mol%), HNiPr2, 

40 °C, 3 h; ii, 49 (1.0 equiv.), 2-naphthaleneboronic acid (1.2 equiv.), Pd(PPh3)4 (5 mol%), K3PO4 (2.0 

equiv.), 1,4-dioxane/H2O (6:1), 100 °C, 3 h; iii, 50 (1.0 equiv.), MsOH (30 equiv.), 120 °C, 18 h; iv, 51 

and 52 (53 – 120 mg, 1.0 equiv), PdCl2 (0.2 equiv.), PCy3 (0.4 equiv.), DBU (3.0 equiv.), NMP, 150 °C, 
18 h. 

 

Transition metal-catalysed C-H activation under palladium catalysis was carried out using the 

synthesised precursors 4 and 5 according to previously published studies (manuscript IV). This 

stage does not require optimization, reaction works well with Palladium-catalyst PdCl2, PCy3, 

DBU in NMP and yield of the final product reaches from 80 to 99%. 
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5-(2-((2-chlorophenyl)ethynyl)pyridin-3-yl)-1-methyl-1H-indole (50a). 

 Starting with 49a (250 mg, 0.86 mmol), 50a was isolated as a 

yellow solid (183 mg, 62%); mp.: 112-114°C. 1H NMR (500 MHz, 

Chloroform-d) δ 8.62 (dd, J = 4.7, 1.7 Hz, 1H), 7.99 (dd, J = 1.8, 

0.7 Hz, 1H), 7.81 (dd, J = 7.8, 1.7 Hz, 1H), 7.54 (dd, J = 8.4, 1.8 

Hz, 1H), 7.45 (dd, J = 7.7, 1.7 Hz, 1H), 7.40 (d, J = 8.4 Hz, 1H), 

7.36 – 7.30 (m, 2H), 7.20 (td, J = 7.7, 1.8 Hz, 1H), 7.18 – 7.09 (m, 

2H), 6.55 (dd, J = 3.2, 0.9 Hz, 1H), 3.83 (s, 3H). 13C NMR (126 MHz, Chloroform-d) δ 148.2, 

141.5, 141.2, 137.6, 136.7, 136.4, 134.1, 129.7, 129.7, 129.3, 129.2, 128.6, 126.4, 123.3, 123.2, 

122.9, 122.2, 109.2, 101.7, 94.0, 87.9, 33.1. MS (GC): m/z (%) = 345 (3), 344 (13), 343 (13), 

342 (M+, C22H15ClN2, 38), 341 (11), 309 (3), 308 (27), 307 (100), 306 (11), 305 (8), 304 (2). 

HRMS (ESI-TOF) m/z: [M+H]+ calcd for C22H16ClN2 343.1002, found 343.0999. IR (ATR): 

ṽ=1618 (w), 1552 (w), 1475 (m), 1438 (m), 1416 (s), 1339 (m), 1249 (m), 1156 (w), 1076 (m), 

1053 (m). 

5-(4-((2-chlorophenyl)ethynyl)pyridin-3-yl)-1-methyl-1H-indole (50b).  

Starting with 49b (250 mg, 0.86 mmol), 50b was isolated as a 

yellow solid (159 mg, 54%); mp.: 84-86°C. 1H NMR (500 MHz, 

Chloroform-d) δ 8.69 (s, 1H), 8.45 (d, J = 5.1 Hz, 1H), 7.91 (d, J = 

1.0 Hz, 1H), 7.47 (dd, J = 8.5, 1.7 Hz, 1H), 7.44 (d, J = 5.1 Hz, 1H), 

7.32 (d, J = 8.4 Hz, 1H), 7.28 (dd, J = 3.9, 1.5 Hz, 1H), 7.26 (dd, J 

= 4.3, 1.5 Hz, 1H), 7.17 – 7.12 (m, 1H), 7.07 (td, J = 7.6, 1.2 Hz, 

1H), 7.01 (d, J = 3.1 Hz, 1H), 6.46 (dd, J = 3.0, 0.9 Hz, 1H), 3.74 (s, 3H). 13C NMR (126 MHz, 

Chloroform-d) δ 150.90, 147.2, 139.3, 136.7, 136.3, 133.8, 130.0, 129.7, 129.4, 129.1, 128.6, 

128.0, 126.7, 126.5, 123.3, 122.7, 122.2, 109.3, 101.7, 92.7, 92.2, 33.1. MS (GC): m/z (%) = 

345 (6), 344 (27), 343(22), 342 (M+, C22H15ClN2, 76), 341 (10), 340 (3), 309 (2), 308 (26), 

307 (100), 306 (26), 305 (15), 304 (4). HRMS (ESI-TOF) m/z: [M+H]+ calcd for C22H16ClN2 

343.1002, found 343.0995. IR (ATR): ṽ=1613 (w), 1578 (m), 1510 (m), 1484 (m), 1442  (m), 

1397 (m), 1339 (m), 1245 (m), 1080 (m), 1055 (m). 
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6-(2-chlorophenyl)-8-methyl-8H-indolo[5,6-f]quinoline (51a).  

