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A Introduction  

1 2-Pyrone ï a privileged heterocycle and widespread motif in nature 

Nature is an inimitable source of myriad heterocyclic molecules that are involved in all kinds 

of biochemical processes, exhibiting precious biological activities. Research of these natural 

products is one of the cornerstones of medicinal chemistry and plays a vital role in the discovery 

of new drugs. Consequently, the vast majority of drugs marketed over the past 35 years originate 

from various natural products either by consisting directly of naturally occurring compounds or 

are inspired by these entities.1 2-Pyrone (1), an unsaturated six-membered cyclic ester, 

constitutes a renowned representative of naturally occurring heterocycles which can be found 

in all domains of life, e.g., bacteria, fungi, microbes, marine organisms, insects, plants or 

animals (Figure 1).2ï4 In these systems, 2-pyrones fulfill  important functions as intermediates 

or products in metabolism, as well as signaling molecules or defensive agents against 

predators.3,5 But most importantly, natural 2-pyrones evince an extensive range of biological 

activities with immense therapeutic importance like HIV protease inhibiting, telomerase 

inhibiting, antifungal, anti-inflammatory, antimicrobial, cardiotonic, cytotoxic and neurotoxic 

effects.2ï7  

 

Figure 1. Selected examples of natural occurring 2-pyrones.3ï8 
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Moreover, the privileged heterocyclic structure of 2-pyrones, accommodating the chemical 

behavior of conjugated dienes, lactones and arenes (30ī35% resonance energy of benzene7), 

has been widely exploited for the synthesis of value-added products in synthetic organic 

chemistry, polymer chemistry and medicinal chemistry.9,10 Herein, the versatile reactivity of 

pyrones reaches from cycloadditions to ring-opening reactions and cross-coupling reactions 

(Figure 2). Remarkably, functionalized pyrones show also interesting photophysical properties 

that can be delicately tuned by variation of donor-acceptor substituents indicating promising 

applications for organic light-emitting diode (OLED) displays and solid-state lightings.11 

Owing to their exquisite chemical and physical properties, 2-pyrones have attracted 

considerable attention to their synthesis and functionalization over the past decades (Figure 2). 

This review highlights synthetic strategies to the greatest extent divergent from traditional 

methods. Beyond that, the versatile reactivity of 2-pyrones is discussed encompassing their 

application in the synthesis of valuable products.  

 
 

Figure 2. Overview of the synthetic strategies and versatile chemistry of 2-pyrones. 
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2 Synthesis of 2-pyrones 

2.1 Synthesis from renewable resources 

The growing endeavor of reducing fossil-based feedstocks has encouraged research for 

sustainable strategies to convert renewable resources into valuable chemicals. In 1891, one of 

the first documented syntheses of the 2-pyrone scaffold already utilized malic acid (10) as 

starting material, a renewable resource readily derived from the fermentation of glucose 

(Scheme 1).12 The acid-catalyzed dehydration/decarboxylation of malic acid (10) afforded 

coumalic acid (12) via self-condensation of in situ formed formyl acetic acid (11). Coumalates 

are important platform molecules and until today several big-scale batch conditions13 as well as 

continuous flow processes14 have been developed for the synthesis of coumalic acid (12) from 

malic acid (10).  

 

Scheme 1. Acid-catalyzed synthesis of coumalic acid (12) from malic acid (10).12,13 

Recently, Sebastiano and co-workers reported a sustainable procedure toward the synthesis of 

pyrones starting from various biomass-based C6 sugar acids, also known as aldaric acids 13.15 

Treatment of mucic acid (13, R = H) with acetic anhydride in a buffered medium yielded either 

3-acetoxy-pyrone-6-carboxylic acid or the corresponding sodium salt 15 in good yields 

depending on the employed buffer base (NaOH, pyridine or NaOAc) (Scheme 2). This 

procedure was also verified for the conversion of two salts of glucaric acid (13, R = Ca, K). In 

both cases, the reaction was performed without the presence of a base, since the carboxylate 

anions were able to promote the reaction via intermediate 14 themselves (Scheme 2). Moreover, 

pyrones 15 were quantitatively converted with HCl to 3-hydroxy-2-oxo-2H-pyran-6-carboxylic 

acid (16) which afforded 3-hydroxy-pyrone derivative 17 by subsequent thermal 

decarboxylation under quite mild reaction conditions (Scheme 2).  
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Scheme 2. Sustainable synthesis of 2-pyrones 15 and 17 from aldaric acids (13).15 

Likewise, Reiser et al. developed an atom-economic reaction sequence to 6-substituted 

hydroxyalkyl pyrones 26 starting from furfuryl alcohol (18), a renewable resource derived from 

inexpensive agricultural waste products like bran and bagasse (Scheme 3).16 A range of 

hydroxyalkyl substituents were introduced by Baylis-Hillman reaction of enone 22 and various 

aldehydes 23. The thermal rearrangement of epoxides 25, which were utilized as stable 

cyclopentenone epoxide surrogates, constituted the key step of this sequence. Elimination of 

the hydroxy group also enabled the synthesis of naturally occurring 6-alkenyl pyrones 27.  

 

Scheme 3. Synthesis of 6-substituted pyrones 26 from furfuryl alcohol (18).16 
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2.2 Transition metal-catalyzed synthesis 

Progresses in transition metal-catalysis paved the way for some elegant and efficient pathways 

towards 2-pyrones, being an attractive extension to traditional methods that often require harsh 

reaction conditions, thus making them unfavorable for the synthesis of sensitive target 

compounds. Particularly, the late transition metals proved to be very efficient catalysts for the 

preparation of 2-pyrone derivatives. 

Conceptually, the synthesis of pyrones via the formation of 7-membered metallacycles 28 has 

moved into the spotlight and a plethora of strategies have been developed to forge these 

intermediates 28 by transition metal-catalyzed annulation that selectively yield the pyrone 

scaffold 29 after reductive elimination (Scheme 4). 

 

Scheme 4. Pyrone synthesis via 7-membered metallacycles 28. 

Nickel-catalyzed [2+2+2]-cycloaddition of diynes 30 and CO2, giving rise to pyrone derivatives 

32, represents one of the oldest transition metal-catalyzed strategies, however, the reaction 

suffered from the employment of high CO2-pressure (Scheme 5).17 Louie and co-workers 

discovered that application of a N-heterocyclic carbene ligand (IPr-ligand) allows the 

performance of this reaction at atmospheric CO2 pressure with excellent regioselectivity.18 

Analogously, a rhodium-catalyzed version developed by Tanaka et al. yielded carbocyclic as 

well as heterocyclic fused pyrones under atmospheric CO2 pressure and even at room 

temperature.19 Mechanistically, an initial [2+2]-cycloaddition of CO2 and the sterically less 

hindered alkynyl unit leads to the formation of intermediate 31. Subsequent insertion of the 

second alkyne followed by reductive elimination furnishes pyrones 32 via the intermediacy of 

a 7-membered metallacycle and regenerates the catalyst. 
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Scheme 5. Transition metal-catalyzed [2+2+2]-cycloaddition of diynes 30 and CO2.
17ï19 

A rare example of a 2-pyrone synthesis via intermolecular [2+2+2]-cycloaddition between two 

terminal alkynes 33 and CO2 at ambient pressure and temperature was reported by Wu and co-

workers.20 An iridium/cobalt dual catalytic system provided access to 4,6-disubstituted pyrones 

35 under irradiation with visible light (Scheme 6). Herein, the photocatalytic system is utilized 

to generate an active CoI species by a visible light-mediated reductive quenching cycle of the 

Ir III -catalyst and i-Pr2NEt. Similarly to the intramolecular [2+2+2]-cycloadditions, the CoI 

species reacts with CO2 and alkyne 33 to produce the five-membered cobaltacycle intermediate 

34. Insertion of a second alkyne 33 into the cobaltacyle 34 gives rise to pyrones 35 after 

reductive elimination. 

 

Scheme 6. Visible-light mediated [2+2+2]-cycloaddition of alkynes 33 with CO2.
20 

Moreover, homo- and heterodimerization of substituted propiolates 36 proved to be an efficient 

method for the construction of the pyrone skeleton (Scheme 7).21 Ruthenium-catalyzed 

homodimerization of propiolate 36 yielded trisubstituted pyrones 40, whereas disubstituted 

pyrones 41 were obtained by heterodimerization with terminal propiolate 37. Remarkably, by 
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using acetic acid as solvent no homodimerization of the respective propiolates was observed in 

the latter case. Depending on the residue of alkyne 36 either 5-carboxylate- or 6-carboxylate-

substituted pyrones 40-41 are formed regioselectively which can be attributed to selective 

formation of 5-membered metallacycles 38. Aryl substituents coordinate strongly with 

ruthenium thus preferring the formation of 5-carboxylate substituted pyrones 40-41. Selective 

protonation of intermediate 38 again gives rise to a 7-membered metallacycle and followingly 

to pyrones 40-41 by nucleophilic attack of the ester in 39. 

 

Scheme 7. Homo- and heterodimerization of propiolates 36-37.21 

In addition to the processes utilizing only alkynes as starting materials, other approaches 

investigated the formation of pyrone derivatives via 7-membered metallacycles 28 by transition 

metal-catalyzed insertion of Ŭ,ɓ-unsaturated acids or esters to alkynes.  

For instance, a range of aryl-, alkyl- and silyl-substituted pyrones 45 were regioselectively 

prepared by Larock and co-workers through palladium-catalyzed annulation of halogen- or 

triflate-containing Ŭ,ɓ-unsaturated esters 42 and internal alkynes 43 (Scheme 8).22 The 

regiochemistry of the reaction seems to be controlled by steric factors in the apparent seven-

membered palladacyclic transition product being formed by attack of the carbonyl oxygen on 

the vinylpalladium intermediate 44. Consequently, unsymmetrical alkynes 43 give rise to 

pyrones 45 having the larger residue in 6-position. 
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Scheme 8. Palladium-catalyzed annulation of Ŭ,ɓ-unsaturated esters 42 and internal alkynes 

43.22 

The development of transition metal-catalyzed reactions proceeding via C-H bond activation 

allowed to circumvent initial halogen- or triflate-functionalization of acrylic acids. Miura and 

co-workers were the first to demonstrate that pyrones 49 can be directly prepared from acrylic 

acid and derivatives 46 by rhodium-catalyzed oxidative coupling/annulation with alkynes 47 

(Scheme 9).23 Key step is the cyclometallation of acrylic acid 46 in 3-position to afford the 5-

membered intermediate 48 that further undergoes insertion into the alkyne 47. Since then, 

several oxidative annulation strategies have been described for the synthesis of 2-pyrones 49 

from readily available acrylic acids 46. Palladium-catalysis enabled the utilization of oxygen as 

oxidant under mild conditions24, whereas cinnamic acid derivatives could be converted into 

multisubstituted pyrones by applying an inexpensive ruthenium-catalyst.25 In addition, Mei and 

co-workers reported the first example of an iridium-catalyzed electrochemical version.26 

Herein, anodic oxidation was necessary to release the pyrone product 49 from a stable, 

coordinatively saturated 18-electron iridium complex. Recently, the combination of acrylic 

acids with 4-hydroxy-2-alkynoates yielded fused heterocyclic pyrone derivatives under 

rhodium-catalysis.27 In all cases, the reaction with unsymmetrical alkynes 47 proceeded 

regioselectively and again large substituents and especially aryl- or heteroaryl groups are 

located in 6-position of the final product.  



Introduction 

 
9 

 

 

Scheme 9. Transition metal-catalyzed oxidative annulation of acrylic acids 46 and alkynes 

47.23ï27 

Analogous to these oxidative annulations of acrylic acids, decarbonylative- or decarboxylative 

coupling provides an additional elegant route from simple starting materials proceeding also 

via formation of a 5-membered metallacycle 52. Decarbonylative coupling of anhydrides 50 to 

alkynes 47 was first investigated by Matsubara and co-workers using a nickel catalyst in 

association with a Lewis acid cocatalyst.28 Later, the scope of anhydrides 50 and alkynes 47 

was widely extended by applying a rhodium catalytic system, yielding tri- or tetra-substituted 

pyrones 53 regioselectively (Scheme 10).29 However, in both cases coupling of the parent 

maleic anhydride failed and by using terminal alkynes only oligomerization was observed. 

While the first issue could be solved by a modified protocol under ruthenium-catalysis 

developed by Boruah et al., the latter remained an insuperable challenge.30  
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Scheme 10. Dercarbonylative coupling of maleic anhydrides 50 and alkynes 47.28ï30 

In a similar vein, the decarboxylative coupling of readily available maleic acids 54 with internal 

alkynes 55 furnished aryl-, heteroaryl-, alkyl- and carboxyl-substituted pyrones 58 smoothly 

under rhodium-catalysis with excellent regioselectivity (Scheme 11).31 By using 2-substituted 

maleic acids, the decarboxylation takes place at the C3-position to selectively form metallacycle 

57. 

 

Scheme 11. Decarboxylative coupling of maleic acids 54 and alkynes 55.31 

During the past few decades, the directing-group-assisted C-H activation has become a pivotal 

strategy for the production of diversely substituted molecules. In this context, tunable tandem 

oxidative cyclization of N-tosylacrylamides 59 and diazo compounds 60 furnished either highly 

substituted pyrone derivatives 63 or furans depending on the applied reaction conditions 

(Scheme 12).32 In absence of an external oxidant, the rhodium-catalyzed reaction again takes 

place via an acylsulfonamide group directed formation of a 5-membered rhodacycle 61. This 
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complex 61 can coordinate the diazo compound 60 and after protonation intermediate 62 is 

obtained selectively. Finally, keto-enol tautomerization and lactonization afford pyrone 63 

under C-N cleavage. Aromatic- as well as aliphatic substituents are well tolerated in the 

respective starting materials. 

 

Scheme 12. Oxidative cyclization of acrylamides 59 and diazo compounds 60.32 

A different annulation strategy utilizing sulfoxonium ylides 65 as reliable and practical 

substitutes for diazo compounds has been reported by Jiang and co-workers.33 By application 

of a rhodium-catalyst they observed [3+3]-annulation between cyclopropenones 64 and 

ɓ-ketosulfoxonium ylides 65 having only DMSO as a major byproduct. The proposed catalytic 

cycle involves cyclometallation of cyclopropenone 64 and transmetallation with substrate 65 

delivering a 4-membered rhodacycle intermediate 66. The complex 66 releases DMSO to yield 

the 7-membered metallacyle 67 and ultimately, pyrone 68 by reductive elimination. (Scheme 

13).  

 

Scheme 13. Rhodium-catalyzed [3+3]-annulation of cyclopropenones 64 and sulfoxonium 

ylides 65.33 
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A large part of traditional pyrone synthesis relies on carbonyl condensation reactions.6,7 Since 

carbon atoms of a carbonyl compound and an alkyne have the same formal oxidation state, 

alkynes can be used as stable ketone surrogates which can be activated by -́acid catalysts. 

Therefore, ́-acid catalysis and particularly gold catalysis has emerged as a powerful tool for a 

systematic exploration of the pyrone estate.  

Gold-catalyzed cycloisomerization of strained ɓ-alkynylpropiolactones 69 triggered by ́ -acid 

coordination to the alkyne moiety furnished 2-pyrones 71 (Scheme 14).34 In some cases, by-

product formation of acyclic acids was observed as a consequence of simultaneous ů-

coordination of the catalyst to the lactone 69. Noteworthy, derivatives with a substituent 

adjacent to the ɓ-lactone moiety proved far less reactive with a concomitant increase in reaction 

time.  

 

Scheme 14. Gold-catalyzed cycloisomerization of ɓ-alkynylpropiolactones 69.34 

A facile ́ -acid-catalyzed route towards 2-pyrones was developed by Fürstner and co-workers. 

The ability to manipulate alkynes 72 by the pronounced carbophilicity of [LAu+]-fragments, 

enables the 6-endo-dig attack of a tethered ester carbonyl group onto the transient alkyne-gold 

complex 73 to forge the pyrone ring in a fully regiocontrolled manner. During the total synthesis 

of the marine natural product Neurymenolide A 75 the power of this approach was showcased 

with the synthesis of various 4-hydroxy-2-pyrones 74 from ynonates 72 (Scheme 15).35 
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Scheme 15. Synthesis of 4-hydroxy-2-pyrones 74 by gold- -́acid catalysis.35  

A different approach starting from propargyl propiolates 76 was described by Schreiber et al 

(Scheme 16).36 Upon addition of a gold-catalyst, the [3,3]-sigmatropic rearrangement of 

propiolate 76 to enyne allene intermediate 77 is induced. Activation of the alkyne moiety by -́

coordination again instigates a 6-endo-dig cyclization to oxocarbenium intermediate 78, which 

either eliminates a proton to give rise to vinyl pyrones 79 or can be trapped by external 

heteroarene nucleophiles to obtain pyrones 80. Olefinic- as well as aromatic residues are well 

tolerated without interfering with the cascade reaction. Moreover, Schreiberôs strategy has also 

been adapted for the total synthesis of a ring A aromatic congener of urbalactone 81.37 

 

Scheme 16. Gold-catalyzed cascade process for the conversion of propargyl propiolates 76.36,37 

In addition to their earlier work, Schreiber and co-workers investigated the synthesis of 

disubstituted pyrones 85 directly from propiolic acids 82 and terminal alkynes 83 via a cascade 

reaction based on alkyne coupling and subsequent 6-endo cyclization of intermediate 84 

(Scheme 17).38 Several functional groups like ester, halide and alkynes are compatible with the 
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reaction conditions. However, sterically hindered alkynes 83 gave lower yields and 

phenylacetylene reacted only at elevated reaction temperature. 

 

Scheme 17. Synthesis of disubstituted 2-pyrones 85 from propiolic acids 82.38 

Previous examples have shown that -́acid-catalyzed intramolecular 6-endo-dig cyclization can 

provide the 2-pyrone framework in a very reliable way. The enormous value of these 

transformations has been further undergirded by pioneering work in palladium-catalyzed 

methodologies combining cross-coupling and ˊ-acid features of the transition metal and thus, 

enabling the construction of highly functionalized pyrone derivatives. 

Burton and Wang reported the synthesis of 3,4-difluoro-6-substituted pyrones 89 by 

Sonogashira coupling of 2,3-difluoro-3-iodoacrylic acid (86) and terminal alkynes 87 (Scheme 

18).39 The resulting enyoic acid intermediate 88 undergoes further palladium-catalyzed 

cyclization to fluorinated pyrone 89. Aromatic, aliphatic as well as heterocyclic acetylenes 87 

worked well at ambient temperature and the presence of neither an electron-withdrawing nor 

an -donating group on the aromatic rings affected the yield of the products 89. 

