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Abstract 
The discovery of transition metal-catalyzed selective 

activation of aromatic carbon–hydrogen bonds in 1993 has 

opened a new era in the synthesis of carbo- and heterocyclic 

compounds. This review covers the applications of oxidative 

annulations of aromatic compounds with alkynes involving CH 

activation for the synthesis of isocoumarins and polyaromatic 

hydrocarbons (PAHs). The limitations, advantages, and 

mechanical aspects of this approach as well as the current 

tendencies in the application of the reaction products for 

photoactive materials are discussed. 
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Introduction 

Isocoumarins represent a specific type of oxygen-containing 

heterocycles that are isomeric to more popular coumarins and 

differ from them in relative positions of the carbonyl group and 

ester moiety in a ring (Scheme 1). Coumarins find application in 

photoelectronics and medicine [1, 2]. In contrast, isocoumarins 

were used for a long period of time only as biologically active 

compounds. In particular, С3-substituted derivatives of 

isocoumarins exhibit anticancer, antibacterial, and fungicide 

properties [3, 4]. At the same time, the photophysical properties 

of isocoumarins remain poorly explored. Despite this fact, the 

high electron deficiency and planar geometry of an isocoumarin 

unit allow for considering these heterocycles as promising 

compounds for the creation of photoactive materials, including 

organic light-emitting diodes (OLEDs) [5, 6]. In crystals, 

isocoumarins can adopt π-stacked arrangement, thus providing 

rapid electron transfer, whereas the oxygen lone pairs can 

facilitate the formation of intramolecular C–H…O hydrogen 

bonds, potentially reducing the quenching of excitons due to 

inhibited structural relaxation [7]. 

 

Scheme 1. Photoactive moieties discussed in the review. 

The PAHs are one of the promising building blocks for 

photoactive materials. In particular, owing to the high degree of 

delocalization of electron density and effective photo- and 

electroluminescence, these compounds are extensively used in 

the design of transport and emitting layers of OLEDs [8, 9]. 

Despite the considerable progress in the application of 

conjugated organic systems (including isocoumarins and PAHs) 

for molecular electronics and photoactive materials, a search for 

efficient methods for the synthesis and functionalization of these 

compounds is still an urgent problem. In particular, the 

introduction of different substituents into isocoumarins and 

PAHs is important for both tuning their photophysical properties 

and improving solubility. The low solubility of polyaromatic 

compounds often hampers their purification and production of 

thin films on their base. Furthermore, the synthesis of polycyclic 

moieties on their own using classical organic chemistry tools 

includes multistep processes and (or) is often complicated by the 

low availability of the starting compounds [10–12]. 

Metal-catalyzed CH activation of aromatic compounds, 

discovered at the end of the 20th century, significantly 

simplified the synthetic approaches to a wide range of 

polyaromatic heterocyclic compounds [13–17], which 

heightened research interest in new photoactive materials on 

their base. The present review highlights the main trends in the 

development of CH activation processes involving aromatic 

compounds, their application for the synthesis of isocoumarins 

and PAHs, as well as the most remarkable advances in the use of 

these compounds for the creation of photoactive materials. 

Synthesis of isocoumarins and PAHs via CH 

activation: general remarks 

One of the most popular methods for obtaining isocoumarins 

and PAHs are palladium-catalyzed annulations of acetylenes 

with aryl iodides (Scheme 2) [18]. This approach features high 

selectivity and serves as a prototype for modern СН activation 

processes. In particular, in 1987, a Nobel Prize winner Richard 

Heck suggested the reactions of aryl iodides with 

diphenylacetylene for the synthesis of tetraphenyl-substituted 
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naphthalene derivatives (Scheme 2) [19]. The reaction proceeds 

by the classical cross-coupling mechanism that includes the 

oxidative addition of an aryl iodide to the palladium atom 

(Scheme 3) [20]. In 1999, Richard Larock used the related 

approach for the synthesis of isocoumarins from ortho-halogen-

substituted derivatives of benzoic acid esters [21, 22]. The main 

drawbacks of the palladium-catalyzed reactions are the low 

availability of the starting compounds (aryl iodides and halogen-

containing benzoic acid esters), high catalyst loadings, and low 

atom economy. 

 

Scheme 2. Pd- and Rh-catalyzed syntheses of isocoumarins and PAHs 

[18–27]. 