Starting with 50a (350 mg, 1.02 mmol), 51a was isolated as a yellow 

solid (38 mg, 11%); mp.: 198-200°C. 1H NMR (250 MHz, Chloroform-

d) δ 9.10 – 8.99 (m, 1H), 8.97 (s, 1H), 8.88 (dd, J = 4.4, 1.6 Hz, 1H), 

7.74 (s, 1H), 7.62 – 7.41 (m, 5H), 7.33 (s, 1H), 7.24 (d, J = 3.6 Hz, 1H), 

6.71 (dd, J = 3.2, 0.9 Hz, 1H), 3.73 (s, 3H). 13C NMR (63 MHz, 

Chloroform-d) δ 148.69, 147.27, 140.80, 139.71, 137.47, 134.23, 132.81, 132.12, 130.25, 

129.88, 129.63, 129.34, 127.43, 127.02, 126.77, 126.68, 123.53, 121.36, 114.66, 105.44, 

100.93, 33.18. MS (GC): m/z (%) = 345 (8), 344 (34), 343 (26), 342 (M+, C22H15ClN2, 100), 

341 (2), 309 (2), 308 (17), 307 (72), 306 (11), 305 (14), 304 (3). HRMS (ESI-TOF) m/z: 

[M+H]+ calcd for C22H16ClN2 343.1002, found 343.1000. IR (ATR): ṽ=2920 (m), 1737 (w), 

1620 (w), 1510 (m), 1461 (m), 1414 (m), 1374 (m), 1265 (m), 1082 (m), 1053 (m), 1032 (m). 

6-(2-chlorophenyl)-8-methyl-8H-indolo[6,5-h]isoquinoline (51b).  

Starting with 50b (350 mg, 1.02 mmol), 51b was isolated as a yellow 

solid (109 mg, 31%); mp.: 103-105°C. 1H NMR (300 MHz, 

Chloroform-d) δ 10.16 (s, 1H), 9.16 (s, 1H), 8.68 (s, 1H), 7.67 (d, J = 

5.2 Hz, 1H), 7.64 – 7.59 (m, 1H), 7.51 – 7.43 (m, 4H), 7.35 (s, 1H), 

7.30 (d, J = 3.2 Hz, 1H), 6.77 (dd, J = 3.2, 0.9 Hz, 1H), 3.75 (s, 3H). 
13C NMR (63 MHz, Chloroform-d) δ 146.23, 144.59, 141.60, 139.61, 137.36, 134.64, 134.12, 

133.07, 131.95, 130.05, 129.93, 129.49, 127.31, 127.01, 126.18, 124.08, 123.02, 121.32, 

113.90, 105.70, 101.16, 33.15. MS (GC): m/z (%) = 345 (8), 344 (33), 343 (24), 342 (M+, 

C22H15ClN2, 100), 309 (2), 308 (18), 307 (74), 306 (9), 305 (11), 304 (3). HRMS (ESI-TOF) 

m/z: [M+H]+ calcd for C22H16ClN2 343.1002, found 343.0997. IR (ATR): ṽ=2922 (m), 1504 

(m), 1461 (m), 1424 (s), 1414 (m), 1381 (m), 1337 (m), 1232 (s), 1053 (s), 1030 (m). 

4-(2-chlorophenyl)-1-methyl-1H-indolo[5,4-f]quinoline (52a).  

Starting with 50a (350 mg, 1.02 mmol), 52a was isolated as a yellow 

solid (195 mg, 56%); mp.: 176-178°C. 1H NMR (250 MHz, 

Chloroform-d) δ 9.04 (d, J = 9.2 Hz, 1H), 8.96 (dd, J = 4.3, 1.5 Hz, 

1H), 8.56 (d, J = 9.1 Hz, 1H), 7.98 (d, J = 0.8 Hz, 1H), 7.70 (dd, J = 

9.0, 0.9 Hz, 1H), 7.64 – 7.58 (m, 1H), 7.58 – 7.53 (m, 1H), 7.52 – 7.41 

(m, 3H), 6.91 (d, J = 3.2 Hz, 1H), 5.35 (dd, J = 3.2, 0.9 Hz, 1H), 3.85 (s, 3H). 13C NMR (63 
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MHz, Chloroform-d) δ 149.04, 146.36, 141.82, 139.48, 135.41, 134.37, 131.53, 130.95, 