 

Scheme 18. Synthesis of 3,4-difluoro-6-substituted pyrones 89.39 

Accordingly, formation of the pyrone scaffold was achieved by tandem Stille coupling and 

selective 6-endo-dig oxacyclization of iodovinylic acids 90 and allenyl-tributyltin reagents 91.40 

By this convenient method, alkyl-, aryl- and silyl-substituted pyrone derivatives 93 were 

obtained in good yields (Scheme 19). 
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Scheme 19. Tandem Stille coupling/oxacyclization of iodovinylic acids 90 and allenyl-

tributyltin reagents 91.40 

A strategy utilizing an opposite chronology of reaction events was developed by Loh and co-

workers. Pd(II)-catalyzed 6-endo-dig cyclization of enynoates 94 in the first step allowed the 

introduction of various substituents in 5-position of pyrones 97 by subsequent cross-coupling 

reactions with alkenes 95 (Scheme 20).41ï43 The generality of this method was showcased by 

formation of alkenyl41, alkenone42- or allyl pyrones 97a-c43 employing either electron-deficient 

alkenes 95a or allylic alcohols 95b-c. While pyrones 97a-b are formed by ɓ-hydride elimination 

in the final step, CuCl2 assisted the ɓ-hydroxyl elimination to pyrones 97c. Oxidants like 

Cu(OAc)2, O2 and benzoquinone (BQ) are necessary to regenerate the active Pd(II)-catalyst 

species for a new catalytic cycle. 

 

Scheme 20. Synthesis of pyrones 97a-c by subsequent 6-endo-dig cyclization/cross-

coupling.41ï43 
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Besides the pyrone synthesis via annulation and ˊ-acid catalysis, miscellaneous transition 

metal-catalyzed approaches were investigated yielding the pyrone scaffold also in very 

intriguing ways. 

In addition to aforementioned [2+2+2]-cycloaddition strategies, for instance, a ruthenium-

catalyzed carbonylative [3+2+1]-cycloaddition method, using silylacetylenes 98, Ŭ,ɓ-

unsaturated ketones 99 and CO as starting materials, was described by Ryu et al. (Scheme 21).44 

Initially, an in situ formed ruthenium hydride reacts with methyl vinyl ketone 99 to yield a 

ruthenium enolate, which undergoes carboruthenation with silylacetylene 98 to a vinyl 

ruthenium complex 100. Following CO insertion, cyclization via acyl ruthenium complex 101 

and ɓ-hydride elimination, the respective tetra-substituted pyrone 102 is obtained  

 

Scheme 21. [3+2+1]-cycloaddition towards silyl-substituted pyrones 102.44 

A synthetic strategy utilizing rather unusual rhenium- or manganese-catalysts was developed 

by Takai et al.45 Mechanistically, the formation of pyrones 107 is divided into two parts. The 

metal complexes are catalyzing the insertion of acetylenes 104 into ɓ-ketoesters 103 leading to 

the formation of ŭ-keto esters 106 after retro-aldol reaction of 5-membered metallacycle 105 

and subsequent reductive elimination. Finally, the cyclization of ŭ-keto esters 106 to pyrones 

107 under mild reaction conditions is triggered by TBAF (Scheme 22). Remarkably, the 

sterically demanding substituents of unsymmetrical alkynes 104 are exclusively installed in 4-

position of the pyrone skeleton. In contrast to the rhenium-catalyst, the cheaper manganese-

catalyst did not give pyrones 107 in the reaction with internal acetylenes 104.  
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Scheme 22. Rhenium-and manganese-catalyzed synthesis of pyrones 107.45 

In other approaches, the use of alkynes as starting materials is obviated. Helquist and co-

workers obtained trisubstituted pyrones 111 by a palladium-catalyzed three-component reaction 

in a single-flask (Scheme 23).46 The reaction proceeded via Ŭ-arylation of ketone 108 with an 

aryl bromide in the first step. Subsequent Ŭ-alkenylation of the resulting intermediate with ɓ-

bromoacrylate 109 gives rise to key enolate 110 that readily cyclizes to pyrone 111 after alkene 

isomerization. Palladium was found to have beneficial roles in all of the key steps. 

 

Scheme 23. Palladium-catalyzed multicomponent synthesis of pyrones 111.46 

Zhou and co-workers developed a synthesis of various 3-aryl pyrones 114 by palladium-

catalyzed cross-coupling of aryl iodides and cyclic vinyldiazo ester 112 that was easily prepared 

from commercially available 3,5-dihydro 2-pyrone (Scheme 24).47 Oxidative addition with aryl 

iodide affords a palladium(II) complex that reacts with diazo compound 112 to carbene 113. 

The aryl group inserts into the carbenic carbon and palladatropic rearrangement to C-5 followed 

by ɓ-hydride elimination furnishes the aryl-substituted pyrone 114. Electron-withdrawing-, 

electron-donating- as well as halogen (F, Cl, Br) substituents on the aryl moiety are compatible 
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with the reaction conditions. The preservation of the bromo group in aryl pyrones 114 was 

attributed to the lower reactivity of bromobenzene under these mild reaction conditions. 

 

Scheme 24. Palladium-catalyzed synthesis of 3-aryl pyrones 114.47 

2.3 Transition metal-free synthesis 

Alongside traditional carbonyl condensation-cyclization protocols, a number of novel transition 

metal-free methods have been developed for the construction of 2-pyrones utilizing various 

starting materials and strategies. Some selected examples are listed herein. 

Even before to transition metal-catalyzed approaches, enyoic acids and enynoates 115 served 

as important starting materials in transition metal-free electrophilic 6-endo-dig oxacyclization 

protocols. In 2001, Rossi and co-workers demonstrated that 5-iodo-2-pyrones 118a are readily 

available by iodolactonization of enyoic acids 115 via iodonium ion 116 (Scheme 25).48 

However, butenolides were observed as minor byproducts due to competitive 5-exo-dig 

cyclization of acid 115. The 5-iodo pyrones 118a were further derivatized by Stille coupling 

with organotin compounds. Analogously, electrophilic cyclization of enynoates 115 was 

performed by Larock et al., using different electrophiles like ICl, I2, p-O2NC6H4SCl or 

PhSeCl.49 Also here the reaction suffered from unselective 5-exo-dig cyclization in some cases. 

Furthermore, Blum and co-workers developed a catalyst-free oxyboration of enynoates 115 

with B-chlorocatecholborane (ClBcat) and the resulting 5-borylated 2-pyrones were isolated as 

pincacolboronate esters 118c, providing a variety of bench-stable organoboron building blocks 

for downstream functionalization.50 Equally, oxyindation with indium trihalides furnished 5-

metalated pyrones that enabled easy access to various multi functionalized 2-pyrones 118d by 

subsequent halogenations or cross-coupling reactions.51 In contrast to the first two reports, no 

competitive 5-exo-dig cyclization was observed in the boron- and indium-mediated protocols 

which can be rationalized by selective formation of intermediate 117. 
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Scheme 25. Electrophilic oxycyclization of enynoates 115.48ï51 

Historically, catalytic organic synthesis has been dominated by transition metal catalysis. Since 

its discovery, organocatalysis, however, has grown explosively to become one of the most 

exciting research areas in current organic chemistry. Groundbreaking principles to form 

heterocycles were recognized and among these entities 2-pyrones have been organocatalytic 

target molecules as well.  

In this way, one-step phosphine-catalyzed synthesis of 6-alkyl- or aryl-substituted pyrones 122 

from commercially available aldehydes 119 and ethyl allenoate (120) was achieved by Kwon 

et al. (Scheme 26).52 After addition to the allenoate 120, sterically demanding 

trialkylphosphines are shifting the equilibrium towards the E-isomer of the zwitterionic 

intermediate 121 which is required to form pyrones 122 in further steps by ɔ-addition of 

vinylphosphonium salt 121 to aldehyde 119 and subsequent lactonization.  

 

Scheme 26. Phosphine-catalyzed synthesis of 6-substituted pyrones 122.52 
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An elegant one-pot isothiourea-mediated cascade sequence towards valuable trifluoromethyl 

substituted pyrones 127 including bioactive COX-2 inhibitors was developed by Smith and co-

workers. By addition of pivaloyl chloride and DIPEA, acid 123 is converted in situ to the 

corresponding mixed anhydride. The organocatalyst 125 is acylated by this reactive species and 

a base-mediated Michael-addition to enone 124 leads to the formation of intermediate 126. 

Then, trifluoromethylated pyrone 127 is obtained by lactonization and thiophenol elimination 

(Scheme 27).53 The utilization of alternate Lewis bases than isothiourea-catalyst 125 resulted 

in a poor conversion of the starting materials. 

 

Scheme 27. Isothiourea-catalyzed synthesis of trifluoromethyl substituted pyrones 127.53 

Moreover, N-heterocyclic carbene (NHC) catalysts have developed into a powerful tool for the 

organocatalytic synthesis of pyrone derivatives.54 Ma and co-workers presented a flexible 

protocol for the synthesis of either 2-pyrones 133 or chiral dihydro pyranones from 3-

bromoenals 128 and 1,3-dicarbonyl compounds 129 upon NHC-catalyzed oxidative 

transformation (Scheme 28).55 By addition of an external oxidant, pyrones 133 were selectively 

formed in yields up to 90%, whereas dihydropyrones are obtained in the absence of an oxidant. 

The postulated mechanism explained this observation by generation of an oxidized ɓ-bromo 

Breslow intermediate 131 that is attacked by a deprotonated dicarbonyl compound 129 to 

furnish 1,4-adduct 132. Cyclization of intermediate 132 and bromide elimination yields pyrone 

133 with liberation of the carbene catalyst. Notably, the bigger residues of diketone 129 are 

selectively introduced in 6-position of pyrone 133 which can be attributed to electronic and 

steric factors in the Michael-addition of the corresponding enolate to Breslow intermediate 131. 
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Scheme 28. NHC-catalyzed oxidative transformation of 3-bromoenals 128.55 

A novel thiazolium salt-catalyzed [3+2+1]-cyclization of acetylene dicarboxylates 134 with 

arylglyoxals 135 via umpolung and C-C bond cleavage was reported by Jiang et al. (Scheme 

29).56 According to the proposed mechanism, a whole series of reaction events are leading to 

the formation of trisubstituted pyrone derivatives 140. Starting from arylglyoxal 135 a base-

mediated elimination of water gives an aldehyde that is attacked by carbene-catalyst 136. After 

an umpolung process to intermediate 137, nucleophilic attack to alkyne 134 furnishes the 

zwitterionic intermediate 138. Aldol-type reaction between zwitterion 138 and a second in situ 

prepared aldehyde of arylglyoxal 135 yields intermediate 139 by following proton transfer and 

elimination of an aryl acid. Finally, 139 is converted into pyrone 140 through a continuous 

intramolecular nucleophilic addition/elimination and dehydration sequence. Herein, the 

arylglyoxals 135 played dual roles in the formation of trisubstituted pyrones 140. Besides 

serving as a ring component, glyoxal derivatives 135 possessed additional importance as a 

carbonyl source for this particular transformation. 
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Scheme 29. Thiazolium salt-catalyzed [3+2+1]-cyclization.56 

Due to their rich chemical reactivity, cyclopropanes have been demonstrated to be useful 

synthetic building blocks in organic chemistry. Especially, the ring-opening reaction of 

activated cyclopropanes via 1,3-dipoles provides versatile access to a plethora of cyclic and 

acyclic compounds.  

In line with this, donor-acceptor cyclopropanes 141 underwent sequential ring-opening, 

fragmentation, recombination and lactonization into highly substituted pyrones 144 upon 

treatment with AlCl3 (Scheme 30).57 Since no cross-over products were observed by having 

different cyclopropanes 141 in the reaction mixture, the fragmentation/recombination-step of 

zwitterion 142 to 143 was assigned to be intramolecular in nature. Alternatively, by switching 

the Lewis acid to TiCl4, substituted 1-indanones were obtained.  

 

Scheme 30. Lewis acid-mediated transformation of donor-acceptor cyclopropanes 141.57 

Starting from 2-acyl-1-chloro cyclopropane carboxylates 145 and aliphatic amines, a base-

promoted domino reaction yielded 2-pyrone derivatives 148 (Scheme 31).58 The substitution of 
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the chlorine in cyclopropane 145 instantly triggers ring-opening of the resulting donor-acceptor 

cyclopropane to iminium intermediate 146. Deprotonation and lactonization gives 3-amine 

substituted pyrones 148 in up to excellent yields. Several compounds that were obtained by this 

simple and transition metal-free method exhibited interesting photophysical properties.  

 

Scheme 31. Base-promoted domino reaction of cyclopropanes 145 and amines.58 

Another base-mediated synthesis has been accomplished by direct conjugate addition of imino 

esters 150 to ɓ-chlorovinyl ketones 149.59 Remarkably, only substoichiometric amounts of a 

hard base are required since an in situ generated species 151 is acting in an autocatalytic way 

to convert the imino esters 150 to its corresponding enolates. The resulting neutral addition 

product of 151 readily eliminates HCl and MeOH to give pyrone 152 with the help of molecular 

sieves. Thereby, a broad range of 2-imino-pyranones 152 were obtained in good to excellent 

yields (Scheme 32). 

 

Scheme 32. Conjugate addition approach to 2-imino-pyrones 152.59 

With respect to the concept of Green Chemistry, the utilization of abundant reagents like CO2 

and O2 plays a vital role in modern synthetic chemistry. Consequently, a base-mediated 

approach utilizing CO2 as abundant, non-toxic and renewable C1 building block was developed 

by Lu and co-workers.60 The carboxylative cyclization of propenyl ketones 153 with CO2 

afforded pyrones 155 simply and efficiently (Scheme 33). Experiments using 18O-labeled CO2 
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revealed that only one oxygen atom of pyrone 155 comes from CO2. Therefore, the cyclization 

of 154 presumably proceeds via an intramolecular attack of carbonyl oxygen into the 

carboxylate group. 

 

Scheme 33. Carboxylative cyclization of propenyl ketones 153 and CO2.
60 

Likewise, a catalyst- and additive-free Baeyer-Villiger -type oxidation of Ŭ-

iodocyclopentenones 156 to pyrones 158 using air as a green oxidant was reported by Rao et 

al. (Scheme 34).61 This reaction exhibits an excellent functional group tolerance and the 

synthetic utility was demonstrated by a large-scale synthesis of a pyrone derivative 158. Control 

experiments indicated that the role of molecular oxygen as the oxidant is crucial for the success 

of the Baeyer-Villiger -type oxidation. On the basis of these experiments, it was proposed that 

cyclopentenone 156 undergoes thermally driven homolysis of C-I and the resulting radical is 

trapped by oxygen. Intramolecular attack on the carbonyl gives intermediate 157 that rearranges 

to the 6-membered lactone scaffold.  

 

Scheme 34. Catalyst- and additive-free Baeyer-Villiger oxidation of iodocyclopentenones 

156.61 
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3 Reactivity of 2-pyrones 

3.1 Ring-opening 

In common with other lactones, 2-pyrones can be easily hydrolyzed or opened to the 

corresponding acyclic products by nucleophilic attack of aqueous alkali- or Grignard reagents 

at the C-2 carbon.62 However, due to the inherent unsaturated lactone structure, ring-opened 

products can also be obtained by nucleophilic attack at the C-6 position. The nucleophilic 

ring--opening of 2-pyrone (1) by 1,6-addition of cyanide was already discovered by Vogel in 

1965 (Scheme 35).63 After attack of the nucleophile, resonance-stabilized intermediate 159 is 

formed, subsequently collapsing to acid 160 by 6-  ́electrocyclic ring-opening.  

 

Scheme 35. Nucleophilic ring opening of 2-pyrone (1).63 

Fürstner and co-workers were able to supersede the conventional reactivity mode of Grignard 

reagents by iron-catalysis.64 In presence of an iron-catalyst, pyrones 161 underwent formal 

cross-coupling reactions at C-6 in which the lactone moiety gained a new role as a 

nontraditional leaving group (Scheme 36). The unconventional reactivity mode can be assigned 

to the formation of a complex 162 in which 2-pyrone 161 serves as an ɖ4-bound diene ligand. 

Critical delivery of the nucleophile occurs by an inner-sphere mechanism. This method opened 

access to di-unsaturated acid derivatives 163 or 164 with high functional group tolerance and 

the stereochemistry (2E,4E 163 vs. 2Z,4E 164) being easily controlled by variation of the 

temperature before work-up. Interestingly, the power of this transformation has been illustrated 

in the synthesis of several diene containing natural products. The total synthesis of cytotoxic 

Granulatamide B (165) was accomplished in two steps from pyrone 161, which was readily 

available in multigram amounts by condensation of cheap 3-methyl-crotonate and octanoyl 

chloride. Moreover, the 2-pyrone ring-opening proved to be very efficient in late-stage 

incorporation of dienoates (Scheme 36, red) into a macrocyclic core. Thus, macrodiolides 

Pateamine A (166a) and its simplified designer analog DMDA-Pat A (166b), possessing potent 
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cytotoxic and in vivo anticancer activities, were synthesized by the same working-group 

unveiling the dienoate motif just before macrocyclization.65,66  

 

Scheme 36. Iron-catalyzed ring-opening reaction.64ï66 

An uncatalyzed ring-opening of methyl coumalate (167) through 1,6-addition of Grignard 

reagents was reported by Dechoux et al. yielding 2Z,4Z or 2Z,4E dienoics acids 169 with high 

chemo- and stereoselectivity (Scheme 37).67 In this case, the presence of an ester in 5-position 

on the pyrone modified the regioselectivity of the nucleophile addition. The nature of the 

Grignard reagent played a key role on the outcome of the reaction. While alkenyl-, alkynyl- and 

aromatic reagents mainly furnished dienoic acids 169, the additional formation of unsaturated 

lactones 170 was observed using alkyl Grignards. The selective formation of conjugated acids 

169 using alkenyl-, alkynyl- and aromatic reagents can be easily rationalized by invoking the 

stabilization by ́-conjugation in these acids. 
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Scheme 37. Synthesis of dienoic acids 169 by nucleophilic ring-opening of methyl coumalate 

167.67 

Later, the same working-group described a sequential double 1,6-addition of Grignard reagents 

to methyl coumalate (167) to afford ɓ,ɔ-unsaturated acids 173 in a highly regio-, chemo- and 

stereoselective manner (Scheme 38).68 The excellent stereoselectivity of the reaction can be 

explained by formation of a chair-like bicyclic transition state 172 after addition of the second 

Grignard reagent via complex 171. 

 

Scheme 38. Sequential double 1,6-addition to methyl coumalate (167).68 

Differently, Tunge et al. engaged pyrone 174 in an unique palladium-catalyzed double-

decarboxylative addition of allyl carbonates and carbamates 175, forming valuable dienoic 

esters 177 (Scheme 39).69 In contrast to previous strategies, ring-opening proceeds through 

allylation of pyrone 174 at C-3 by a ́ -allyl-Pd complex in a first step to form intermediate 176. 