 

Scheme 3. Mechanism of the Pd-catalyzed reaction between aryl iodides 

and alkynes [19, 20]. 

Further progress in the synthesis of isocoumarins was 

promoted by the reports of Satoh and Miura [23, 24]. In 2007, 

they revealed that pentamethylcyclopentadienyl rhodium 

dichloride, [Сp*RhCl2]2, can catalyze (2 mol % of Rh) the 

annulation of acetylenes with benzoiс acids upon heating in o-

xylene at 120 °С, resulting in isocoumarins though the direct CH 

activation of the ortho-protons, without additional steps required 

for the synthesis of iodine derivatives (Scheme 2). During the 

reaction, the oxidation state of rhodium changes from 3+ to 1+ 

and, therefore, the catalyst can be regenerated in the presence of 

an oxidizing agent—Cu(OAc)2·H2O (all the rhodium complexes 

presented in the schemes have the oxidation state 3+; the 

structures of the intermediates with 1+ oxidation state were not 

reliably determined [25]). In 2014, we showed that the direction 

and selectivity of the reaction depend on the substituents in the 

cyclopentadienyl ligand [26, 27]. In particular, the methyl-free 

complex [СpRhI2]n selectively leads to the decarboxylation of 

benzoic acids followed by the annulation of two acetylene 

molecules with the formation of naphthalenes as single products. 

According to the proposed mechanism (Scheme 4) [24, 27, 

28], the carboxy substituent plays a role of the directing group 

and defines the selectivity of СН activation at the ortho-position 

of a benzene ring. At the first step, the coordination of rhodium 

with this group results in corresponding carboxylate I. The 

subsequent CH activation, which can be additionally promoted 

by the acetate ion being present in the reaction mixture, affords 

five-membered rhodacycle II. The insertion of an alkyne 

molecule into the latter gives rise to key seven-membered cyclic 

intermediate III. The further reaction depends on the nature of 

substituents and ligands in this intermediate. In particular, it is 

believed that if the redox potential of the Сu(2+)/Cu(1+) pair is 

enough to oxidize intermediate III, then the formation of an 

isocoumarin with simultaneous catalyst regeneration takes place 

[25]. The presence of five donor methyl groups in the 

cyclopentadienyl ligand considerably facilitates this process. In 

contrast, in the case of the unsubstituted cyclopentadienyl 

ligand, the oxidation of III does not occur; instead, its 

decarboxylation with the formation of intermediate IV becomes 

preferable. The insertion of the second alkyne molecule into the 

structure of complex IV and the following oxidation of 

intermediate V afford the naphthalene product. In all cases, the 

latter redox process proceeds more readily than the oxidation of 

III since the decarboxylation makes the system lose the 

electron-deficient carboxy group. Nevertheless, it is important to 

note that the decarboxylation process on its own requires 

excessive heating and usually does not proceed at temperatures 

below 100 °С. 

In 2016, Tanaka et al. showed that the introduction of two 

electron-withdrawing COOEt groups into the cyclopentadienyl 

ligand allows for reducing the temperature of the isocoumarin 

synthesis to room one owing to the facilitation of the CH 

activation as a result of the enhanced electrophilicity of the 

rhodium atom (Scheme 5) [29], and a further replacement of the 

oxidizing agent for AgOAc also changes the reaction direction 

towards the formation of naphthalenes [30]. Subsequently, the 

catalytic systems based on iridium complexes [31, 32], cheaper 

cobalt [33] and ruthenium derivatives [34] were developed. 

Furthermore, other cyclic ligands, including boron-containing 

heterocycles and carboranes, can be used instead of the Cp 

ligands [35–37]. Ackermann et al. showed that more 

ecologically friendly oxidizing agents like air oxygen [38] and 

electric current [39, 40] can be used instead of copper and silver 

salts. The reaction smoothly proceeds not only in organic 

solvents (о-xylene, DMF) but also in water [41]. 

A broad range of aromatic and heteroaromatic carboxylic 

acids can enter the annulation with alkynes: for example, 

benzene, naphthalene, indole, azulene, and thiophene derivatives 

bearing different substituents (Me, OMe, F, Cl, Br, etc.) [34, 42–
44]. At the same time, the substrates with strong electron-with- 



INEOS OPEN – Journal of Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences 

 135 

M. A. Arsenov and D. A. Loginov, INEOS OPEN, 2021, 4 (4), 133–139 

 

Scheme 4. Mechanism of the oxidative coupling of benzoic acids with 

alkynes [24, 27]. 