129.76, 129.46, 129.20, 127.80, 127.23, 126.27, 125.30, 124.36, 123.98, 121.42, 117.15, 

111.26, 102.72, 33.24. MS (GC): m/z (%) = 345 (3), 344 (11), 343 (8), 342 (M+, C22H15ClN2, 

32), 341 (1), 309 (3), 308 (24), 307 (100), 306 (30), 305 (7), 304 (1). HRMS (ESI-TOF) m/z: 

[M+H]+ calcd for C22H16ClN2 343.1002, found 343.1006. IR (ATR): ṽ=2922 (w), 1576 (w), 

1504 (w), 1469 (m), 1414 (m), 1346 (m), 1317 (m), 1261 (m), 1053 (m), 1032 (m). 

4-(2-chlorophenyl)-1-methyl-1H-indolo[4,5-h]isoquinoline (52b).  

Starting with 50b (350 mg, 1.02 mmol), 52b was isolated as a yellow 

solid (168 mg, 48%); mp.: 180-182°C. 1H NMR (250 MHz, 

Chloroform-d) δ 10.18 (s, 2H), 8.78 (d, J = 9.1 Hz, 1H), 8.68 (d, J = 

5.4 Hz, 1H), 7.80 – 7.70 (m, 1H), 7.67 – 7.59 (m, 2H), 7.56 – 7.42 (m, 

3H), 6.92 (d, J = 3.2 Hz, 1H), 5.33 (dd, J = 3.2, 0.9 Hz, 1H), 3.87 (s, 

3H). 13C NMR (63 MHz, Chloroform-d) δ 147.25, 143.61, 141.72, 140.35, 135.38, 134.21, 

133.73, 131.35, 129.82, 129.62, 127.88, 127.25, 126.06, 125.98, 125.86, 124.25, 124.08, 

121.07, 116.39, 111.97, 102.62, 33.27. MS (GC): m/z (%) = 345 (2), 344 (10), 343 (8), 342 

(M+, C22H15ClN2, 27), 341 (2), 309 (2), 308 (22), 307 (100), 306 (17), 305 (6), 304 (1). HRMS 

(ESI-TOF) m/z: [M+H]+ calcd for C22H16ClN2 343.1002, found 343.1004. IR (ATR): ṽ=1590 

(vw), 1504 (w), 1414 (w), 1348 (w), 1304 (m), 1228 (vs), 1181 (s), 1121 (s), 1059 (m), 981 (s). 

1-methyl-1H-pyrrolo[3',2':3,4]fluoreno[1,9-fg]quinoline (53a).  

Starting with 51a (53 mg, 0.15 mmol), 53a was isolated as a yellow solid 

(38 mg, 80%); mp.: 230-232°C. 1H NMR (500 MHz, DMSO-d6) δ 9.28 

(d, J = 8.2 Hz, 1H), 8.98 (dd, J = 15.2, 3.3 Hz, 2H), 8.61 (s, 1H), 8.53 

(d, J = 7.8 Hz, 1H), 8.34 (d, J = 7.4 Hz, 1H), 7.72 (dd, J = 8.3, 4.3 Hz, 

1H), 7.66 (d, J = 2.6 Hz, 1H), 7.51 (t, J = 7.5 Hz, 1H), 7.44 (t, J = 7.3 

Hz, 1H), 6.88 – 6.83 (m, 1H), 4.49 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 148.70, 148.23, 

139.02, 137.65, 137.25, 135.15, 134.35, 133.50, 130.91, 128.91, 126.97, 126.01, 123.82, 

122.69, 121.58, 120.58, 120.04, 117.49, 115.53, 102.49, 38.63. MS (GC): m/z (%) = 308 (3), 

307 (24), 306 (M+, C22H14N2, 100), 305 (25), 304 (4), 303 (3). HRMS (ESI-TOF) m/z: [M+H]+ 

calcd for C22H15N2 307.1235, found 307.1232. IR (ATR): ṽ=2920 (w), 1583 (w), 1527 (w), 

1426 (m), 1401 (m), 1350 (m), 1315 (m), 1259 (s), 1080 (s), 1016 (s). 
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1-methyl-1H-pyrrolo[3',2':3,4]fluoreno[9,1-gh]isoquinoline (53b).  