Afterward, intermediate 176 undergoes further palladium-catalyzed decarboxylation to ester 

177.  
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Scheme 39. Palladium-catalyzed double-decarboxylative addition to pyrone 174.69 

3.2  [2+2]-Cycloaddition 

Examples of inter- and intramolecular [2+2]-cycloadditions of pyrones with alkenes are quite 

rare in literature and especially the intermolecular reactions are facing grave regio- and 

chemoselectivity issues making, these transformations unattractive for applications in synthetic 

chemistry.70 However, the intramolecular [2+2]-cycloaddition of the 2-pyrone scaffold itself 

has attracted considerable attention in organic chemistry. Already in 1964, Corey et al. 

discovered that UV-light irradiation of 2-pyrone 178 furnishes cyclobutene lactones 179 in 

almost quantitative yield (Figure 3).71 Lately, the working-groups of Kappe and Maulide 

demonstrated in collaboration the first continuous flow synthesis of lactone 179, achieving a 

roughly ten-fold productivity increase compared to batch conditions.72 Maulide et al. also 

recognized the enormous potential of bicyclic lactones 179 as versatile building blocks resulting 

in intriguing synthetic approaches for cyclobutene and diene derivatives. Palladium-catalyzed 

allylic alkylation of 179 enabled rapid access to functionalized cyclobutenes 180 or 181 with 

high and unusual diastereo- and enantioselectivities (Figure 3).73,74 Besides stabilized 

nucleophiles like malonates and azlactones, nonstabilized allylpinacaol boronates were 

employed to afford cyclobutene derivatives 182.75 Simple alkyl- 183 or halogen-substituted 

cyclobutene derivatives 184 were obtained by reaction with organocopper reagents76 or alkali 

halide salts.77 Noteworthy, these cyclobutenes can be further opened by 4-́electrocyclic 

ring-opening reactions giving rise to various diene frameworks, which themselves were 

extensively exploited for the synthesis of polyenic natural products, e.g. the southeastern 

fragment of Macrolactin A (185) and Inthomycin C (186) (Figure 3).76ï78 Furthermore, the 
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photoisomerization of pyrones has been utilized in the total synthesis of natural products by 

other working groups as well.79 

 

Figure 3. Synthesis and versatile chemistry of cyclobutene lactones 179.71,73ï78 

3.3 [4+2]-Cycloaddition 

The [4+2]-cycloaddition of a conjugated diene and a dienophile (an alkene or alkyne) ï 

commonly known as the Diels-Alder reaction ï is an exceptionally reliable and atom-economic 

pericyclic reaction for the construction of complex structures in a regio- and stereoselective 

fashion. Interestingly, 2-pyrones can act as both diene and dienophile in Diels-Alder reactions. 

However, just a few examples for the latter are reported in literature.80,81 Generally, electron-

withdrawing substituents in 5-position are necessary, as demonstrated in the reaction of methyl 

coumalate (167) and electron-rich dienes 188 (Scheme 40) ï the first example for the usage of 

2-pyrone as dienophile.81 

 

Scheme 40. Pyrone 167 as dienophile in Diels-Alder reactions.81 

Classically, pyrones take part as dienes in [4+2]-cycloadditions with alkenes and alkynes 

(Scheme 41). Depending on the substitution pattern of pyrones, the cycloaddition can proceed 
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through a normal- or inverse electron-demand Diels-Alder (IEDDA) reaction. The 

[4+2]-cycloaddition with alkynes 190 gives rise to highly strained bicyclooctadiene 

intermediates 191, which readily form aromatic products 192 after extrusion of CO2. In contrast, 

cycloaddition with alkenes 193 yields isolable adducts 194, representing useful synthetic 

intermediates due to their structural and stereochemical inimitability.82  

 

Scheme 41. 2-Pyrone (1) as diene in Diels-Alder reactions.82  

Since Diels and Alder published in 1931 that 2-pyrones could function as a diene component 

in [4+2]-cycloadditions83, this strategy has emerged as a powerful tool for the synthesis of 

aromatics, heteroaromatics and natural products.82 Especially, the ability to form aromatic 

products from pyrones has been widely exploited. For instance, Garg et al. demonstrated, that 

an additional benzene ring can be easily introduced to oxygen-or nitrogen-containing strained 

alkynes 196 (Scheme 42).84,85  

 

Scheme 42. [4+2]-cycloaddition of strained alkynes 196 and 2-pyrone (1).84,85 

A substrate-directed cycloaddition of pyrones 198 and alkynyl boronates 199 was developed 

by Harrity and co-workers.86 By activation of pyrone 198 with a Lewis acid the cycloaddition 

proceeded smoothly under mild reaction conditions and various synthetically useful motifs such 

as pyridines, azoles or amides could be used as directing groups. To demonstrate the utility of 
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this reaction the boronated products 201 were further functionalized by C-O, C-C and C-N 

bond-forming reactions (Scheme 43).  

 

Scheme 43. Substrate-directed cycloaddition of pyrones 198 and alkynyl boronates 199.86 

Additionally, heteroaromatic compounds like phosphinines 203 ï the higher homologs of 

pyridines ï can be easily prepared by Diels-Alder reaction of 2-pyrone (1) with phosphoalkynes 

202 (Scheme 44).87,88 The silyl-phosphinine product 203 has been utilized for the preparation 

of a Cu(I)- and the first crystallographically characterized phosphinine-Ag(I) complex.  

 

Scheme 44. Synthesis of phosphinines 203.87 

Although 2-pyrones were regarded as challenging dienes in asymmetric Diels-Alder reactions 

due to their inherent electron-deficient properties of aromatic character, some examples have 

been reported for the reaction with alkenes. In 2007, Deng et al. explored cinchona alkaloid-

based bifunctional organic catalysts 206 for the asymmetric [4+2]-cycloaddition of 

3-hydroxy pyrones 204 and electron-deficient alkenes 205.89 Thereby, valuable bicyclic 

adducts 208 were obtained with high enantio- and diastereoselectivity (Scheme 45). Herein, the 

cinchona alkaloid catalyst 206 simultaneously raises the energy of the HOMO of pyrone 204 

and lowers the energy of the LUMO of the dienophile 205 by H-bonding interactions while 

orienting the two reactants to exert stereochemistry control. 
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Scheme 45. Asymmetric Diels-Alder reaction of 3-hydroxy pyrones 204.89 

Besides further organocatalyzed methods employing chinchona alkaloid90,91- or Jørgensen-

Hayashi-type catalysts92, also some Lewis acid-catalyzed asymmetric IEDDA reaction of 

2-pyrones have been developed.93 Recently, an ytterbium-catalyzed IEDDA reaction of pyrones 

209 with 2,2-dimethyl-1,3-dioxole (210) enabled the total synthesis of bioactive natural product 

(+)-MK7607 (213) in total three steps (Scheme 46).94 By coordination to both carbonyls of 

pyrone 209, the chiral catalyst is forcing the alkene 210 to a stereoselective cycloaddition due 

to steric shielding. 

 

Scheme 46. Ytterbium-catalyzed asymmetric IEDDA reaction of pyrones 209.94 

Likewise, intramolecular [4+2]-cycloaddition of pyrones has been established as a reliable 

method for the synthesis of otherwise elusive natural or pharmacological important products, 
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even in late stages.91,95,96 By combining the diene and dienophile moiety in one molecule, the 

cycloadditions can proceed regioselectively without employing catalysts due to the predefined 

coordination of the reactants. Snyder and co-workers, for instance, demonstrated the simple and 

elegant route to hydroindolines 215 which underwent subsequent hydrolysis to compounds 216, 

a widespread motif in natural products (Scheme 47).97 As an illustration of the power of this 

strategy, natural products ȹ7-Mesembrenone (217) and Gracilamine (218) have been obtained 

either formally or by total synthesis. 

 

Scheme 47. Intramolecular Diels-Alder reaction to hydroindolines 215.97 

3.4 Other cycloadditions 

The versatility of pyrones is also reflected in their ability to serve as a substrate in other 

cycloaddition reactions, e.g. [3+2]-98 or [4+3]-cycloadditions99, to give rise to otherwise elusive 

medium-sized ring systems. Guo et al. reported an enantioselective synthesis of medium-sized 

bicyclic compounds 222 via tandem [3+2]-cycloaddition of vinyl ethylene carbonates 219 and 

pyrones bearing electron-withdrawing substituents in 5-position 220 followed by Cope 

rearrangement of intermediate 221 (Scheme 48).100 Noteworthy, the presence of aryl and at 

least vinyl-substituted substituents on carbonates 219 is necessary for a successful reaction. 

Based on control experiments and detailed computational studies product formation via direct 

[5+4]-cycloaddition pathway was excluded. 
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Scheme 48. Tandem [3+2]-cycloaddition/Cope rearrangement of pyrones 220.100 

In contrast, [4+3]-cycloaddition of 5-substituted pyrones 223 and imine esters 224 furnished 

functionalized azepine derivatives 226 after decarboxylation of bicyclic intermediate 225 and 

[1,5]-H-shift (Scheme 49).101 The tandem reaction only requires NEt3 as a mild base to provide 

biologically important azepine derivatives. However, again only pyrones with electron-

withdrawing substituents worked in this reaction type, whereas no conversion of unsubstituted 

2-pyrone was observed.  

 

Scheme 49. [4+3]-cycloaddition of pyrones 223 and imine esters 224.101 

A quite unusual [10+4]-cycloaddition strategy for the synthesis of azulenes 231 has been 

investigated by Jørgensen and co-workers.102 Application of a bifunctional thiourea catalyst 

229 allowed the performance of the [10+4]-cycloaddtion of indene-2-carbaldehydes 227 and 

ethyl coumalate (228) under mild reaction conditions (Scheme 50). Herein, the 10ˊ-reactant, 

which undergoes cycloaddition with pyrone 228, is formed in situ by condensation of 

carbaldehyde 227 and catalyst 229. Deprotonation of the resulting intermediate 230 

concomitantly releases the catalyst and CO2. The introduction of additional substituents to 

pyrone 228 proved to be unsuccessful.  
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Scheme 50. Organocatalyzed [10+4]-cycloaddition.102 

3.5 Lactamization 

The structural motif of 2-pyridinone 232 is ubiquitous in nature and a wide range of 

2-pyridinone derivatives exhibit important bioactivities (Figure 4).103ï109 Similarly to pyrones, 

pyridinones are useful starting materials in organic and medicinal chemistry possess interesting 

properties like dimer formation of the two existing tautomers of 2-pyridinone 232 and 233 

(Figure 4).110,111 

 

Figure 4. Dimerization of 2-pyridinone tautomers 232-233 and bioactive derivatives 234-

237.103ï111 

2-pyrones are easily converted into the corresponding lactams via 1,6-addition of amines. 

Reaction with ammonia yields N-unsubstituted 2-pyridinones, whereas N-substituted 

derivatives are obtained by reaction with primary amines.112 The transfer of 2-pyrones to 2-

pyridinones is frequently used in research. Moloney and co-workers developed a three-step 
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synthetic sequence to triazolo pyridines 241 enclosing the lactamization of methyl coumalate 

(167) to dihydrazide intermediate 240 as key step (Scheme 51).113 

 

Scheme 51. Synthesis of triazolo pyridines 241 by lactamization of pyrone 167.113 

A different lactamization approach for the synthesis of bicyclic 2-pyridinones 245 was lately 

investigated by Disadee et al. (Scheme 52).114 The novel double cyclization of 2-pyrones 242 

bearing a tethered, homochiral Ŭ-amino acid proceeded through deprotection, enamine 243 

formation, decarboxylation and lactamization of 244 with retention of the chirality. This 

strategy required no special reagents for the multichemical transformations. Only ethylene 

glycol was added to improve the solubility of pyrones 242 in water. 

 

Scheme 52. Synthesis of bicyclic 2-pyridinones 245.114 

3.6 Conjugate addition 

The Ŭ,ɓ-unsaturated carbonyl structure present in 2-pyrones offers the opportunity for 

1,4-nucleophilic additions resulting in synthetic valuable 3,4-dihydro-2-pyrones or allowing the 

introduction of additional substituents into the 2-pyrone ring system.115,116 During the formal 

synthesis of antibacterial agent Lasalocid A 249, Ireland et al. found that Grignard reagent 246 

effectively underwent conjugate addition to pyrone 174, while organocuprates surprisingly 

failed (Scheme 53).117 The regioselective 1,4-addition of the Grignard reagent 246 was 
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attributed to the stabilization of the carbanion generated at 3-position by the methoxycarbonyl 

group. 

 

Scheme 53. Conjugate addition of pyrone 174 with Grignard reagent 246.117 

However, the reactivity of 2-pyrones 250 towards organocopper reagents could be increased by 

silylation with tert-butyldimethylsilyl triflate (TBDMSOTf) forming the corresponding 

pyrylium salt 251.115 After silylation, several substituents were introduced by conjugate 

addition, whereby a selective attack at 4-position was especially preferred by soft and bulky 

organocuprates. Moreover, lithium diorganocuprates reacted more efficiently than the cuprates 

prepared from Grignard reagents. Finally, hydrolysis of silylated adducts 252 afforded 

substituted dihydro pyrones 253 (Scheme 54).  

 

Scheme 54. Conjugate addition of organocuprates.115 

Due to the increased electron delocalization compared to acyclic unsaturated esters, the 

stereoselective addition to pyrones is quite challenging. However, an efficient copper-catalyzed 

asymmetric conjugate addition of Grignard reagents to unsubstituted 2-pyrone (1) has been 

developed by Feringa and co-workers.116 In the presence of a chiral ferrocenyl-based 

diphosphine ligand 254, various 3,4-dihydro-pyrones 255 were obtained with excellent 

enantioselectivity (Scheme 55). Further transformations of these products 255 allowed to access 

highly versatile building blocks with high stereocontrol. 
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Scheme 55. Asymmetric conjugate addition to 2-pyrone (1).116 

The development of organocatalytic conjugate-addition protocols plays also a pivotal role in 

the functionalization of pyrones. The first example of a sequential Mukaiyama-

Michael/Mukaiyama aldol reaction of pyrones 256 with silicon enolate 257 and acetone 258 

was published by Yanai and Matsumoto in 2016 (Scheme 56).118 Moreover, the strong acid 

catalyst was able to promote a second Mukaiyama-Michael reaction to dihydropyrone 262 by 

adding a further Michael-acceptor 259 to the reaction mixture without overreacting to 

polymeric byproducts.  

 

Scheme 56. Subsequential Mukaiyama-Michael/Mukaiyama aldol reaction of pyrones 256.118 

As previous illustrations of ring-opening reactions showed, conjugate additions can also take 

place at the 6-position of 2-pyrones. Consequently, Zu et al. reported an organocatalyzed 

enantioselective Rauhut-Currier reaction of methyl coumalate (167) with Ŭ,ɓ-unsaturated 

aldehydes 263.119 The enals 263 were activated by iminium catalysis to serve as 

Michael-acceptors, while 1,6-addition of a nucleophile to pyrone 167 generated the latent 

enolate. The latter is also facilitated by activation of pyrone 167 by the organocatalyst 264. 

Ultimately, elimination of the nucleophile in intermediate 265 furnished 3-substituted pyrones 

266 in yields up to 99% with high levels of enantioselectivity (Scheme 57). 
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Scheme 57. Enantioselective Rauhut-Currier reaction of methyl coumalate (167).119 

In conformity with this approach, Dechoux and co-workers demonstrated the functionalization 

of methyl coumalate (167) with various aldehydes or imines 267 by an organocatalyzed 

Morita-Baylis-Hillman reaction (Scheme 58).120 In contrast to common Baylis-Hillman 

reactions, the transformation occurs via an unprecedented 1,6-conjugate addition of the Lewis 

base to pyrone 167. 

 

Scheme 58. Morita-Baylis-Hillman reaction of methyl coumalate (167).120 

3.7 Cross-coupling reactions 

Cross-coupling reactions constitute an important tool for the premeditated derivatization of 

pyrones in the total synthesis of natural products and biologically active compounds.96,121ï123 

Owing to the merging aromatic and alkenic character, the pyrone scaffold can be used as the 

organometallic component as well as the organic halide/pseudohalide component in several 

renowned coupling reactions.  

Meinwald et al. investigated the synthesis of the core structure of steroidal pyrone substrates 

by direct Stille coupling of 5-stannyl pyrone 270a with various cyclic enol triflates.124 The 
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5-stannyl pyrone 270a was easily prepared from 5-bromo pyrone (Scheme 59) and this concept 

was also applicable to the synthesis of 3-substituted pyrones and 3-substituted 5-bromo-

pyrones.125 The analogous conversion of 5-bromo pyrone into 5-boronate ester 270b and 

subsequent Suzuki coupling with a range of aryl- and heteroaryl halides and triflates was 

reported by Jones and co-workers (Scheme 59)126. Similarly, a facile route to 5,6-disubstituted 

pyrones via Negishi coupling of 5-iodozinc pyrones 270c with organic electrophiles was 

developed by Rossi et al. (Scheme 59).127 The required iodo pyrones 270c can be obtained by 

iodolactonization as discussed earlier (Scheme 25).48  

 

Scheme 59. Cross-coupling of 5-metallated pyrones 270a-c.124,126,127 

Although the conversion of halogenated pyrones into organometallic compounds proved to be 

successful, the direct engagement of halogenated- or pseudohalogenated pyrones in cross-

couplings has been established as a more efficient strategy. In 2002, Cho et al. demonstrated 

the regioselective palladium-catalyzed Sonogashira coupling of 3,5-dibromo-2-pyrone (272) 

with alkynes 273 to give rise to 3-alkynyl-5-bromo-2-pyrones 274 (Scheme 60).128 Later, the 

same strategy found application in the formal synthesis of the steroidal tricyclic lactone (+)-

Aplykurodinone-1 (275).96  
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Scheme 60. Regioselective Sonogashira coupling of dibromo pyrone 272.96,128 

The same working-group found that dibromo pyrone 272 undergoes Stille coupling with 

stannanes regioselectively at either C-3 or C-5, depending on the employed reaction conditions 

(Scheme 61).129 Usually, cross-couplings proceed preferred at the 3-position of dibromo pyrone 

272 due to the lower electron density at C3. However, conducting the reaction in DMF a switch 

in regioselectivity was observed, which could not be explained with the level of current 

mechanistic understanding. Moreover, in DMF the ratio of 278 to 277 increases in proportion 

to the equivalents of CuI. Sarpong and co-workers exploited this strategy for an one-pot 

sequential Stille-Stille coupling in the total synthesis of Delavatine A (279).121 

 

Scheme 61. Regioselective Stille coupling of dibromo pyrone 272.121,129 

Along these lines, Suzuki coupling of pyrones has established as a reliable functionalization 

method.130 Recently, a synthetic pathway to natural products 283 isolated from fungus Phellinus 

igniarius has been developed by Ohyoshi et al. enclosing Suzuki couplings of 3-brominated 

pyrone 280 with boronate 281 as key step (Scheme 62).123  
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Scheme 62. Suzuki coupling pyrone 280 with boronate 281.123 

A novel intramolecular direct arylation of 3-bromo 2-pyrones 284 was developed by 

McGlacken and co-workers (Scheme 63).131 Herein, intramolecular coupling was achieved by 

C-H activation of the phenoxy substituent and subsequent cross-coupling reaction. Both 

electron-donating and withdrawing substituents were tolerated on the aryl moiety. Surprisingly, 

the employment of iodo-substituted pyrone derivatives failed and no conversion of these 

substrates was observed. 

 

Scheme 63. Intramolecular direct arylation of 3-bromo 2-pyrones 284.131  

3.8 C-H activation 

Direct coupling methods, involving at least one C-H activation step, offer several advantages 

over traditional cross-couplings. In general, the production of waste is reduced by avoiding 

suitable prefunctionalization of substrates with activating groups and ideally, both coupling 

partners are unactivated. Generally, pyrones have higher electron-density at their 3- or 5-

position and these positions are also liable for palladium activation. The first catalytic protocol 
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for a C-H functionalization of 2-pyrones was described by Fairlamb and co-workers.132 Pyrones 

287 were regioselectively activated at the 3-position to yield fused products 289 (Scheme 64). 

Control experiments revealed the oxidative addition of palladium to the aryl substituent to be 

the first step in the reaction events. The reaction worked with iodo- and bromo-substituted aryls 

and the yield decreased significantly by employing substrates that bear electron-withdrawing 

substituents on the aryl moiety. 