 

Scheme 5. Synthesis of isocoumarins at room temperature [29]. 

drawing substituents (NO2, COOMe) provide low yields of the 

target products, which can be explained by the deactivation of 

an aromatic ring towards CH activation. Moreover, since the 

most frequently used oxidizing agents are copper and silver 

salts, terminal alkynes do not enter the reaction due to the rapid 

formation of the corresponding metal acetylides. Quite recently, 

Miura et al. suggested using vinylene carbonate for the synthesis 

of isocoumarins with free positions 3 and 4. This reagent serves 

simultaneously as an acetylene source and internal oxidizing 

agent (Scheme 6) [45]. 

 

Scheme 6. Synthesis of 3,4-unsubstituted isocoumarins [45]. 

For the internal unsymmetrical alkynes, not only the 

formation of one of the two types of products but also the high 

regioselectivity of the alkyne addition are observed in some 

cases. Thus, during the synthesis of isocoumarins using 

alkylarylacetylenes, propargyl alcohols, ,-difluoromethylene 

alkynes, and (trifluoromethyl)phenylacetylene, the predominant 

 

Scheme 7. Preferable regioisomers of isocoumarins formed from the 

unsymmetrical internal alkynes [46, 47]. 

formation of one of the two possible isomers is observed, which 

is controlled by both the steric and electronic factors of the 

alkyne substituents and their coordination ability (Scheme 7) 

[46, 47]. 

Hence, the oxidative annulation of aromatic carboxylic acids 

with acetylenes catalyzed by the cyclopentadienyl rhodium 

complexes is an efficient method for the synthesis of 

isocoumarins and PAHs from readily available precursors. The 

simple variation of substituents in the cyclopentadienyl ligand or 

nature of the oxidizing agent allows for changing the reaction 

direction towards the formation of one of the target products 

with high selectivity. In combination with other methods of 

organic chemistry, this approach offers ample opportunities for 

the creation of new photoactive materials. 

Application of CH activation for the 

synthesis of photoactive isocoumarins and 

PAHs 

Nowadays, one of the most popular application fields of 

organic fluorophores is OLED technologies. Despite close 

attention to this direction both from the academic and business 

community, the main problem of OLED devices is still their low 

efficiency [6]. The maximum internal quantum efficiency of an 

OLED cell is usually restricted to 25%. Such a limitation is 

caused by the fact that 75% of excitons that result from the 

excitation of the molecules of a light-emitting layer are in a 

triplet state, and only 25% of them are in a singlet state. One 

way to address this problem is switching from pure organic 

compounds to organometallic complexes based on transition 

(mainly iridium) and rare earth metals [48, 49]. This type of 

OLEDs is based on the capability of electrophosphorescence 

and their internal quantum efficiency can approach 100%. 

However, their drawbacks are the high cost of the resulting 

devices, low photo- and thermal stability of the complexes, and 

the restrictions associated with the production of uniform films. 

The effect of thermally activated delayed fluorescence 

(TADF) firstly applied for OLEDs in 2012 has drawn renewed 

attention to simple organic fluorophores [50]. This effect is 

observed in the case of low ΔEST values in organic molecules, 

which facilitates the process of reverse intersystem crossing 

(RISC) upon thermal activation. As a result, the molecules in a 

triplet excited state (T1) can convert to a singlet excited state 

(S1) followed by the emissive relaxation in the form of delayed 

fluorescence. This provides a drastic increase in the 

luminescence quantum yield. Unlike organometallic 

compounds, organic fluorophores possess high stability and can 
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be used for the production of films by vacuum deposition. 

Furthermore, the OLED structures with this type of fluorescence 

can also solve the problem of efficiency and service life of blue 

diodes, which is currently a major challenge [51, 52]. 

A promising line of further search for efficient materials for 

light-emitting layers in diodes with TADF effect are the 

molecules with twisted structures, where the substituents of a 

central core are located in a perpendicular plane [53], and the 

donor–π-acceptor (D–π-A) or donor–acceptor–donor (D–A–D) 

structures [54]. 