Starting with 51b (73 mg, 0.21 mmol), 53b was isolated as a yellow solid 

(57 mg, 87%); mp.: 207-209°C. 1H NMR (300 MHz, DMSO-d6) δ 10.15 

(s, 1H), 9.03 (s, 1H), 8.70 (d, J = 5.4 Hz, 1H), 8.48 – 8.41 (m, 2H), 8.19 

(dd, J = 7.2, 0.9 Hz, 1H), 8.00 (d, J = 4.7 Hz, 1H), 7.64 (d, J = 3.2 Hz, 

1H), 7.45 (dtd, J = 22.7, 7.4, 1.2 Hz, 2H), 6.82 (d, J = 3.2 Hz, 1H), 4.43 

(s, 3H). 13C NMR (75 MHz, DMSO-d6) δ 146.49, 144.37, 139.38, 138.11, 136.95, 135.57, 

135.32, 134.70, 133.34, 129.13, 127.55, 126.03, 124.79, 123.81, 122.50, 122.34, 119.39, 

117.69, 117.40, 114.78, 102.55, 39.24. MS (GC): m/z (%) = 308 (3), 307 (24), 306 (M+, 

C22H14N2, 100), 305 (27), 304 (6), 303 (2). HRMS (ESI-TOF) m/z: [M+H]+ calcd for C22H15N2 

307.1235, found 307.1231. IR (ATR): ṽ=2922 (m), 1595 (m), 1529 (m), 1447 (m), 1352 (m), 

1317 (m), 1259 (m), 1199 (m), 1086 (s), 1016 (s). 

7-methyl-7H-pyrrolo[2',3',4':4,10]anthra[1,9-fg]quinoline (54a).  

Starting with 52a (120 mg, 0.35 mmol), 54a was isolated as a yellow 

solid (102 mg, 95%); mp.: 198-200°C. 1H NMR (500 MHz, DMSO-d6) 

δ 9.29 (d, J = 6.9 Hz, 1H), 9.05 (dd, J = 4.1, 1.6 Hz, 1H), 9.00 (s, 1H), 

8.85 (d, J = 7.9 Hz, 1H), 8.71 (d, J = 8.9 Hz, 1H), 8.22 (d, J = 11.9 Hz, 

2H), 8.06 (d, J = 8.8 Hz, 1H), 7.71 (dd, J = 8.3, 4.2 Hz, 1H), 7.64 (t, J 

= 6.8 Hz, 1H), 7.58 – 7.53 (m, 1H), 4.19 (s, 3H). 13C NMR (126 MHz, DMSO-d6) δ 148.85, 

146.57, 131.06, 130.76, 130.48, 129.63, 128.98, 128.71, 125.65, 125.45, 124.36, 123.72, 

122.46, 122.15, 121.00, 120.88, 120.72, 119.34, 117.32, 112.30, 112.05, 33.73. MS (GC): m/z 

(%) = 308 (3), 307 (29), 306 (M+, C22H14N2, 100), 305 (16), 304 (3), 303 (2). HRMS (ESI-

TOF) m/z: [M+H]+ calcd for C22H15N2 307.1235, found 307.1233. IR (ATR): ṽ=1607 (w), 

1529 (w), 1475 (w), 1418  (w), 1374 (m), 1350 (m), 1282 (w), 1230 (m), 1170 (w), 1043 (m). 

1-methyl-1H-pyrrolo[2',3',4':4,10]anthra[9,1-gh]isoquinoline (54b).  

Starting with 52b (95 mg, 0.28 mmol), 54b was isolated as a yellow 

solid (84 mg, 99%); mp.: 232-234°C. 1H NMR (300 MHz, Chloroform-

d) δ 10.01 (s, 1H), 8.67 (d, J = 5.5 Hz, 1H), 8.50 (dd, J = 8.1, 1.4 Hz, 

1H), 8.44 (d, J = 8.9 Hz, 1H), 8.36 (s, 1H), 7.94 (dd, J = 7.8, 1.4 Hz, 

1H), 7.83 (dd, J = 5.6, 0.9 Hz, 1H), 7.59 – 7.43 (m, 4H), 3.98 (s, 3H). 
13C NMR (75 MHz, Chloroform-d) δ 146.63, 142.70, 134.38, 132.29, 130.82, 130.00, 129.42, 
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128.60, 125.50, 125.15, 124.19, 123.43, 122.55, 122.31, 122.09, 121.52, 120.32, 116.23, 

116.19, 113.08, 111.36, 33.87. MS (GC): m/z (%) = 308 (3), 307 (20), 306 (M+, C22H14N2, 

100), 305 (15), 304 (3), 303 (2). HRMS (ESI-TOF) m/z: [M+H]+ calcd for C22H15N2 307.1235, 

found 307.1237. IR (ATR): ṽ=1607 (m), 1531 (m), 1453 (m), 1412 (m), 1372 (m), 1350 (m), 

1224 (s), 1148 (m), 1039 (m). 
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