 

Scheme 64. Palladium-catalyzed C-H functionalization of pyrones 287.132 

In collaboration with McGlacken, the same working group also extended the scope to six-

membered fused cycles 292 by varying the length of the tethered side-chain.133 However, the 

formation of C-5 activated byproducts was observed in some cases. Later, regioselective 

functionalization at C-3 has been optimized by McGlacken and co-workers (Scheme 65).134 

The use of pivalic acid was proved to be necessary for a successful reaction since a concerted 

metalation-deprotonation via intermediate 291 was determined as a crucial key step. 

 

Scheme 65. Regioselective C-H functionalization at C-3.134 

In addition, McGlacken and co-workers were able to circumvent the preferential reactivity at 

the 3-position and developed a direct arylation protocol for the intramolecular coupling at C-5 

by blocking C-3 with an unreactive chlorine atom.135 The retained chlorine atom at C-3 in 

pyrones 294 allows further derivatization of the pyrone scaffold (Scheme 66). 
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Scheme 66. Regioselective C-H functionalization at C-5. 

As part of their pioneering work in this research field, McGlacken et al. also investigated the 

aryl-heteroaryl coupling via double C-H activation of compound 295, thus avoiding the 

preinstallation of any activating group (Scheme 67). Based on mechanistic studies, the excellent 

regioselectivity towards cyclized products 297 was rationalized by initial C-H activation of the 

2-pyrone skeleton at C-3.136 Equally, double C-H activations of 4-aniline137 or 4-thioaryl138 

substituted pyrones led to the formation of indole- or benzothiophene fused products, 

respectively.  

 

Scheme 67. Double C-H activation of pyrone 295.136 

A heretofore unprecedented intermolecular C-H activation approach was developed by Yusuf 

and co-workers (Scheme 68).139 The palladium-catalyzed ligand-free alkenylation of pyrones 

298 with various alkenes 299 proceeded smoothly under mild reaction conditions with high 

regioselectivity. Besides hydroxy or methoxy groups, also chlorine was tolerated as substituent 

in 4-position furnishing valuable pyrone derivatives 301 without forming classical Heck-type 

products. Moreover, styrenes 299 with both electron-donating, electron-withdrawing groups 

and halogen-substituents reacted efficiently to generate the corresponding alkenylated products 

301. The excellent chemo- and regioselectivity again can be explained by C-H activation of 

pyrone 298 in 3-position by the palladium catalyst in the first mechanistic step. 
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Scheme 68. Palladium-catalyzed direct alkenylation of pyrones 298.139  

3.9 2-Pyrone ligands 

The multifaceted nature of 2-pyrones appears not only in their versatile reactivity but also in 

their vein to complex various metals. The preparation of new complexes is an important 

research field in catalysis. Alternatively, coordination of organic molecules to metal fragments 

can have pronounced effects on their reactivity as observed in the iron-catalyzed ring-opening 

reactions of 2-pyrones 161 (Scheme 36).64 Pyrone complexes with various metals, e.g. Fe140,141, 

Os142, Co143, Re144, Mo145,146 or Ir26, have been reported in which the 2-pyrone unit is bound 

either in a ɖ4-diene- or ɖ1-like fashion (Figure 5).  

 

Figure 5. 2-Pyrone complexes.140,144,146 

Furthermore, pyrone complexes like 302 and 304 show interesting CO-releasing properties.146ï

148 Those CO-releasing molecules are capable of delivering controlled amounts of CO within a 

cellular environment having potential therapeutic applications. Herein, the intrinsic stability of 

the complexes, which can be controlled by appropriate substituents on the pyrone scaffold, 

influences the extent and rate of the CO release.147 

In conclusion, 2-pyrones are a privileged class of heterocycles exhibiting an extensive range of 

biological activities with immense therapeutic importance, which attracted considerable 

attention in recent years for the synthesis of this specific molecular scaffold by either transition 

metal-catalyzed or transition metal-free methods. Due to their versatile reactivity, 2-pyrones 
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exert a vast potential to generate molecular complexity being showcased in the synthesis of 

numerous natural or pharmacologically active products. Moreover, the ability to form metal 

complexes could enable the development of new catalytic systems and CO-releasing molecules, 

whose intrinsic stability can be delicately tuned by a plethora of diverse substitution patterns 

located on the pyrone moiety. Therefore, the development of novel strategies for the synthesis 

and functionalization of 2-pyrones remains an important field of research in organic chemistry.  
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B Main part  

1 Sustainable synthesis of 2-pyrones 

1.1 Introduction  

Processes for the production of carbon-based chemicals are nowadays predominantly based on 

non-renewable feedstocks like oil, natural gas and coal (Figure 6).149 However, the predictable 

depletion of fossil raw materials as well as the increasing environmental awareness of society 

are progressively forcing the chemical industry to replace fossil-based chemicals by 

commodities that can be derived from renewable resources. With advances in its conversion 

technologies, biomass has become the most promising renewable carbon source.150 All organic 

materials, that are assigned to biomass, are originally produced by biological photosynthesis 

using CO2, water and light and therefore, abundant carbon-neutral renewable resources.151 

Accordingly, research is especially focused on the development of new synthetic strategies for 

the production of valuable products based on biomass. Among these, fine chemicals, which 

demonstrate a variety of reactivities and thus enabling access to value-added molecules are of 

particular interest.  

 

Figure 6. Used resources (Mio. t) in the organic chemical industry in Germany 2017.152 
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2-pyrones, for instance, are versatile starting materials in synthetic organic chemistry and 

several methods have been developed over the years to access this class of substrates (see 

introduction A2). Recently, Reiser et al.16 reported the synthesis of 6-hydroxyalkyl 2-pyrones 

26 starting from renewable resources (Scheme 69). The key step of this synthetic sequence is 

the thermal rearrangement of cyclopentenone epoxide 307 through a 6́-electrocyclic reaction 

via the intermediacy of a vinyl ketene 308 (Scheme 69).153  

 

Scheme 69. Synthesis of 6-hydroxyalkyl 2-pyrones 26 from renewable resources via thermal 

rearrangement of epoxide 307.16  

Since cyclopentenone epoxides cannot be directly obtained from cyclopentadienones due to the 

high tendency of the latter to dimerize, enone 22 was envisioned as a suitable 

cyclopentadienone precursor154 for the synthesis of hydroxyalkyl 2-pyrone derivatives 26. 

Enone 22 was readily available by a reaction sequence starting from furfuryl alcohol (18) 

(Scheme 70) which itself can be prepared by catalytic reduction of furfural (310) on ton scale 

(Scheme 71). 

 

Scheme 70. Synthesis of enone 22 from renewable resources.16 

Furfural (310) is the most frequent chemical derived from hemicellulosic biomass in industry 

and used as an important platform chemical for the production of biofuels, solvents and other 

valuable products.155,156 Hemicellulose, a polysaccharide of different sugar monomers, 

e.g. xylose, arabinose, mannose and galactose, is an abundant and inexpensive renewable 

resource based on non-edible waste products like bagasse and bran.155ï157 Treatment of 
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hemicellulose with acids gives rise to xylose (309), the major component of this polysaccharide 

and by further dehydration furfural (310) is obtained (Scheme 71). 

 

Scheme 71. Synthesis of furfuryl alcohol (18) starting from renewable resources. 

The ready availability of furfuryl alcohol (18) by the aforementioned process and its versatile 

reactivity158 offer outstanding opportunities for the production of valuable chemicals and drugs. 

In the synthesis of 6-hydroxyalkyl pyrones 26, the acid-catalyzed Piancatelli rearrangement of 

alcohol 18159 was used to get access to 4-hydroxy-2-cyclopentenone (19), a precursor for key 

compound enone 22 (Scheme 70). In 2010, Reiser et al.160 were successful in transferring this 

rearrangement to a continuous flow setup making a large scale synthesis and high yields 

possible (Figure 7).  

 

Figure 7. Continuous flow setup for the Piancatelli rearrangement of furfuryl alcohol (18).160,161 

A solution of furfuryl alcohol (18) in toluene and water (pH = 4) are separately injected via a 

high-pressure pump and mixed with a blender. After passing the mixture through an oven at 

240 °C and 34 bar in less than 1 min two layers are obtained, with 4-hydroxy-2-cyclopentenone 

(19) dissolved in the aqueous phase and polymeric byproducts in the organic layer. Water is 

evaporated and hydroxy cyclopentenone 19 can be obtained in 87% yield and 97% purity. This 
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strategy allowed the synthesis of key compound enone 22 (Scheme 70) and therefore, of 2-

pyrone derivatives 26 from readily available renewable resources (Scheme 69).  

Based on this previous work of Reiser et al.16,161 the first part of the present thesis constitutes 

the development of a sustainable big-scale process towards unsubstituted 2-pyrone (1) from 

furfuryl alcohol (18). Additionally, the synthesis of 6-alkyl pyrones was investigated which 

could enable access to natural products. The utility of biobased pyrone compounds should be 

showcased in various follow-up transformations. 

1.2 Big-scale synthesis of unsubstituted 2-pyronea 

Unsubstituted 2-pyrone (1) is a versatile starting material in organic chemistry and has been 

used for the synthesis of a variety of natural products and pharmacologically active substances 

e.g. (-)-Leodomycin D (311) or Rosiglitazone (312) (Scheme 72).10,76 Nevertheless, only few 

methods for the synthesis of pyrone 1 have been reported in literature to date162 which is 

associated with quite high prices at commercial suppliers for this valuable chemical.  

 

Scheme 72. Examples of substances derived from 2-pyrone (1).10,76 

Targeting the synthesis of unsubstituted 2-pyrone (1) on a big-scale the thermal rearrangement 

of epoxide 313 should provide an exceptional atom economic and efficient route (Scheme 73). 

Due to aforementioned processes, acetate 20 can be obtained on a large scale from inexpensive, 

biomass-based furfuryl alcohol (18).16 However, upscaling of the following Diels-Alder 

reaction to enone 22 and thermal rearrangement to pyrone 1 created some issues. 

 
a This chapter includes parts from a manuscript which has been prepared in collaboration with D. Dobler 

(University of Regensburg)161. 
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Scheme 73. Envisioned retrosynthetic strategy towards 2-pyrone (1). 

In literature, the Diels-Alder/elimination reaction of acetate 20 with cyclopentadiene 21 is 

generally performed by using superstoichiometric amounts of ZnCl2 as Lewis acid and dry 

benzene or toluene as solvent making these conditions unfavorable for a multigram synthesis 

of enone 22 (Table 1, entry 1 and 2).16,163 In addition, significant amounts of inorganic waste 

are formed herein leading to a quite challenging reaction work-up. Therefore, different 

cycloaddition conditions were investigated to obviate the usage of stoichiometric amounts of 

reagents and toxic solvents in this synthetic step (Table 1). 

Table 1. [4+2]-cycloaddition of acetate 20 with cyclopentadiene 21. 

 

entry [a] Lewis acid equiv LA  solvent T t [h]  yield [%] 

1 ZnCl2 3.0 benzene rt 17 89 (95)163 

2 ZnCl2 3.0 toluene rt 18 86 (87)16 

3 ZnCl2 1.0 Et2O rt 18 86 

4 ZnCl2 0.25 Et2O rt 18 70 

5 BF3ĀOEt2 0.10 Et2O 0 °C 18 72 

6[b] BF3ĀOEt2 0.10 Et2O 0 °C 18 82 

[a] conditions: acetate 20 (10.0 mmol, 1.0 equiv), cyclopentadiene 21 (3.0 equiv) in solvent (65 mL); [b] 

conditions: acetate 20 (200 mmol, 1.0 equiv), cyclopentadiene 21 (2.0 equiv) in Et2O (650 mL). 

Comparable yields to those obtained under literature conditions (Table 1, entry 1 and 2) could 

be achieved by switching the solvent to Et2O allowing a better solubility and thus equimolar 

amounts of the used Lewis acid (86%, Table 1, entry 3). A further decrease of Lewis acid led 

to a significantly lower yield of 70% after 18 h (entry 4). Additional [4+2]-cycloaddition of the 

product 22 with cyclopentadiene 21 was observed when a stronger Lewis acid was applied and 
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the reaction furnished enone 22 in 72% yield (entry 5). In this case, the OAc-elimination of the 

primarily Diels-Alder intermediate is already partially catalyzed by the Lewis acid. This issue 

was overcome by lowering the equivalents of cyclopentadiene 21 in the reaction mixture and 

enone 22 was obtained in very good yields of 82% (Table 1, entry 6). Notably, by using this 

method the reaction workup is substantially facilitated and pure enone 22, itself a valuable 

starting material in organic synthesis164, is readily available in multigram scale and very good 

yields just by recrystallization. 

In the following, the Diels-Alder adduct 22 was epoxidized with hydrogen peroxide to yield 

epoxide 313 in 84% yield (Scheme 74). The retro-Diels-Alder reaction of epoxide 313 and 

subsequent rearrangement to unsubstituted 2-pyrone (1), the key step of the synthetic sequence, 

was performed by using a flash vacuum thermolysis (FVT) setup (Figure 8). The apparatus of 

the FVT consists of a quartz tube containing the starting material on one end, an oven in the 

middle and a cooling trap on the other end. The starting material is usually evaporated and then 

sucked through the high-temperature area of the oven by a vacuum (0.02 mbar). The following 

transformation towards the respective product is induced by thermal excitation occurring 

mainly by molecule-wall collisions. The high-temperature exposure periods are only very short 

(ca. 10-3ī1 s) and therefore, very high temperatures between 400 and 1100 °C can be used 

without destroying the compounds. In this way, products can be obtained by unique 

transformations that are not accessible by other strategies.165,166  

 

Figure 8. Flash vacuum thermolysis setup.161 

Although, the FVT is an elegant and atom-economic method for the rearrangement of epoxide 

313 towards 2-pyrone (1), upscaling remained a big challenge because there are several issues 

to face. The steady-state concentration, the concentration of the substrate 313 in the hot 

temperature zone, has to be controlled avoiding incomplete conversion or undesirable side 
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reactions.166 Additionally, the temperature of the cooling trap features prominently in the big-

scale pyrolysis. Too low temperatures could lead to freezing of the product 1 and thus blocking 

of the quartz tube and the vacuum. Whereas, product loss could be observed by an insufficient 

trapping temperature. Several conditions for the FVT of epoxide 313 were examined to make 

this process reliable for a big-scale synthesis of pyrone 1 (Table 2). 

Table 2. Upscaling of the flash vacuum thermolysis setup. 

 

entry [a] extern heating T [°C]  p [mbar]  
cooling 

trap 

yield 

[%]  
observation 

1 pyrolysis oven 650 0.02 
liquid 

nitrogen 
60 

incomplete 

conversion 

2 Kugelrohr oven 130 0.02 
liquid 

nitrogen 
98 

frozen 

product 

3 Kugelrohr oven 130 0.02 water 88 product loss 

4 Kugelrohr oven 130 0.02 
cryostat 

(ī10 °C) 
94 

frozen 

product 

5[b] Kugelrohr oven 130 0.02 ice/water  96 
perfect 

conditions 

[a] conditions: epoxide 313 (15 mmol) was used; [b] conditions: epoxide 313 (123 mmol) was used. 

Incomplete conversion of epoxide 313, caused by a too high steady-state concentration, was 

observed when the flask with starting material was directly heated in the pyrolysis oven at 

650 °C and pyrone 1 was obtained in moderate yield of 60% (Table 2, entry 1). To control the 

steady-state concentration, the sublimation temperature of epoxide 313 was ascertained at first. 

The experiment revealed that the amount of starting material 313 in the high-temperature zone 

may be controlled by slowly sublimating the compound at 110 °C and 0.02 mbar pressure. 

Indeed, complete conversion and excellent yield of pyrone 1 was achieved by extern heating at 

130 °C using an upstream Kugelrohr distillation oven (98%, entry 2). However, freezing of the 

product 1 at the cooling trap filled with liquid nitrogen was observed in this case. On the 

opposite, using only water cooling led to a product loss (88%, entry 3) and by connecting the 

trap to a cryostat, setting the temperature to ī10 °C, again an excellent yield of 94% but also 
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only frozen 2-pyrone (1) was obtained (entry 4). The freezing of the product finally could be 

circumvented at a cooling trap temperature of 0 °C (entry 5). With this optimized condition in 

hand, a big-scale pyrolysis of epoxide 313 (20.0 g, 123 mmol) was performed yielding the 

desired product 1 in excellent 96% yield and >99% purity (GC-analysis) without any further 

purification (Figure 9). This FVT setup would allow running even bigger scales and is only 

limited to the size of the used extern heater and cooling trap. In addition, dicyclopentadiene, 

which is formed after the extrusion of cyclopentadiene 21 by the retro-Diels-Alder reaction, is 

collected at the cooling trap of the high vacuum pump and can be reused for a new reaction 

cycle of pyrone synthesis.  

 

Figure 9. Big-scale FVT setup (Kugelrohr oven left, high-temperature oven in the middle and 

cooling trap right). 

Remarkably, the multigram synthesis of unsubstituted pyrone 1 is achieved without any 

chromatographic workup step during the sequence. Hydroxy cyclopentenone 19 and acetate 20 

were distilled, enone 22 was recrystallized and epoxide 313 was extracted after completion of 

the reaction (Scheme 74).  
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Scheme 74. Big-scale synthesis of 2-pyrone (1) from renewable resources. 

The novel big-scale FVT setup is not only applicable for the multigram synthesis of 

unsubstituted pyrone (1) but also 6-(1-hydroxyethyl)-2H-pyran-2-one (26a)16 was obtained in 

excellent yield by slow distillation of epoxide 25a (3.1 g, 15 mmol) at 170 °C extern oven 

temperature (Scheme 75).  

 

Scheme 75. Synthesis of hydroxyalkyl pyrone 26a by the established FVT setup. 

1.3 Synthesis of naturally occurring 6-alkyl  2-pyronesb 

The established synthetic strategy towards 2-pyrones starting from furfuryl alcohol (18) should 

also be adopted for the introduction of further substituents into the pyrone skeleton. Herein, the 

introduction of alkyl substituents in 6-position is from particular interest. This structural motif 

is present in many naturally occurring 2-pyrone derivatives, e.g. 6-n-propyl, -n-pentyl or 

n-heptyl 2-pyrone 2a-c, which were isolated from strains of Trichoderma viride and possess 

fragrant aromas (Scheme 76).8,167  

 
b This chapter includes parts from a manuscript which has been prepared in collaboration with D. Dobler 

(University of Regensburg).161. 
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Scheme 76. 2-Pyrone natural products 2a-c isolated from Trichoderma viride.8 

The synthesis of the desired pyrones 2a-c should be accomplished from furfuryl alcohol 

derivatives 314a-c. The required alkyl  substituents can be easily introduced by a Grignard 

reaction with furfural (310) and the reaction of the respective Grignard reagents yielded the 

furfuryl alcohol derivatives 314a-c in excellent yields (92-98%, Scheme 77). Piancatelli 

rearrangement to 5-substituted 4-hydroxy cyclopentenone derivatives 315a-c was performed 

under microwave conditions in a water/acetone mixture (40-75%, Scheme 77). In case of the 

heptyl derivative 315c, considerable amounts of polymeric byproduct were formed and the 

yield dropped drastically to 45%. A continuous flow setup as for the synthesis of unsubstituted 

4-hydroxy-cyclopentenone 19 might be also beneficial for this synthetic step. The subsequent 

acetylation gave the corresponding acetates 316a-c again in excellent yields (89-94%, Scheme 

77). 