Owing to the planar conjugated structures, both 

isocoumarins and PAHs exhibit prominent photophysical 

properties; in particular, they can display both fluorescence and 

phosphorescence. In the creation of photoactive materials, both 

of these structural motifs can be used either as an acceptor part 

of a fluorophore or as an electron-conducting linker. We showed 

that isocoumarins derived from simple benzoic acids and 

diphenylacetylene display fluorescence in the blue–violet region 

of visible light (400–480 nm; Scheme 8) [41]. However, the 

fluorescence quantum yields of these systems do not exceed 1%, 

and the introduction of donor substituents, such as OMe or Сl, at 

the sixth position of the isocoumarin ring does not give a 

significant positive effect. Presumably, the low quantum 

efficiency is stipulated by the existence of non-emissive 

processes connected with the rotation of the phenyl groups at 

positions 3 and 4. Interestingly, the introduction of the OMe 

group at the p-position of one of the phenyl rings affords 

considerable enhancement of fluorescence on passing from 

solutions to a crystalline state (up to 11%), which is associated 

with the appearance of intermolecular C–H⋯O, C–H⋯C, and 

O⋯O contacts that restrict the rotation [55]. 

 

Scheme 8. Optical properties of simple isocoumarins [42, 55]. 

An analogous effect of fluorescence enhancement in the 

blue region upon transition to a crystalline state is characteristic 

of 8-aminoisocoumarins (Scheme 9) [56]. An efficient synthetic 

approach to these compounds was developed based on the 

coupling of isatoic anhydrides with acetylenes. The reaction 

proceeds through CH activation catalyzed by [Сp*RhCl2]2 and 

results only in carbon monoxide as a side product. 

 

 

Scheme 9. Synthesis and optical properties of 8-aminoisocoumarins 

[56]. 

Furthermore, we revealed that the additional π-conjugation 

in the isocoumarin structure owing to the annulation with one or 

several benzene rings also leads to considerable enhancement of 

fluorescence (Scheme 10) [42, 57]. For example, in the case of 

polyaromatic isocoumarins 7,8-diphenyl-10H-phenaleno[1,9-

gh]isochromen-10-one and 3,4,6,7,8,9-hexaphenyl-1H-

benzo[g]isochromen-1-one, the fluorescence quantum yields 

composed 9 and 7% even for solutions in organic solvents. The 

former compound was used as a light-emitting diode for the 

construction of OLEDs [42]. It is important to note that both of 

the polyaromatic isocoumarins were obtained by the rhodium-

catalyzed oxidative coupling of the corresponding carboxylic 

acids with diphenylacetylene. A convenient precursor for the 

synthesis of 3,4,6,7,8,9-hexaphenyl-1H-benzo[g]isochromen-1-

one appeared to be readily available terephthalic acid; during the 

reaction, the same catalyst promotes the selective conversion of 

one of the carboxy groups to the isocoumarin moiety and the 

second one to the naphthalene unit [57]. The annulations of 

diynes with another dicarboxylic acid, namely, 4,4′-(1,2-

diphenyl-1,2-ethenylene)dibenzoic acid afforded polymeric 

photoactive materials bearing the isocoumarin moiety (Scheme 

11) [55]. 

 

Scheme 10. Synthesis and optical properties of the π-extended 

isocoumarins [42, 57]. 

 

Scheme 11. Synthesis of a polymeric isocoumarin compound from 4,4′-
(1,2-diphenyl-1,2-ethenylene)dibenzoic acid [55]. 



INEOS OPEN – Journal of Nesmeyanov Institute of Organoelement Compounds of the Russian Academy of Sciences 

 137 

M. A. Arsenov and D. A. Loginov, INEOS OPEN, 2021, 4 (4), 133–139 

Recently, Qian et al. showed that isocoumarins can be used 

as building blocks in D–A–D-type photoactive compounds [7]. 

It was established that the isocoumarin bearing two donor 

phenoxazine moieties features a small difference in the energies 

of singlet and triplet excited states (ΔEST = 0.02 eV), good 

transport properties, and high thermal stability (Scheme 12). 

Therefore, the above-mentioned compound was used as a 

TADF emitter for the creation of high-performance OLED 

systems that demonstrated higher quantum efficiency than 

widely used 4,4'-bis(N-carbazolyl)-1,10-biphenyl. This 

isocoumarin was obtained using an unusual ruthenium-catalyzed 

self-coupling of the corresponding sulfoxonium ylide that 

formally acts both as a source of carboxylic acid and as a source 

of alkyne in the CH activation process [58]. 