 

Scheme 77. Synthesis of 5-substituted acetates 316a-c from furfural (310). 

Analogously to the synthesis of unsubstituted 2-pyrone (1) the Diels-Alder/elimination step of 

acetates 316a-c had to be investigated in greater detail (Table 3).  
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Table 3. Diels-Alder/elimination reaction of 5-substituted acetates 316a-c. 

 

entry [a] R Lewis acid equiv LA  equiv 21 yield [%] 

1 n-Pr ZnCl2 1.0 3.0 79 

2 n-Pr BF3ĀOEt2 0.10 2.0 70 

3 n-Pr BF3ĀOEt2 0.10 3.0 82 

4 n-Pr BF3ĀOEt2 0.20 3.0 94 

5 n-Pr BF3ĀOEt2 0.20 1.5 76 

6 n-Pent BF3ĀOEt2 0.20 3.0 95 

7 n-Hept BF3ĀOEt2 0.20 3.0 94 

[a] conditions: acetate 316a-c (10 mmol, 1.0 equiv) in Et2O (30 mL). 

Reaction of propyl acetate 316a using stoichiometric amounts of ZnCl2 as Lewis acid furnished 

the Diels-Alder adduct 317a in 79% yield (Table 3, entry 1). Applying previously optimized 

conditions for the synthesis of unsubstituted enone 22 slightly decreased the yield to 70% (entry 

2). The yield of desired product 317a could be improved by increasing the equivalents of 

cyclopentadiene 21 in a following experiment (82%, entry 3). Finally, an excellent yield of 94% 

could be achieved by using 20 mol% of BF3ĀOEt2 as Lewis acid and 3.0 equivalents of 

cyclopentadiene 21 (Table 3, entry 4), whereas lower equivalents of cyclopentadiene 21 again 

dropped the yield to 76% (entry 5). Under the optimized conditions also the n-pentyl- and n-

heptyl substituted derivatives 317b-c were obtained in excellent yields (94-95%, entry 6 and 

7). The sterically demanding alkyl substituents prevent further cycloaddition with 

cyclopentadiene as it is observed with unsubstituted acetate 20 (Table 1).  

In the last steps, enones 317a-c were epoxidized (97-98%) and subjected to FVT to yield the 

natural 6-alkyl 2-pyrone products 2a-c in nearly quantitative yield (Scheme 78).  
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Scheme 78. Synthesis of naturally occurring 6-alkyl 2-pyrones 2a-c. 

1.4 Investigations towards the synthesis of 6-alkyl -4-methoxy-2-pyrones 

The 6-alkyl-4-methoxy-2-pyrone structure is present in many natural products with interesting 

biological properties. Among them, the kavalactones 8 (Figure 10) isolated from the kava-kava 

plant (piper methysticum) are the most prominent representatives and especially known for their 

anxiolytic, sedative and antidepressant effects.168,169  

 

Figure 10. Naturally occurring kavalactones 8.169 

Having previously shown that 6-hydroxyalkyl16 26 or 6-alkyl pyrones161 2 are easily accessible 

from renewable resources the further introduction of a methoxy group in 4-position could give 

rise to such interesting compounds. With consideration of the retrosynthesis, the additional 

alkoxy/hydroxy-group has to be introduced at the ɔ-position to the carbonyl group, between the 

6- and 5-membered ring of enone 317 (Scheme 79). 

 

Scheme 79. Envisioned retrosynthesis of 4-alkoxy-6-alkyl 2-pyrones (319). 

For this purpose, allylic oxidation was intended as the preferred strategy. The allylic oxidation 

of olefins can be generally performed by the well-known Riley oxidation using SeO2 as the 
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oxidant. Unfortunately, under conventional heating as well as microwave conditions no 

conversion of the starting material 317a was observed, which could be ascribed to steric 

hindrance of substrate and oxidant (Scheme 80). 

 

Scheme 80. Investigation of the Riley oxidation of enone 317a. 

Consequently, a different approach had to be pursued. Zwanenburg et al. demonstrated that the 

ɔ-bromo enone compound 322 can be transformed into the methoxy derivative 324 within few 

minutes (Scheme 81).170 Interestingly, the reaction is reported to take place via elimination of 

the bromide to dienone 323 and subsequent conjugate addition of a methoxide. 

 

Scheme 81. Introduction of methoxy group according to Zwanenburg et al.170 

The introduction of a bromine in ɔ-position of enone 317a is quite impossible by standard 

methods. Therefore, we questioned if bromination of the enone 317a in ŭ-position would allow 

for the same transformation by the intermediacy of a dienone 323. 

The methylation of enones 317 in ŭ-position, for instance, can be achieved by using LDA as 

base to generate the enolate and MeI as electrophile.161 Accordingly, these reaction conditions 

should be applied for the analogous introduction of bromine (Table 4). 
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Table 4. Attempts for the introduction of an Ŭ-bromo atom. 

 

entry  reagents T t [h]  yield [%] 

1 LDA, NBS ī78 °C 1 decomposition 

2 
1) LDA, TMSCl 

2) NBS, NaOAc 
ī78 °C to 0 °C 2 decomposition 

3 TMSOTf, NBS rt 24 --- 

 

However, similar conditions as for the methylation but using NBS as electrophile led only to 

decomposition (Table 4, entry 1). This might be due to further elimination of the initially 

introduced bromo-atom by the strong base. In an attempt to avoid elimination by protecting the 

enolate in the first step and brominating in the second step also decomposition was observed 

(Table 4, entry 2). By applying more gentle conditions using TMSOTf the starting material 

317a was completely recovered after one day (Table 4, entry 3). Since all attempts for the 

synthesis of 4-methoxy 2-pyrones 319 failed, the next focus of this thesis was placed on the 

application and functionalization of biobased 2-pyrone derivatives.  

In summary, a multigram synthesis of unsubstituted 2-pyrone (1) was achieved in high yields 

and excellent purity from biobased and inexpensive furfuryl alcohol (18). The Diels-Alder 

reaction of acetate 20, a key step of the synthetic strategy, could be performed with catalytic 

amounts of Lewis acid without using toxic solvents. Furthermore, a FVT setup was developed 

that enabled us to run the thermal rearrangement of epoxide 313 on every scale and with various 

substrates. Naturally occurring 6-alkyl 2-pyrones 2a-c were also synthesized from renewable 

resources by this strategy, whereas the introduction of a hydroxy/methoxy group in 4-position 

was unsuccessful.  
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2 Application of 2-pyrones derived from renewable resources 

2.1 Synthesis of 3-substituted phthalides 

2.1.1 Introduction  

The structure of 3H-isobenzofuran-1-ones, also called phthalides, is characterized by the fusion 

of a benzene- and ɔ-lactone-ring. This framework is present in a large number of natural 

products displaying a broad range of bioactivities like anticonvulsant, anesthesia, anti-HIV, 

antibacterial and antibiotic effects (Figure 11).171,172 Most of the naturally occurring and 

pharmacologically active compounds belong to the group of 3-substituted phthalides. 

3-Butylphthalide (326b) is the best-known representative of this class and, despite its structural 

simplicity, possesses interesting physiological properties. The major constituent of celery oil 

can be used as an antiplatelet drug for ischemia-cerebral apoplexy and has been approved as an 

anti-ischemic stroke drug by the China Food and Drug Administration (CFDA).171,173 Besides 

their interesting biological activities, phthalides are also used as versatile building blocks in 

organic and medical chemistry.171,174 

 

Figure 11. Selected examples of naturally occurring 3-substituted phthalides.171 

Over the years, various methods have been developed for the racemic and asymmetric synthesis 

of 3-substituted phthalide derivatives.171 Most of them rely on a lactone formation on the 

benzene ring. One of the simplest strategies for an enantiomeric pure synthesis of phthalides is 

the catalytic reduction/lactonization of 2-acylarylcarboxylates 329.174,175 In 2017, Zhang 

co-workers reported a general method for the stereoselective synthesis of various 3-substituted 

phthalides 330 using a Ru-diphosphine catalytic system (Scheme 82).176  
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Scheme 82. Stereoselective reduction/lactonization approach by Zhang et al.176 

In addition, progress in transition metal-catalyzed C-H bond functionalization paved the way 

for a rhodium-catalyzed intramolecular hydroacylation of 2-ketobenzaldehydes 331 developed 

by Dong et al. (Scheme 83).177 By appropriate choice of the counterion of AgX the 

enantioselectivity could be controlled for each substrate.  

 

Scheme 83. Intramolecular hydroacylation by Dong et al.177 

Transition metal-catalyzed [2+2+2]-cycloadditions of ester-linked diynes 333 with 

monoalkynes 334 have also been described for the synthesis of 3-substituted phthalide 

derivatives 335. In presence of a chiral phosphine ligand a one-pot transesterification and 

cycloaddition process gave rise to enantioenriched tricyclic 3,3-disubstituted derivatives 335 

(Scheme 84).178 

 

Scheme 84. Transesterification/[2+2+2]-cycloaddition of diynes 333 with tertiary propargylic 

alcohols 334.178  

The only method that was developed starting from renewable resources is based on a [4+2]-

cycloaddition of furfuryl alcohol (18) and dimethyl acetylenedicarboxylate (DMAD D) 

followed by a ring-opening/aromatization with IrCl3 (Scheme 85).179
  However, no substituents 

were introduced in 3-position.  
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Scheme 85. Synthesis of 3-unsubstituted phthalide 336 from renewable resource.179 

Hence, the utilization of starting materials that were derived from renewable resources would 

be a heretofore unprecedented strategy for the synthesis of 3-substituted phthalides.  

2.1.2 Synthesis of 3-substituted phthalides by Diels-Alder reaction of pyrones 

2-pyrones are well known to undergo [4+2]-cycloadditions with various alkenes and alkynes. 

Depending on the substitution pattern of the pyrones the cycloaddition can proceed through a 

normal or inverse electron demand Diels-Alder (IEDDA) reaction.180 The latter is usually 

evoked by electron-withdrawing substituents on the pyrone moiety. Generally, the 

cycloaddition of pyrones with alkynes gives rise to benzene derivatives after extrusion of CO2 

due to instability of the highly strained bicyclooctadiene intermediate 338. Therefore, the 

aforementioned 6-hydroxyalkyl 2-pyrones 26, reported by Reiser et al.16, seem to be suitable 

precursors for the synthesis of phthalide derivatives 340. It was envisioned, that the electron-

rich pyrones 26 undergo normal Diels-Alder reaction with electron-poor acetylenecarboxylate 

derivatives 337 and after extrusion of CO2 a transesterification in intermediate 339 should lead 

to the lactone ring formation (Scheme 86).  

 

Scheme 86. Envisioned transformation of 6-hydroxyalkyl pyrones 26 towards 3-substituted 

phthalides 340. 

Initially, the reaction was investigated using a symmetrical alkyne ester 341 to prevent the 

formation of regioisomers in the [4+2]-cycloaddition step (Table 5).  
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Table 5. Investigation of the synthesis of 3-substituted phthalide derivative 342a by Diels-

Alder reaction of pyrone 26a. 

 

entry [a] mode of 

activation 
solvent c [M]  T [°C]  t [h]  yield [%] 

1 ȹ xylene 1.0 200 24 58 

2 ȹ xylene 2.0 200 24 74 

3 ȹ neat - 200 24 56 

4 MW xylene 2.0 150 7 64 

5 MW neat - 150 7 80 

[a] conditions: pyrone 26a (1.00 mmol, 1.0 equiv), dienophile 341 (1.4 equiv). 

Indeed, the reaction of 6-hydroxyethyl 2-pyrone (26a) with diethyl acetylenedicarboxylate 

(341) afforded the phthalide derivative 342a in fair yield by conventional heating (58%, Table 

5, entry 1). In 2004, Loupy et al. demonstrated, that the yields and selectivities of pyrone 

cycloadditions can be improved by using more concentrated reaction conditions and/or 

microwave irradiation.181 In case of conventional heating, a higher concentration led to 

increased yield of product 342a (74%, entry 2), whereas under neat conditions a drop in the 

yield to 56% was observed (entry 3). Microwave irradiation in the presence of a solvent slightly 

decreased the yield (64%, entry 4) compared to conventional heating. This could be rationalized 

by the poor excitability of xylene by microwave irradiation.182 Consequently, microwave 

activation under neat conditions gave the best result with 80% yield of phthalide 342a and 

additionally, shorter reaction times than under conventional heating could be achieved (Table 

5, entry 5).  

With the optimized conditions in hand, other 2-pyrone derivatives 26b-c and one 

enantiomerically pure substrate (S)-26a (99% ee)16 were subjected to the cycloaddition 

reactions with alkyne 341 (Scheme 87). As expected, no change of enantiomeric excess was 

observed during the cycloaddition/lactonization approach and enantiomerically pure phthalide 

(S)-342a is easily accessible in very good yield (81%, 99% ee). Furthermore, a derivative 342b 

of the biological active 3-butylphthalide (326b) was obtained in a good yield of 70%. Due to 
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the inferior solubility of the phenyl substituted pyrone 26c in alkyne 341 the yield dropped 

drastically and the corresponding phthalide 342c was obtained in fair yield (50%, Scheme 87).  

  

Scheme 87. Synthesis of 3-substituted phthalide derivatives 342a-c. 

It was demonstrated that chiral phthalide derivatives 342 can be synthesized from enantiomeric 

pure pyrones 26 by this strategy. Nevertheless, another methodology starting directly from 

racemic pyrones 26 should be investigated as well. In 2005, a catalytic enantioselective 

Diels-Alder reaction of 2,4-hexadienol (343) with methyl acrylate (344) was developed 

(Scheme 88).183 Chirality was induced by applying a binuclear Lewis-acid template derived 

from (R)-BINOL.  

 

Scheme 88. Enantioselective cycloaddition of 2,4-hexadienol (343) and methyl acrylate 

(344).183 

By possessing the same dienol structure 2-pyrones 26 appeared to be convenient substrates for 

a similar transformation. Herein, a kind of kinetic resolution should give the enantiomerically 

pure product 347a, whereas the other enantiomer of 26a remains unreacted (Table 6).  
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Table 6. Investigation of the stereoselective synthesis of 347a. 

 

entry [a] solvent T [°C]  t [h]  yield [%] 

1 DCM rt 48 --- 

2 DCM 70 48 --- 

3 toluene 150 48 --- 

[a] conditions: Pyrone 26a (0.5 mmol, 1.0 equiv), dienophile D (1.4 equiv), catalyst (1.0 equiv).  

However, by investigating different solvents and temperatures no conversion was observed and 

the starting material was recovered (Table 6). This could be attributed to the presence of the 

lactone moiety in pyrone 26a which also can be coordinated by the Lewis acid, thus preventing 

coordination of the dienophile D or creating an electronical mismatch. 

Considering the significance of simple 3-substituted phthalides 326 as versatile substrates in 

organic chemistry as well as important drugs like 3-butylphthalide (326b) for instance, the 

cycloaddition approach was also examined for the synthesis of phthalides 326 bearing no 

substituents on the benzene moiety (Table 7).  

Table 7. Diels-Alder reaction of pyrone 26a with dienophile 37. 

 

entry [a] mode of 

activation 
solvent c [M]  T [°C] t [h]  

yield 326a 

[%] 

yield 348a 

[%] 

1 ȹ xylene 0.5 200 24 30 33 

2 ȹ xylene 2.0 200 24 27 51 

3[b] ȹ xylene 2.0 200 48 --- --- 

4 MW neat - 150 7 20 59 

[a] conditions: Pyrone 26a (1.0 mmol, 1.0 equiv), dienophile 37 (1.4 equiv); [b] ZnCl2 (1.0 equiv) was added. 
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Intermolecular Diels-Alder reaction with ethyl propiolate (37) was performed to afford the 

desired phthalide 326a, but utilization of an asymmetric alkyne furnished two different 

regioisomers 326a (30%) and 348a (33%) in almost equal yields (Table 7, entry 1). A higher 

concentrated reaction mixture favored the formation of the benzene derivative 348a (51%, 

entry 2) compared to phthalide 326a (27%), which could be explained by steric repulsion of the 

hydroxyalkyl and ester group. Additionally, a larger orbital coefficient of the HOMO of pyrone 

26a in 6-position than in 3-position due to the electron-donating substituent and smaller orbital 

coefficient in the LUMO at the ɓ-position of alkyne 37 could prefer product 348a. The attempt 

to control the ratio by adding a Lewis acid failed and starting material 26a was completely 

recovered after 48 h (entry 3). The previously optimized neat microwave condition also rather 

promoted the synthesis of 348a (59%, Table 7, entry 4) than of phthalide 326a (20%). 

Therefore, a different approach for the selective synthesis of phthalides 326 had to be examined. 

Intramolecular cycloaddition should prevent the formation of regioisomers due to the 

predefined orientation of the dienophile and diene. For this purpose, hydroxyalkyl 2-pyrones 

26 had to be coupled with propiolic acid (349). Screening revealed that the solvent had a big 

impact on the outcome of the respective reaction (Table 8).  

Table 8. Coupling of pyrones 26a-c with propiolic acid (349). 

 

entry [a] R solvent yield [%] 

1 Me THF 24 

2 Me Et2O 42 

3 Me DCM 56 

4 n-Bu DCM 62 

5 Ph DCM 54 

[a] conditions: Pyrone 26a-c (1.0 equiv), propiolic acid (349) (2.0 equiv), DCC (1.13 equiv), DMAP (7 mol%). 

The reaction in Et2O and especially THF provided the ester 350a in poor yields of 24% and 

42%, respectively (Table 8, entry 1 and 2). The use of DCM proved to be beneficial and the 

yield was increased to 56% (entry 3). No influence of steric factors in the yield was observed, 
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when the reaction was conducted with the n-butyl (62%) or phenyl (54%) substituted 2-pyrone 

derivative 26b and 26c (Table 8, entry 4 and 5). 

Subsequently, the intramolecular Diels-Alder reaction of the methyl derivative 350a was 

initially investigated under conventional heating conditions (Table 9).  

Table 9. Synthesis of 3-substituted phthalides 326a-c by intramolecular cycloaddition. 

 

entry  R 
mode of 

activation 
c [M]  t [h]  yield [%] 

1 Me ȹ 0.025 20 82 

2 Me MW 0.025 3 >99 

3 Me MW 0.10 5 >99 

4[a] n-Bu MW 0.10 5 >99, 74% ee[b] 

5 Ph MW 0.10 5 >99 

[a] starting from enantioenriched 2-pyrone 26b (74% ee); [b] determined by chiral HPLC analysis of the isolated 

product. 

The reaction provided phthalide 326a in a very good yield of 82% after 24 h (Table 9, entry 1). 

Satisfyingly, microwave activation again was superior to conventional heating and furnished 

product 326a quantitatively (>99%) in much shorter reaction time (entry 2). Furthermore, the 

concentration could be increased at least four times without observing byproducts by 

intermolecular cycloaddition (entry 3). Likewise, n-butyl and phenyl derivative 326b and 326c 

were obtained in quantitative yield (>99%, entry 4 and 5). Additionally, starting from 

enantioenriched butyl 2-pyrone (R)-26b (74% ee16) the enantiomeric excess remained 

unchanged over the two synthetic steps giving rise to enantioenriched naturally occurring 

3-butylphthalide (R)-326b (>99%, 74% ee, entry 4). 

After validating the inter- and intramolecular cycloaddition as an atom-economic synthetic 

strategy towards phthalides, the research was concentrated on the synthesis of 

7-hydroxy 3-substituted phthalides 327. This structural motif can be found in many naturally 

occurring substances, e.g. isoochracinic acid (327a), paecilocin A (327b), typhaphthalide 
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(327c) and chrycolide (327d) (Figure 11). During the total synthesis of 8-deshydroxyajudazol 

B, Rizzacasa and co-workers184 made use of Buchwaldôs condition185 for the borylation of aryl 

halides 351 and after subsequent oxidation/hydrolysis the corresponding phenol derivative 352 

was obtained (Scheme 89).  

 

Scheme 89. Borylation/oxidation of 351 to alcohol 352 by Rizzacasa et al.184 

Thus, an analogous transformation should give rise to the aforementioned natural products 

using 7-bromo substituted phthalides 354. However, the introduction of bromine in 7-position 

by intermolecular Diels-Alder reaction with ethyl 3-bromopropiolate (353) was unsuccessful 

and only starting material 26a was recovered (Scheme 90).  

 

Scheme 90. Attempted intermolecular cycloaddition of pyrone 26a with ethyl 

3-bromopropiolate (353). 

In contrast, bromination of the terminal alkyne 350a using NBS and AgNO3 followed by 

intramolecular [4+2]-cycloaddition furnished the bromo phthalide 354 in excellent yield over 

two steps. Unfortunately, the borylation and oxidation step afforded mainly unsubstituted 

phthalide 326a and the desired phenol derivative 327 was only obtained in traces (Scheme 91).  
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Scheme 91. Investigation of the synthesis of 7-hydroxy phthalide 327 via intramolecular 

cycloaddition. 

Although there are still some methods described in literature that could allow converting the 

bromo-phthalide 354 into the hydroxy derivative 327, further investigations could not be 

conducted due to limited time left in the lab.  

2.2  [4+2]-Cycloaddition of 6-acetyl 2-pyrone with alkenes 

As stated above (B.2.1.2), 2-pyrones can also undergo cycloaddition reactions with alkenes 

leading generally to isolable bicycloadducts 359. These structurally and stereochemically rich 

compounds 359 are useful synthetic intermediates, for instance, in the stereoselective synthesis 

of cyclohexane derivatives 360 (Scheme 92).180,186  

 

Scheme 92. Diels-Alder reaction of pyrones with alkenes.  

Accordingly, bicycloadducts 363 derived from cycloadditions with pyrone 361 would possess 

valuable functional groups enabling their further elaboration towards value-added products. 

6-Hydroxyalkyl pyrones 26 have been previously demonstrated to participate in normal 

Diel-Alder reactions with electron-poor alkynes. Consequently, pyrone 361 bearing an 

Ŭ-carbonyl group in 6-position was considered as an electron-poor diene due to the electron-

withdrawing character of the substituent. For this reason, compound 361, readily available by 
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oxidation of the respective Ŭ-hydroxy pyrone 26a161, was investigated in an inverse electron 

demand Diels-Alder reaction using ethyl vinyl ether (362) as dienophile (Table 10). 

Table 10. Investigation of the IEDDA of Ŭ-carbonyl pyrone 361. 

 

entry [a] Lewis acid yield 363a [%] yield 363b [%] 

1 - --- --- 

2 ZnCl2 --- --- 

3 BF3ĀOEt2 --- --- 

[a] conditions: pyrone 361 (1.0 mmol, 1.0 equiv), ethyl vinyl ether (362) (2.0 equiv), toluene (2.0 M). 

Surprisingly, pyrone 361 did not react with the electron-rich dienophile 362 upon heating at 

150 °C for 48 h (Table 10, entry 1). Also, activation of the pyrone 361 with a Lewis acid did 

not lead to a successful conversion of the starting material (Table 10, entry 2 and 3). 

These results indicated, that pyrone 361, despite the electron-withdrawing substituent, is a 

rather electron-rich diene and hence the cycloaddition had to be performed with an electron-

poor dienophile like methyl acrylate (344) (Table 11).  
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Table 11. Investigation of the Diels-Alder reaction of Ŭ-carbonyl pyrone 361 with methyl 

acrylate (344). 

 

entry [a] Lewis 

acid 

equiv 

344 
solvent T [°C] t [h]  

yield 364a 

[%] 

yield 364b 

[%] 

1 - 2.0 toluene 150 24 complex mixture 

2 - 1.0 toluene 150 24 complex mixture 

3 - 1.0 DCM 60 48 --- 

4 ZnCl2 1.0 DCM 60 48 --- 

5 BF3ĀOEt2 1.0 DCM 60 48 --- 

[a] conditions: pyrone 361 (1.0 mmol, 1.0 equiv), Lewis acid (1.0 equiv) in solvent (2.0 M). 

In fact, pyrone 361 underwent facile cycloaddition with methyl acrylate (344), but 

bicycloadducts 364 could not be isolated in any case. Under the thermal conditions extrusion 

of CO2 in adducts 364 and further cycloaddition of the corresponding cyclohexadiene 

intermediates with methyl acrylate (344) occurred leading to a complex mixture of various 

products (Table 11, entry 1). The attempt to isolate the initial cyclohexadiene intermediates by 

lowering the amount of alkene 344 (entry 2) was unsuccessful since the second cycloaddition 

was more favored than in the first step with pyrone 361. In order to circumvent the thermal 

extrusion of CO2 in bicycloadducts 364, the reaction was also performed at a lower reaction 

temperature (entry 3). However, this experiment showed that higher temperatures are necessary 

for an uncatalyzed Diels-Alder reaction and only starting material 361 was recovered. Upon 

addition of Lewis acids for the preactivation of dienophile 344 also no conversion was observed 

(Table 11, entry 4 and 5). Herein, again an electronic mismatch due to simultaneous 

coordination of both reagents to the Lewis acid could be the major reason. Thus, the selectivity 

issues of the reaction could not be solved with the given materials and therefore, other 

applications for the biomass-derived pyrones were investigated. 

To sum up, a heretofore unprecedented transition metal-free synthetic strategy towards 3-

substituted phthalides 326 and derivatives 342 was developed starting from pyrones 26 derived 

from renewable resources. During the inter- and intramolecular cycloadditions no change in 
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enantiomeric excess was observed and enantioenriched products were obtained. In addition, the 

capability to introduce a bromine atom in 7-position of the phthalide by this method could pave 

the way to some natural products in future work. In contrast, desired bicycloadducts 364 could 

not be isolated by cycloaddition of 6-substituted pyrone 361 with alkenes. 

2.3 Visible light-mediated [4+2]-cycloaddition of 2-pyrones 

The eclectic photochemistry of 2-pyrone (1) has been discovered early and these photoinduced 

transformations provide appealing entities that are elusive by other methods (Scheme 93). In 

1964, Corey71 reported that direct irradiation of 2-pyrone (1) in diethyl ether furnished bicyclic 

lactone 365 by 4́ -photocyclization, while an acyclic ester 366 was obtained by irradiation in 

methanol.187 In contrast, by addition of acetophenone as sensitizer the formation of two 

[4+2]-cycloadducts 367a and 367b was observed, which constitutes a rare example of 

photochemical [4+2]-cycloaddition.187 Whereas the latter reaction seems to arise via the triplet 

2-pyrone excited state (T1, Figure 12), the cyclobutene lactone 365 and acyclic ester 366 are 

formed via the singlet excited state (S1, Figure 12).  

 

Scheme 93. Versatile photochemistry of 2-pyrone (1). 

As discussed earlier in the introduction (see chapter A3.2 and A3.3) lactone 365 and structurally 

rich cycloadducts like 367a and 367b are very potent building blocks. However, established 

synthetic protocols still make use of UV-mediated processes entailing some drawbacks. 

UV-light requires a high input of energy and specialized equipment for its safe generation. The 

concentration of substrates has to be kept low in order to allow efficient light penetration and 

prevent undesired intermolecular reactions. Moreover, up-scaling of UV-mediated reactions is 

a big challenge. Concerning a more sustainable process, the UV-light source should be replaced 

by an environmentally friendly visible light-emitting diode (LED).  

Transformations proceeding via singlet excited transition states (S1) can not be accomplished 

by direct irradiation with visible light in this case. Therefore, the focus was placed on the triplet-

catalyzed reaction of 2-pyrone (1). Generally, energy transfer (ET) from another photoexcited 
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molecule (sensitizer) can be applied to generate the first triplet state of a substrate (T1), from 

which the reaction takes place (Figure 12). 

 

Figure 12. Energy transfer of a sensitizer to a substrate.  

Over the years, several transition metal catalysts have been developed that absorb in the visible 

region of light promoting various chemical processes either by photoredox or energy transfer 

mechanisms. In 2019, Reiser et al. developed a visible light-mediated, intramolecular [2+2]-

photocycloaddition of amide linked dienes catalyzed by [Ir(dtb-bpy)(dF(CF3)ppy)2]PF6 as 

triplet sensitizer.188  

Encouraged by this work, an iridium-sensitized protocol was considered as a promising strategy 

to replace the UV-mediated [4+2]-cycloaddition of 2-pyrone (1) (Table 12). 

  



Main part 

 
75 

 

Table 12. Investigation of the photocatalyzed cycloaddition of 2-pyrone (1). 

 

entry [a] catalyst 
h  ˄

[nm] 

c 

[M]  

T 

[°C] 
t [h]  

yield 367a 

[%]  

yield 367b 

[%] 

1 
[Ir(dtb-

bpy)(dF(CF3)ppy)2]PF6 
455 0.05 rt 3 43 42 

2 
[Ir(dtb-

bpy)(dF(CF3)ppy)2]PF6 
455 0.50 rt 0.5 46 46 

3 - - 0.50 150 48 --- 

4 - 455 0.50 rt 48 --- 

5 Cu(dap)2Cl 530 0.50 rt 48 --- 

6 Ru(bpy)3Cl2 455 0.50 rt 48 --- 

[a] conditions: pyrone 1 (1.0 mmol, 1.0 equiv), catalyst (1.0 mol%). 

Gratifyingly, the iridium-catalyzed reaction furnished both regioisomers 367a and 367b in 

equal amounts after 3 h (Table 12, entry 1). The reaction took place in a complete 

diastereoselective fashion and for both products only the exo-diastereomer was obtained. In 

contrast to the earlier report187, structures of 367a and 367b could be unambiguously 

characterized by spectroscopic and single-crystal X-ray analysis (Figure 13). Moreover, the 

reaction time could be reduced by tenfold concentrated reaction conditions and cycloadducts 

367a and 367b were formed in an excellent overall yield of 92% (entry 2). In order to exclude 

the transformation to proceed through thermal (entry 3) or light-induced (entry 4) excitation, 

the conditions were examined in further experiments, but pyrone 1 was recovered in both cases. 

Other photocatalysts did not promote the reaction (entry 5 and 6), indicating unsuccessful 

energy transfer. 
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Figure 13. Crystal structure of 367a and 367b (50% thermal probability). 

Having identified excellent conditions for a visible light-catalyzed [4+2]-cycloaddition of 2-

pyrone (1) it was examined if an additional substituent could prevent the formation of one 

regioisomer. Hence, pyrones 2a and 26a were employed having an alkyl or hydroxyalkyl 

substituent, which might induce selectivity by steric reasons or additionally through H-bond 

interactions. But the reactions of alkyl pyrone 2a and hydroxyalkyl pyrone 26a provided a 

complex reaction mixture of different products that were not separable by standard column 

chromatography. NMR- and mass-analysis of the crude reaction mixture revealed the formation 

of [4+2]-cycloadducts and their corresponding products after elimination of the 

CO2-bridgehead. (Scheme 94). In addition, [2+2]-cycloaddition products of two pyrone 

molecules were observed, as well. 

 

Scheme 94. Triplett sensitized reaction of alky pyrone 2a and hydroxyalkyl pyrone 26a. 

All in all, the UV-mediated [4+2]-cycloaddition of 2-pyrone (1) was successfully replaced by 

a visible light catalyzed process giving rise to structurally and stereochemically rich 

cycloadducts 367a and 367b in a diastereoselective manner. The structures of both 

cycloadducts were unambiguously characterized by X-ray analysis. By introduction of 

substituents no selectivity of this reaction type could be obtained and only a complex mixture 

of various products was formed. 
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2.4 Cyclopropanation of 2-pyrone and 2-pyridinone and follow-up transformation 

2.4.1 Cyclopropanation of 2-pyrone and 2-pyridinone 

In general, 2-pyrones represent valuable starting materials in synthetic organic chemistry, 

however, besides versatile reactivities, that have been reported in recent literature, 

enantioselective functionalization of pyrones is still a remaining challenge. So far, only few 

methods have been developed in this field, e.g. asymmetric conjugate addition of Grignard 

reagents116 or enantioselective hydrogenation of pyrone derivatives189 accessing chiral 3,4- or 

5,6-dihydro 2-pyrone derivatives ï again precious synthetic building blocks.190 Among the 

various known catalytic processes, transition metal-catalyzed cyclopropanation deems to be a 

promising strategy for stereoselective functionalization of 2-pyrones. Cyclopropanation 

reactions have already been established for the stereoselective elaboration of heterocycles like 

furan, pyrrole and indole191,192 and the utility of these transformations have been showcased 

through the synthesis of many biologically relevant compounds (Figure 14).193ï198  

 

Figure 14. Selected examples of synthetic applications out of cyclopropanated heterocycles 

368.193,194,196,198 

Commonly, cyclopropanation of olefinic compounds proceeds via copper or rhodium 

carbenoids as key reaction intermediates readily generated by metal-catalyzed decomposition 

of diazoacetates. In contrast to free carbenes, metal carbenoids provide higher stability and 

tunable reactivity/selectivity dependent on the carbenoid structure. The letter can be categorized 

in three classes ï acceptor/acceptor- 373, acceptor- 374 and donor/acceptor-carbenoids 375 

(Figure 15). Due to their electrophilic character, the reactivity of carbenoids can be increased 

by acceptor substituents, while at the same time selectivity gets decreased. Introduction of 

donor substituents reverses these reactivity trends.191,192  
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Figure 15. Classification and reactivity pattern of metal carbenoids. 

Although transition metal-catalyzed cyclopropanation has been already applied to a number of 

heterocycles, to the best of our knowledge 2-pyrones have not been investigated as substrates 

in literature so far. Considering the electrophilic character of metal carbenoids, 

functionalization should occur on the more electron-rich double bond in 5,6-position next to 

the ring oxygen of pyrone 1 remaining an interesting Ŭ,ɓ-unsaturated lactone moiety. Thus, the 

enantioselective formation of cyclopropanated pyrones would enable further follow-up 

transformations to access value-added compounds under high stereochemical control. 

Consequently, unsubstituted 2-pyrone (1) was at first investigated in racemic cyclopropanation 

using an achiral rhodium(II)  catalyst and a donor/acceptor-diazoacetate 376 (Table 13).  
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Table 13. Racemic cyclopropanation of 2-pyrone (1) with diazoacetate 376. 

 

entry [a] solvent cat. [mol%] equiv 376 T t [h]  yield [%] 

1 toluene 5.0 3.0 rt 1.5 74 

2 toluene 1.0 3.0 rt 1.5 49 

3[b}  toluene 2.5 3.0 rt 1.5 75 

4 toluene 2.5 1.5 rt 1.5 55 

5 toluene 2.5 3.0 60 °C 1.5 66 

6 toluene 2.5 3.0 rt 3.0 72 

7 DCM 2.5 3.0 rt 1.5 59 

8 hexanes 2.5 3.0 rt 1.5 24 

9 trifluorotoluene 2.5 3.0 rt 1.5 67 

10[c] DCM - 0.2 rt 24 --- 

[a] conditions: to a solution of pyrone 1 (1.00 mmol, 1.0 equiv) and catalyst in solvent (0.5 M) was added dropwise 

a solution of diazoacetate 376 in solvent (1.1 M) over the indicated time; [b] pyrone 1 (5.00 mmol, 1.0 equiv) was 

used; [c] pyrone 1 (1.00 mmol) and diazoacetate 376 in DCM (0.5 M) were stirred under irradiation with a blue 

LED (ɚ = 455 nm) for 24 h. 

Encouragingly, in a first experiment, using 5.0 mol% of Rh2(OAc)4, the expected reactivity 

could be confirmed and 2-pyrone (1) was regioselectively cyclopropanated in 5,6-position in 

good yields of 74% (Table 13, entry 1). Remarkably, no additional double cyclopropanated 

product was observed though the aromatic character of pyrone 1 is broken. In addition, 

cyclopropanation furnished only one diastereomer 377a whose structure was unambiguously 

characterized by single-crystal X-ray analysis (Figure 16). This promising result initiated 

further research to optimize the reaction conditions. Screening of the amount of catalyst 

revealed that a catalyst loading of at least 2.5 mol% is necessary to achieve good yields of 75% 

(Table 13, entry 3), while a lower catalyst loading of 1.0 mol% significantly decreased the yield 

to 49% (entry 2). Likewise, reduction of the equivalents of diazoacetate 376 led to a drop in 

yield to 55% (entry 4). Furthermore, increasing the reaction temperature (entry 5) or addition 
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time of 376 (entry 6) did not improve the yield. Next, solvents commonly used in 

cyclopropanation reactions were screened. DCM (59%, entry 7) and hexanes (24%, entry 8) 

had adverse effects on the outcome of the reaction. In some cases, toluene, bearing a benzylic 

CH bond, shows unwanted side reactions with metal carbenoids and therefore, inert 

trifluorotoluene was also tested as solvent (Table 13, entry 9). However, utilization of 

trifluorotoluene slightly decreased the yield of 377a to 67% indicating that the aforementioned 

side reactivity is no issue in this case. In 2018, Davies et al. reported that aryldiazoacetates 376 

undergo photolysis by irradiation with blue light enabling cyclopropanation with a variety of 

substrates.199 Irradiation of diazoacetate 376 with a blue LED (ɚ = 455 nm) in presence of 

pyrone 1 only gave dimers of 376 and 2-pyrone (1) was completely recovered (entry 10).  

 

Figure 16. Crystal structure of 377a (50% thermal probability). 

Having identified the optimized conditions for a racemic cyclopropanation of unsubstituted 

2-pyrone (1), next, the scope of this transformation should be investigated using 2-pyridinone 

derivative 378 as substrate (Table 14), which is readily available by a reaction of 

2-hydroxypyridine 233 with n-butyllithium and p-toluenesulfonyl chloride.200  
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Table 14. Racemic cyclopropanation of 2-pyridinone 378 with diazoacetate 376. 

 

entry [a] cat. [mol%] equiv 376 yield [%] 

1 2.5 3.0 97 

2 2.5 1.5 89 

3 1.0 3.0 96 

4 1.0 2.0 95 

[a] conditions: to a solution of pyridinone 378 (5.0 mmol, 1.0 equiv) and catalyst in toluene (0.5 M) was added 

dropwise a solution of diazoacetate 376 in toluene (1.1 M) over 1.5 h. 

Interestingly, under previously determined reaction conditions, cyclopropanated pyridinone 

377b was isolated in almost quantitative yield of 97% (Table 14, entry 1). On the analogy of 

2-pyrone (1), only one diastereomer was formed and the structure of the Ŭ,ɓ-unsaturated lactam 

377b could be characterized by X-ray analysis (Figure 17). Further experiments showed, that 

the catalyst loading could be even reduced to 1.0 mol% and 2.0 equivalents of diazoacetate 376 

were still sufficient to furnish 377b in excellent yields of 95% (entry 4). The increased reactivity 

of pyridinone 378 compared to 2-pyrone (1) could be assigned to the powerful 

electron-donating ability of the nitrogen lone-pair leading to a more electron-rich heterocycle.  