 

Scheme 12. Synthesis of the TADF isocoumarin [7]. 

Unlike isocoumarins, the photophysical properties of PAHs 

have been studied in detail for many decades. Thus, Gallivan 

showed that 1,2,3,4-tetraphenylnaphthalene features longer 

lifetimes of a triplet state owing to its non-planarity induced by 

the sterically hindered structure [59]. Furthermore, it was 

established that the derivatives bearing this structural moiety 

have a significant difference in the energies of frontier orbitales, 

which allows one to use them for constructing organic light-

emitting diodes with dark-blue emission [60]. Analogously to 

isocoumarins, 1,2,3,4-tetraphenylnaphthalene moiety displays 

electron-withdrawing properties in the structures of 

fluorophores. 

As noted earlier, the rhodium-catalyzed oxidative coupling 

of benzoic acids with diarylacetylenes is an efficient synthetic 

approach to tetraarylnaphthalenes [27, 30]. Thus, using this 

method one can obtain organic fluorophores with the large 

Stokes shifts (>70 nm, Scheme 13) [42, 61]. 

 

Scheme 13. Optical properties of the tetraphenyl-substituted PAHs 

synthesized by the CH activation [42, 61]. 

One of the most interesting directions of structural 

modification of 1,2,3,4-tetraarylnaphthalenes is an extension of 

their aromatic system by linking aryl substituents via the 

oxidative Scholl reaction (Scheme 14) [62]. The oxidation of 

tetraarylnaphthalenes can be carried out either under the action 

of FeCl3 [63] or in an electrochemical cell in the presence of a 

catalytic amount of DDQ [64]. Owing to the additional π-

conjugation, these compounds exhibit absorption at the longer 

waves (350–450 nm) than the unmodified derivatives (250–300 

nm). 

 

Scheme 14. Modification of 1,2,3,4-tetraphenylnaphthalene by the 

Scholl reaction [63, 64]. 

The main drawback of the PAHs is their low solubility 

which often hampers the production of films for further 

application in multilayer composites. One of the possible 

solutions to this problem is the introduction of aliphatic 

substituents into the PAH structure. The use of dialkylacetylenes 

in a combination with benzoic acids is an efficient method for 

the synthesis of alkyl-substituted PAHs [42]. Pham and Cramer 

showed that the aromatic compounds (e.g., benzene, 

naphthalene, and anthracene derivatives) can be used in these 

reactions without any directing group (Scheme 15) [65]. The 

process requires a high temperature (160 °С). It also proceeds 

through the CH activation and leads to more thermodynamically 

stable products. For example, the annulation of naphthalenes 

selectively affords the derivatives of anthracene rather than 

phenanthrene. 

 

Scheme 15. Synthesis of PAHs by the non-chelate-assisted annulation of 

arenes with alkynes [65]. 

Conclusions 

The metal-catalyzed annulation of benzoic acids with 

alkynes is an efficient, atom- and step-economic approach to 

isocoumarins and PAHs. The fine-tuning of the catalytic 

systems provides strict control over the reaction selectivity, 

shifting it towards the required product. Furthermore, this 

method can be used not only for the assembly of polycyclic 

systems but also for the functionalization of the latter. Different 

aspects have been carefully explored to make these reactions 

more ecologically friendly. For example, the possibility of the 
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application of air oxygen or electric current as the oxidizing 

agents or water as a solvent has been demonstrated. The 

insignificant drawbacks of this method include high reaction 

temperatures (as a rule, above 70 °С) and the lack of literature 

data on the possibility of application of terminal alkynes. 

Nevertheless, there is no doubt that this reaction will be included 

in the library of useful tools by many organic chemists. 

Taking into account the high energy efficiency and 

ecological friendliness of the CH activation as well the 

availability of the precursors, the development of this field must 

focus on the deeper investigation of the photophysical properties 

of isocoumarins and PAHs for their further use in 

photoelectronics. The results of the pioneering works 

highlighted in this review allow for considering isocoumarins as 

promising organic compounds for the creation of OLEDs with 

higher efficiency and enhanced service life. 
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