   

Figure 17. Crystal structure of 377b (50% thermal probability). 

After proving pyrone 1 and pyridinone 378 as suitable substrates in transition metal-catalyzed 

cyclopropanations, the focus was then turned to the asymmetric transformation. A variety of 

chiral dirhodium catalysts have been developed for the reactions with donor/acceptor carbenes 

and they have been already applied for the enantioselective cyclopropanation of several 
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heterocycles.193ï195,198,201 Therefore, a short catalyst screening using 2-pyrone (1) as model 

substrate and DCM as solvent was conducted at the beginning (Table 15). 

Table 15. Catalyst screening for the enantioselective cyclopropanation of 2-pyrone (1). 

 

entry [a] Rh(II) catalyst yield [%]  ee [%] [b]  ♪╓  

1 Rh2(S-TCPTTL)4 52 50 ī165 

2 Rh2(R-p-BrTPCP)4 46 57 ī190 

3 Rh2(S-PTAD)4 94 87 281 

[a] conditions: to a solution of pyrone 1 (0.5 mmol, 1.0 equiv) and catalyst (1.0 mol%) in DCM (0.5 M) was added 

dropwise a solution of 376 (3.0 equiv) in DCM (1.1 M) over 1.5 h at room temperature; [b] determined by chiral 

HPLC analysis of the isolated product. 

The initially tested phthalimido catalyst Rh2(S-TCPTTL)4 gave the cyclopropanated pyrone 

377a in moderate yield (52%) and low enantiomeric excess (50% ee, Table 15, entry 1). 

Utilization of the triarylcyclopropane carboxylate catalyst Rh2(R-p-BrTPCP)4 furnished 377a 

in even lower yield (46%) but slightly increased ee (58% ee, entry 2). The Rh2(S-PTAD)4 

catalyst proved to be very efficient and 377a was isolated in an excellent yield of 94% with a 

high level of enantioselectivity (87% ee, entry 3).  

   

Figure 18. Structures of chiral rhodium catalysts used. 

Encouraged by the satisfying performance of Rh2(S-PTAD)4, further screening of the reaction 

conditions was conducted in collaboration with Jiantao Fu, a member of the research group of 

Professor Huw M. L. Davies at the Emory University in Atlanta. For this purpose, trichloroethyl 

p-bromophenyldiazoacetate (379) was used as donor/acceptor carbenoid (Table 16).  
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Table 16. Screening of reaction conditions for the enantioselective cyclopropanation of pyrone 

1. 

 

entry [a] starting material  equiv 379 T yield [%]  ee [%] [b]  

1 X = O 0.5 rt 33 90 

2 X = O 0.5 40 °C 60 86 

3 X = O 2.0 rt 98 90 

4 X = O 2.0 0 °C 98 93 

5 X = NTs 2.0 0 °C 99 95 

[a] conditions: to a solution of pyrone 1 or pyridinone 378 (0.5 mmol, 1.0 equiv) and Rh2(S-PTAD)4 (0.5 mol%) 

in DCM (0.5 M) was added dropwise a solution of 379 in DCM (1.1 M) over 1.5 h at the indicated temperature; 

[b] determined by chiral HPLC analysis of the isolated product. 

Using a twofold excess of pyrone 1, like it is reported for chiral cyclopropanations of furans 

and pyrroles193,194, gave cycloproduct 380a in poor yield of 33% but with excellent ee of 90% 

(Table 16, entry 1). Under reflux conditions (40 °C) the yield could be increased to 60%, 

however, a marginally decrease in enantioselectivity (86% ee) was observed (entry 2). A much 

better result was obtained, when diazoacetate 379 was added in excess (entry 3 and 4). Reaction 

at room temperature furnished 380a in almost quantitative yield (98%) with an excellent ee of 

90% (Table 16, entry 3). Enantioselectivity could be even slightly increased (93% ee) by 

performing the reaction at 0 °C (entry 4). Notably, lowering the catalyst loading to 0.5 mol% is 

still sufficient to achieve chiral functionalization with great results. In addition, pyridinone 378 

was cyclopropanated under the same conditions in almost quantitative yield of 99% and with 

excellent enantiomeric excess of 95% (entry 5). With optimized conditions in hand, the scope 

of pyrones 381, pyridinones 382 and aryl diazoacetates 383 is currently investigated in 

enantioselective cyclopropanation reactions by Jiantao Fu (Scheme 95).  
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Scheme 95. Planned scope of enantioselective cyclopropanation of pyrones 381, pyridinones 

382 and diazoacetates 383. 

Besides donor/acceptor-carbenes, acceptor-diazoacetate 385 should also be employed for a 

cyclopropanation of pyrone 1 (Table 17). Routinely, reactions of acceptor-only carbenes under 

dirhodium tetracarboxylate catalysis give poor results in terms of selectivity and 

reactivity.193,202 Hence, metal carbenoids derived from copper salts or copper(I)-bis(oxazoline) 

complexes are used for cyclopropanation reactions.196,203  

Table 17. Attempts towards cyclopropanation of pyrone 1 with diazoacetate 385. 

 

entry [a] Cu catalyst ligand yield [%]  

1 Cu(OTf)2 - --- 

2 Cu(OTf)2 i-Pr-Box --- 

3 Cu(acac)2 - --- 

4 Cu(acac)2 i-Pr-Box --- 

[a] conditions: pyrone 1 (1.00 mmol, 1.0 equiv), catalyst (10.0 mol%), ligand (20.0 mol%), 

PhNHNH2 (10.0 mol%), diazoacetate 385 (3.0 equiv). 

Disappointingly, under several conditions tested, no conversion of pyrone 1 was observed and 

only dimers of diazoacetate 385 were obtained (Table 17, entry 1-4). Upon addition of i-Pr-

bis(oxazoline) ligand, usually increasing the reactivity of copper carbenoids, also only 

dimerization was observed in both cases (entry 2 and 4). The inefficient reactivity of 1 with 

these types of electrophilic carbenoids in contrast to heterocycles like furan and pyrrole could 

be attributed to the less electron-rich character of pyrone heterocycles, thus creating an 

electronical mismatch. Since all attempts to a cyclopropanation of pyrone 1 with acceptor 
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diazoacetate 385 were unsuccessful, the focus was then turned to the follow-up transformations 

of cyclopropanated pyrone 377a. 

2.4.2 Follow-up transformations of cyclopropanated pyrone 

As already mentioned in the previous chapter (B.2.4.1), cyclopropanated 2-pyrone 377a 

contains an Ŭ,ɓ-unsaturated lactone moiety clearly offering the possibility for further 

stereoselective transformations. The same structural motif can be found in 5,6-dihydro pyrones 

387 displaying versatile reactivities in synthetic organic chemistry, e.g. in cycloadditions204, 

1,4-additions118,205, Baylis-Hillman reactions206, and hence, presenting a powerful tool for 

building up molecular complexity (Figure 19).  

 

Figure 19. Reactivity of 5,6-dihydro 2-pyrones 387.207,208,209 

Lately, the research of our working group was focused on the stereoselective synthesis of 

6-membered heterocycles by endocyclic ring-opening of cyclopropanated pyrones and furans, 

which is much more challenging than the well-known exocyclic ring-opening reaction.210 

Besides selective cleavage of the non-activated endocyclic C-C bond through palladium-

catalyzed Heck coupling211, introduction of a good leaving group (e.g. OMs) next to the 

cyclopropane moiety provided these valuable products after trapping of the resulting cation 

with a nucleophile (Scheme 96).c  

 
c This research is currently part of the Ph.D. thesis of Robert Eckl (Working group of Prof. Reiser, University of 

Regensburg). 
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Scheme 96. Endocyclic ring expansion of cyclopropanated heterocycles by introduction of a 

leaving group.  

Inspired by this work, the question arose whether an endocyclic ring expansion of 

cyclopropanated pyrone 377a could enable access to 7-membered heterocycles, whose selective 

construction is still an important and challenging task in organic synthesis.212 Therefore, the 

aforementioned reactivity of unsaturated lactones in Baylis-Hillman reactions should be 

utilized for the in situ introduction of a leaving group next to the cyclopropane ring. Generally, 

Baylis-Hillman reactions proceed via 1,4-addition of a Lewis base (LB) forming enolate 392. 

Consequently, an aldol reaction gives rise to intermediate 393 and after proton abstraction, 

which is the rate-determining step (rds), product 395 is formed and the Lewis base catalyst is 

recovered (Scheme 97).  

 

Scheme 97. General mechanism of a Baylis-Hillman reaction. 

Following this mechanism, it was envisioned that 1,4-addition of a Lewis base could lead to in 

situ introduction of a valuable leaving group next to the cyclopropane moiety of unsaturated 

lactone 377a. Hence, after endocyclic ring-opening, the corresponding cation 397 could be 

trapped by a nucleophile accessing 7-membered ring systems 398 (Scheme 98). 

 

Scheme 98. Envisioned strategy for an endocyclic ring expansion of 377a. 
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Lewis base-catalyzed ring-opening of cyclopropanes via Michael-addition has already been 

applied by Zhang et al. for the construction of 2,3-dihydrofurans 401 (Scheme 99).213 Herein, 

DABCO provides both the electron source as well as the electron sink. 

 

Scheme 99. Synthesis of 2,3-dihydrofurans 401 by Lewis-base-catalyzed ring-opening.213  

In a first experiment, the reaction was performed using DABCO as Lewis base and a polar 

protic solvent (MeOH) to stabilize anionic intermediates by H-bond interactions and 

simultaneously acting as the nucleophile (Table 18, entry 1).  

Table 18. Attempts to a Lewis base mediated endocyclic ring-opening of 377a.  

 

entry [a] Lewis base electrophile T t [h]  yield [%]  

1 DABCO - rt to 80 °C 48 decomposition 

2 Bu3P - rt 24 decomposition 

3 DABCO benzaldehyde rt to 80 °C 48 decomposition 

4 Bu3P benzaldehyde rt 24 traces, decomposition 

[a] conditions: cyclopropanated pyrone 377a (1.00 mmol, 1.0 equiv), Lewis base (40 mol%), 

electrophile (1.5 equiv) in MeOH (0.2 M).  

However, when running the reaction at room temperature, no conversion of the starting material 

377a was observed. Hence, the reaction temperature was increased to 80 °C, but under reflux 

condition the starting material 377a decomposed (Table 18, entry 1). The same trend was 

observable for tributylphosphine as Lewis base (entry 2). In order to stabilize the potential 

enolate intermediate 396 by an aldol reaction, benzaldehyde was added as an electrophile in 

further reactions (Table 18, entry 3 and 4). Again, no starting material 377a was converted at 

room temperature using DABCO and upon heating decomposition was observed (entry 3). In 

contrast to the reaction with DABCO, tributylphosphine already reacted at room temperature 
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with cyclopropanated pyrone 377a (entry 4). Mass spectrometry of the crude product revealed 

some formation of 402 besides mainly decomposition, but the ring expansion product 402 could 

not be isolated after column chromatography. 

A further attempt to achieve Lewis base mediated ring-expansion was conducted by adding 

trimethylsilyl azide to trap the possible enolate intermediate 396 as silyl ether. Additionally, 

azide should act as the nucleophile. Unfortunately, decomposition of 377a was also observed 

in this case (Scheme 100).  

 

Scheme 100. Investigation of the ring expansion of 377a by addition of TMSN3. 

This led to the decision to pursue a different strategy for the ring-opening of bicyclic lactone 

377a. A variety of reaction conditions have been developed for the epoxidation of unsaturated 

ŭ-lactone systems. After epoxidation of cyclopropanated pyrone 377a, the corresponding 

epoxide 404 should be investigated in a Brønsted- or Lewis acid-catalyzed ring-extension via 

cationic intermediate 405. (Scheme 101). This concept was already successfully applied to 

cyclopropanated piperidine substrates in our research group.d  

 

Scheme 101. Envisioned strategy for a ring-opening of pyrone 377a by epoxidation. 

In the following, cyclopropanated substrate 377a was investigated in different epoxidation 

reactions (Table 19).  

  

 
d This research is currently part of the Ph.D. thesis of Tobias Babl (Working group of Prof. Reiser, University of 

Regensburg). 
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Table 19. Investigation of the epoxidation of cyclopropanated pyrone 377a. 

 

entry reagent solvent T t [h]  yield [%]  

1 H2O2/NaOH DCM/MeOH rt 24 decomposition 

2 DMDO acetone/H2O 0 °C to 80 °C 72 --- 

3 mCPBA DCM rt to 40 °C 72 --- 

4 
mCPBA, 

NaHCO3 
DCM rt to 40 °C 24 --- 

5 t-BuOOH, DBU DCM rt 24 decomposition 

 

Due to the electron-deficient character of the targeted double bond in 377a, a nucleophilic 

epoxidation as for the synthesis of 2-pyrones was performed at first (Table 19, entry 1). Under 

basic reaction conditions, starting material 377a completely decomposed, which could be 

rationalized by a lactone opening leading to further unselective reactions. Consequently, rather 

neutral conditions were tested (entry 2-4). However, the electrophilic epoxidation reagents 

DMDO and mCPBA did not convert 377a even under reflux conditions (entry 2-4). 

DBU-catalyzed conjugated addition of tert-butyl-hydroperoxide, specifically developed for the 

epoxidation of base sensitive Ŭ,ɓ-unsaturated lactones by Kapoor and co-workers209, again 

showed decomposition of cyclopropanated pyrone 377a. Like reported for other base sensitive 

lactones, the electron-withdrawing cyclopropane ring seems to facilitate opening of the lactone 

ring thus prevent selective epoxide formation.208,209  

The unsuccessful epoxidation of pyrone 377a ultimately led to the end of the endocyclic ring-

opening efforts. Nevertheless, the previously observed tendency of cyclopropanated pyrone 

377a to undergo easily lactone opening should be exploited for another kind of transformation. 

The presence of a vinylcyclopropane moiety in cyclopropanated pyrone 377a provides further 

opportunities for its application as chiral building blocks. Vinylcyclopropanes can undergo 

several rearrangements that have been used for the synthesis of valuable complex 

molecules.198,214 Among them, the 1,3-sigmatropic rearrangement giving rise to cyclopentane 
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derivatives has been studied in detail.215,216 For instance, Davies et al. showed Et2AlCl catalyzed 

1,3-sigmatropic rearrangement of vinylcyclopropane 407 exhibiting excellent stereoselectivity 

(Scheme 102).  

 

Scheme 102. Et2AlCl catalyzed 1,3-sigmatropic rearrangement of vinylcyclopropane 407.216 

Applying this reaction pattern on cyclopropanated pyrone 377a, may give rise to derivatives of 

hydroxymethyl cyclopentenol 409 with high stereocontrol. This important substrate and the 

corresponding dihydroxymethyl derivatives have found application in the synthesis of valuable 

natural occurring substances and drugs, e.g. entecavir (410), hexacyclinol or (+)-ophiobolin 

A.217,218 Entecavir (410) is a nucleoside analog and has been approved by the U.S. FDA for the 

treatment of hepatitis B virus (HBV) infected patients, thus being listed on WHOôs list of 

essential medicines. It was first discovered and synthesized by chemists from Bristol-Myers 

Squibb starting from enantiomerical pure (1S,2R)-2-(hydroxymethyl)cyclopent-3-en-1-ol (409) 

(Scheme 103). 

 

Scheme 103. Synthesis of entecavir (410) according to Bristol-Myers Squibb.217 

Lactone opening of cyclopropanated pyrone 377a should provide an acyclic vinylcyclopropane 

undergoing a further sigmatropic rearrangement towards cyclopentenol derivative 411. 

Moreover, ring-opening by applying reductive conditions could lead to the simultaneous 

formation of a hydroxymethyl substituent next to the secondary alcohol. Therefore, DIBAL-H 

was used as reductive agent for the lactone opening/rearrangement approach (Scheme 104).  
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Scheme 104. Synthesis of cyclopentenol 411 by reductive ring-opening/rearrangement of 377a. 

Pleasingly, first attempts under reductive conditions furnished cyclopentenol derivative 411 in 

63% yield. Further optimization of the aforementioned reaction remains to be determined. 

Therefore, increasing the amount of DIBAL-H or varying the reduction agent seems to be a 

promising starting point since a not complete reduced aldehyde derivative of 411 was observed 

as a side-product. Noteworthy, the reductive ring-opening/rearrangement of 377a proceeded 

with excellent stereoselectivity and only one diastereomer of 411 was obtained. On closer 

consideration of the mechanism (Scheme 105), the excellent stereocontrol can be explained by 

the suprafacial 1,3-sigmatropic rearrangement of intermediate 412 leading to a retention of the 

configuration.216  

 

Scheme 105. Proposed mechanism for the ring-opening/rearrangement of 377a. 

Starting from enantiopure cyclopropanated pyrone 377a this process enables access to chiral 

hydroxymethyl cyclopentenol derivatives 411 being a valuable precursor for the synthesis of 

highly biologically active products like entecavir derivatives. Additionally, the same 

transformation of cyclopropanated pyridinone 377b could give rise to chiral derivatives of 

hydroxymethyl cyclopentene amines 414 which have been proved as important intermediates 

in organic synthesis (Figure 20).219,220 Reaction optimization, scope investigation and 

application of this process is part of the Ph.D. thesis of Natalija Moor, a member of our research 

group.  
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Figure 20. Selected samples of valuable products derived from hydroxymethyl cyclopentene 

amine 414.219,220 

In conclusion, 2-pyrone (1) and pyridinone 378 were successfully functionalized by transition 

metal-catalyzed cyclopropanation using donor/acceptor-carbenoids. Moreover, catalyst 

screening revealed that chiral Rh2(S-PTAD)4 proved to be an efficient catalyst giving rise to 

cyclopropanated pyrone 380a and pyridinone 380b in excellent yields and enantiomeric excess. 

The scope of substrates and diazoacetates is currently investigated by Jiantao Fu, a member of 

the research group of Professor Huw Davies in Atlanta. Unfortunately, attempts to use acceptor-

carbenoids were unsuccessful. The following endocyclic ring expansion of cyclopropanated 

pyrone 377a to 7-membered heterocycles failed under applied strategies. In contrast, the 

development of a reductive lactone ring-opening/rearrangement strategy enabled access to a 

cyclopentenol derivative 411 that could find application in the synthesis of precious compounds 

like, e.g., entecavir derivatives. Further investigations on this project and additional follow-up 

transformations like 1,4-additions and cycloadditions are already in progress in the Reiser 

group. 
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3 Atypical reactivity of anthracene derivativese 

3.1 Diels-Alder reaction with atypical regioselectivity 

3.1.1 Diels-Alder reaction of anthracene derivatives 

The [4+2]-cycloaddition of a conjugated diene with 4 -́electrons and a dienophile (an alkene 

or alkyne) with 2 ˊ-electrons ï commonly known as the Diels-Alder reaction ï is one of the 

most emblematic pericyclic reactions. It is deservedly celebrated due to its synthetic reliability 

and atom-economic approach for the facile construction of complex 6-membered ring systems 

in a regio- and stereoselective fashion. Being an easily available conjugated ˊ-electron-rich 

carbocyclic system, anthracene (419a) has been widely exploited as a classic diene for 

Diels-Alder reactions wherein its chemical reactivity and transformational effectiveness are 

subsidized by the partial loss of aromaticity. Extensive synthetic and mechanistic studies reveal 

that the natural preference for [4+2]-cycloadditions of unsubstituted anthracene (419a) is at its 

9,10-positions (red, Figure 21).221 The selectivity is governed by thermodynamic factors given 

that the twofold stabilization energy of benzene (2 × 35 = 70 kcal/mol) is greater compared to 

that of the naphthalene moiety (50 kcal/mol) as well as kinetic factors for having the largest 

frontier molecular orbital coefficients at the 9,10-positions (red sphere, Figure 21) in the 

Highest Occupied Molecular Orbitals (HOMO) of 419a (Figure 21).222  

 

Figure 21. Inherent reactivity mode of anthracene (419a) with dienophiles.222 

Considering the significance of the transformation, tuning the regioselectivity of the Diels-

Alder reaction of anthracenes is an attractive problem. However, until today, only very few 

approaches have been successful to indirectly circumvent the inherent 9,10-preference of 

anthracenes in [4+2]-cycloaddition reactions and almost all of these studies relied on 

premeditated engagement of the 9,10-positions either sterically or electronically. Installation of 

 
e This chapter includes parts from a manuscript which has been prepared in collaboration with V. Ngoc, A. 

Bhattacharyya, P. Kreimeier, P. Sarkrausky, J. Rehbein and O. Reiser. Experimental results obtained from the 

Ph.D. thesis of V. Ngoc are highlighted.  
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voluminous and/or electron-withdrawing substituents at the 9- and 10-positions indirectly 

deactivates the central B-ring for steric and electronic reasons, thereby allowing the formation 

of the corresponding cycloadducts with the terminal A-ring (Figure 22).  

 

Figure 22. Previous approaches for 1,4-selective [4+2]-cycloadditions by electronic and steric 

maneuvers at the 9,10-positions.223ï228 

For example, 9,10-dicyanoanthracene in the reaction with benzyne furnishes a 1:1 mixture of 

the corresponding 1,4- and 9,10- adducts, albeit only in low yield (8%).223 Moreover, in the 

total synthesis of molecular gyroscopes with triptycyl frames, Garcia-Garibay et al. observed 

the formation of 1,4-cycloadducts as byproducts (maximal ratio 9,10/1,4 = 1:1) during the 

Diels-Alder reaction of anthracenes bearing alkyne groups in 9-position with benzynes.224 

Likewise, sterically more demanding 9,10-diphenyl- or 9,10-diferrocenyl-substituted 

anthracenes were found to yield exclusively the corresponding A-ring adducts with DMAD in 

50% and 38% yield, respectively.225,226 More recently, a 1,4-selective cycloaddition with 

sterically bulky N-2,6-difluorophenylmaleimide227 or with N-substituted maleimides activated 

by superstoichiometric amounts of AlCl3
228 was reported with anthracene derivatives. 

However, yet again blocking of both, the 9- and / or the 10-position by ester, halide and/or 

phenyl groups was necessary.  

The only example so far that is reported to be exclusively 1,4-selective with an anthracene 

moiety unsubstituted at the 9,10-positions is the reaction between anthracene (419a) itself and 

N-cyclohexylmaleimide confined as an inclusion complex of a supramolecular octahedral 

organopalladium host.229 It was assumed that the unusual regioselectivity stemmed from an 

external topochemical control by the way the substrate bind to the host which made it 

geometrically impossible to attack the 9,10-positions with the dienophile (Figure 23). 
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Figure 23. 1,4-Selective [4+2]-cycloaddition of anthracene (419a) by external topochemical 

control.229 

More recently, an anthracene derivative with fused carbocyclic moieties in 2,3- and 6,7-

positions was found to undergo a cycloaddition at both 9,10- and 1,4-positions 

(ratio 9,10/1,4 = 1:2) with 4,5-dimethoxybenzyne in 33% yield.230 The unusual reactivity was 

explained by electronic activation of the outer rings that outweighs the steric hindrance.  

Motivated by this literature void, the question was asked whether the A-ring of the anthracene 

could be sufficiently electronically enriched by placing donor substituents on it so that 

corresponding 1,4-cycloadducts would directly form with electron-deficient dienophiles 

without the necessity of blocking the 9,10-positions (Figure 24).  

 

Figure 24. Direct electronic activation of the A-ring with unblocked 9,10-sites. 

In order to assess the validity of the hypothesis, 1,5-disubstituted anthracenes 419b-d were 

synthesized from readily available anthraquinones 426-428 (Scheme 106)231,232 and employed 

in a series of thermal [4+2]-cycloaddition reactions.  
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Scheme 106. Synthesis of 1,5-disubstituted anthracenes 419b-d.231,232 

A range of electron-deficient alkene dienophiles such as dimethyl fumarate (A), maleic 

anhydride (B) and N-phenylmaleimide (C) were investigated at first (Table 20).  
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Table 20. Diels-Alder reactions of disubstituted anthracenes 419b-d and dienophiles A-C. 

 

entry [a] R1 dienophile product [b]  

1 

2233 

3233 

OMe 

NMe2 

N(CH2)4  

 

4 

5233 

6233 

OMe 

NMe2 

N(CH2)4  

 

7 

8 

9 

OMe 

NMe2 

N(CH2)4  

 

[a] conditions: anthracene (419b-d, 1.0 equiv) and dienophile (A-C, 1.1 equiv) in toluene (0.5 M) in a sealed tube 

at 150 °C (for details on reaction times see experimental part); [b] isolated yield.  

However, only the formation of 9,10-cycloadducts 430A-C was observed in 68-99% yield 

(Table 20), even in the case of substrates 419c (entry 2, 5 and 8) and 419d (entry 3, 6 and 9) 

with increased ́-electron density. Notably, the reaction of dimethoxy anthracene 419b and 

dimethyl fumarate (A) furnished selectively the syn-cycloadduct 430bA (Table 20, entry 1), 

because steric effects are negligible for 419b and the electronic secondary orbital interactions 

predominate in every reaction. Next, the attention was turned to evaluate alkyne dienophiles 

(Table 21) such as dimethylacetylene dicarboxylate (DMAD, D)233 which are also known for 

being exclusively 9,10-selective for unsubstituted anthracene234 (419a, Table 21, entry 1).  



Main part 

 
98 

 

Table 21. Diels-Alder between 1,5-disubstituted anthracenes 419a-d and alkynes D-F. 

 

entry [a] R1 dienophile product [b]  430 : 431[c] 

1233 H 

  

>99 : 1 

2233 OMe 

 
 

90 : 10 

3233 NMe2 

 
 

30 : 70 

4233 N(CH2)4 

 
 

1 : >99 

5 N(CH2)4 

 
 

17 : 83 

6233 N(CH2)4 

 
 

>99 : 1 

[a] conditions: anthracene (419a-d, 1.0 equiv) and dienophile (D-E, 1.1 equiv; F 5.0 equiv) in toluene (0.5 M) in 

a sealed tube at 150 °C (for details on reaction times see experimental part); [b] isolated yield; [c] determined by 

1H NMR. 

When 419b was reacted with D under thermal reaction conditions, the first indication of the 

change in trend of regioselectivity was pleasingly observed, as 6% of the corresponding 1,4-
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cycloadduct 431bD formed alongside the formation of the usual 9,10-cycloadduct 430bD 

(73%, Table 21, entry 2). Subsequently, when dimethylamino-group bearing 1,5-disubstituted 

anthracene 419c was subjected to the [4+2]-cycloaddition with DMAD (D), the corresponding 

1,4-cycloadduct 431cD turned out to be the major product (58% yield) dominating over the 

usual 9,10-cycloadduct 430cD which was obtained in only 20% yield (Table 21, entry 3). 

Inspired by the observation that the donor strength of the substitutions on the A-ring indeed 

affected the regioselectivity of [4+2]-cycloaddition reactions of anthracene derivatives, the 

dipyrrolidino 1,5-disubstituted anthracene 419d was next investigated, following the lead of 

Zipse et al.235 who demonstrated that a pyrrolidine substituted pyridine is more nucleophilic 

than dimethylaminopyridine (DMAP). When 419d was engaged in the thermal 

[4+2]-cycloaddition with D, gratifyingly, the reaction yielded the 1,4-adduct 431dD exclusively 

in 78% yield (Table 21, entry 4), representing the first example for a 1,4-selective 

[4+2]-cycloaddition of an anthracene derivative in which the 9,10-positions are not blocked 

with substituents or shielded by any other means. Interestingly, when methyl propiolate (E) 

bearing a single ester group on the alkyne functionality was employed as the dienophile and 

reacted with 419d, a drop in regioselectivity was observed and the corresponding 

1,4-cycloadduct 431dE as a single isomer was obtained in 56% yield along with the formation 

of the corresponding 9,10-cycloadduct 430dE in 14 % yield (entry 5). The regioselectivity was 

again found to be entirely reversed when methyl phenylpropiolate (F) was reacted with 419d 

and the 9,10-cycloadduct 430dF formed exclusively, albeit with poor yield even after 72 h 

(23%, Table 21, entry 6). 

After establishing a definite relationship between the donor strength of the substituents at the 

1,5-positions and the regioselective outcomes of the [4+2]-cycloadditions of anthracenes with 

alkene and alkyne dienophiles, the extent of the electron-donating effect on the regioselectivity 

of the transformations should be investigated next. Accordingly, monosubstituted pyrrolidino 

anthracene derivative 419e was synthesized (Scheme 107).236  

 

Scheme 107. Synthesis of 1-pyrrolidine anthracene (419e).236 

The monosubstituted anthracene derivative 419e was also investigated in a series of 

cycloaddition reactions with alkenes A-C and alkyne dienophiles D-G (Table 22). 
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Table 22. Diels-Alder reaction of pyrrolidine anthracene 419e and dienophiles A-G. 

 

entry [a] dienophile product [b]  430e : 431e[c] 

1 

 
 

>99 : 1 

2 

 

 

>99 : 1 

3 

 

 

>99 : 1 

4[d] 

 

 

--- 

5 

  

1 : >99 

6 

 

 

23 : 77 
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7 

 

--- --- 

8 

 

decomposition --- 

[a] conditions: anthracene (419e, 1.0 equiv) and dienophile (A-E, 1.1 equiv; F-G 5.0 equiv) in toluene (0.5 M) in 

a sealed tube at 150 °C (for details on reaction times see experimental part); [b] isolated yield; [c] determined by 

1H NMR; [d] conditions: anthracene (419e, 1.0 equiv), dienophile (C, 1.1 equiv) and AlCl3 (3.0 equiv) in CHCl3 

(0.08 M) in a sealed tube at room temperature for 3 h. 

Analogous to the disubstituted anthracenes 419b-d, when 419e was employed in the thermal 

[4+2]-cycloaddition with alkene dienophiles A-C, the respective 9,10-cycloadducts 430eA-C 

exclusively formed in every case in 95-99% yields (Table 22, entry 1-3). On the contrary, 

activation of dienophile C by a Lewis acid (AlCl 3) furnished Friedel-Crafts type product 434 

exclusively in para-position of the pyrrolidine substituent (62%, Table 22, entry 4). The 

reaction seems to take place through a Michael-addition in the first step. Subsequent 

rearomatization of the zwitterionic intermediate by proton abstraction proceeds faster than ring 

closure to the corresponding cycloadduct. Satisfyingly, when DMAD (D) was used as 

dienophile, the selective formation of the 1,4-cycloadduct 431eD was observed in excellent 

yield (90%, entry 5). Likewise, methyl propiolate (E) yielded preferentially the corresponding 

1,4-cycloadduct 431eE as a single regioisomer in 72% yield along with the formation of the 

corresponding 9,10-cycloadducts 430eE as a syn/anti (syn/anti = 55:45) isomeric mixture 

(25%, entry 6). In contrast, methyl phenylpropiolate (F) did not undergo any cycloaddition 

reaction with 419e (entry 7). The reaction of 419e with in situ prepared benzyne (G), a reagent 

that has been studied in 1,4-cycloadditions with anthracene derivatives223,224,230, led only to 

decomposition of the starting material (Table 22, entry 8). The structure of 1,4-cycloadduct 

431eD was unambiguously assigned by NMR spectroscopy and was confirmed by 

single-crystal X-ray diffraction analysis (Figure 25). It is noteworthy to mention that all 1,4- 

and 9,10-cycloadducts were examined at high-temperature conditions (reflux, 24 h, 160 °C), 

however, no crossover between the products was observed in any case.  
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Figure 25. Crystal structure of 431eD (50% thermal probability). 

3.1.2 Computational studies 

With a view to completely comprehending the atypical regioselectivity demonstrated by the 

anthracenes 419b-e in aforementioned [4+2]-cycloadditions with alkyne dienophiles D-E, 

extensive theoretical calculations were performed in cooperation with Prof. J. Rehbein. The 

theoretical calculations were conducted by Patrick Sakrausky (Ph.D. student of AK Rehbein). 

The fundamental question arose, what governs the 9,10- vs. 1,4-selectivity in the reaction of 

the various dienophile and anthracene combinations. The two dienophiles maleic anhydride (B) 

and DMAD (D) were picked as they show a stark contrast in their position-selectivity in the 

reaction with the dienes 419a-e. Whereas D followed a smooth trend from 9,10- to 

1,4-selectivity with the variation of the electronics of the dienes, B apparently was insensitive 

to this and showed expected 9,10-selectivity only.  

The analyses went beyond the simple comparison of calculated activation barriers (ȹGÍ) and 

driving forces (ȹRG) to achieve a fundamental understanding of the variation in product 

selectivities. On the same note, the concepts by Fukui (frontier molecular orbital analysis, 

FMO) and Bell-Evans-Polanyi (BEP) that are commonly used to predict relative reactivities, 

i.e. selectivities in Diels-Alder reactions, were re-evaluated in their applicability for the 

observed peculiar position-selectivities. 

A judgment about the minimum energy pathway (MEP, concerted vs. stepwise) was based on 

the intrinsic reaction coordinate (IRC) calculations and analysis of the root mean square (RMS) 

gradient. In a subsequent step, Marcus theory was employed to differentiate the kinetic 

(intrinsic barrier) and thermodynamic contributions to the overall activation barrier (ȹGÍ). To 

understand why the intrinsic barriers of the (first) ů-bond formation govern the product ratios, 

the electronics of the starting materials and transition state structures were analyzed by natural 

bond orbital (NBO) analysis. The calculations have been run with the Gaussian09.E01 suite of 

programs using the B3LYP-D3/6-31G** level of theory. For further details and citations see 

experimental part (E5). 
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The combination of dienophile DMAD (D) with five different anthracenes (419a-e, R = H, 

OMe, NMe2, bis-pyrrolidine, mono-pyrrolidine) was used to establish the choice of the level of 

theory (LOT). The calculated activation barriers reproduced the experimentally observed trend 

of 9,10- to 1,4-cycloaddition selectivity as a function of the electron donor substituent (EDG) 

at the diene (Table 23). Therefore, this LOT was used for a more detailed analysis. 

Table 23. Summary of calculated vs experimental selectivities of the reaction between 

anthracenes 419a-e and DMAD (D). 

anthracene 
ȹȹGÍ9,10 -1,4 

[kcal/mol]  

calculated selectivity 

9,10 : 1,4 

experimental selectivity 

9,10 : 1,4 

419a (R = H) 6.2 9,10 only >99 : 1 

419b (R = OMe) 1.4 10 : 1 9 : 1 

419c (R = NMe2) 0 1 : 1 1 : 2.5 

419d (R = bis-

(N(CH2)4) 
1.5 1 : 13 1 : >99 

419e (R = mono-

(N(CH2)4) 
6 quant. 1,4  1 : >99 

 

To determine the extent of concertedness, the transition state (TS) structures were analyzed 

with respect to the extent of bond reorganization (Figure 26) and most importantly the minimum 

energy pathway (MEP) of the respective transformations were scanned by IRC calculations and 

the RMS gradient was analyzed (for details see IRC plots in experimental part E5.6 and E5.7).  

  

Figure 26. Bond orders (BOs) according to Pauling characterizing the mechanisms in the 

computationally analyzed Diels-Alder reactions. 
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Interestingly, in the cycloaddition of D even with the parent anthracene (419a) the TS structures 

of the 9,10-additions, as well as the 1,4-addition, are asynchronous, with the 1,4-addition 

slightly more so (Figure 26A). This is contrary to the TS structures with maleic anhydride 

(B, Figure 26B) that remained insensitive to changes in the electronics for the 9,10-additions 

and only showed asynchronicity for the 1,4-additions process. Adding electron donor groups 

(EDGs) in 1-and/or 5-position of the anthracenes a trend towards higher asynchronicity is 

consistently observed for reactions with D. Based on the analysis of the RMS gradient along 

with the calculated IRC a stepwise mechanism was identified to be in operation for the 

1,4-additions of D with 419d and B with 419b-d. And for the 9,10-addition in case of D with 

419d (for details see IRC plots in experimental part E5.6 and E5.7). With the help of this energy 

and force related differentiation of concerted vs. two-step mechanism in the reactions of D also 

a geometric parameter of the transition state structures was defined as an indicator for a change 

in mechanism: A difference in bond orders (ȹBO237) of the two-forming ů-bonds of ȹBO Ó 

0.63 is characteristic for the stepwise pathway. 

Based on the MEP-analysis the comparison of the Gibbs free activation barriers of the 9,10- vs. 

1,4-addition were conducted with respect to either the concerted pathways or the first ů-bond 

formation step that is occurring. In case of the addition reaction with D, the 1,4-addition is 

consistently facilitated by increasingly electron-donating substituents, whereas the 

9,10-addition barrier is significantly less sensitive to changes in the diene electronic (Table 24) 

and in addition, shows no consistent correlation.  

Table 24. Thermodynamic data for the reaction of anthracenes 419a-e with DMAD D. 

anthracene 

9,10-addition 1,4-addition 

ȹGÍ[a] ȹHÍ[a]  ȹRG[a] ȹRH [a] ȹGÍ[a] ȹHÍ[a] ȹRG[a] ȹRH [a] 

419a 25.7 13.5 24.6 39.6 31.9 19.5 12.4 27.2 

419b 26.7 13.6 22.7 38.0 28.1 14.3 6.9 22.7 

419c 25.0 11.9 25.6 41.4 25.0 10.2 5.1 21.7 

419d 24.4 8.2 26.8 42.9 21.6 5.4 5.0 21.0 

419e[b] 29.1 14.8 24.8 40.9 23.1 7.0 19.7 2.3 

[a] values in [kcal/mol], [b] values in [kcal/mol] for 5,8-addition: ȹGÍ = 36.1 ; ȹHÍ = 22.0 ; ȹRG = ī10.8 ; ȹRH = 

ī42.3; for details on thermodynamic data with maleic anhydride (B) see Table S2 + S3 in the experimental part 

(E5.1). 
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The relative thermodynamic contributions (ȹRG) to the activation barrier of the reaction with 

D based on the Marcus analysis238 do not explain the observed product selectivities. On the 

contrary, the 1,4-addition product is thermodynamically significantly less stable than the 

9,10-addition product and moreover, the driving force for the 1,4-product formation decreases 

with increasing strength of the electron donor (EDG, see Figure 27, Table 25).  

 

Figure 27. Summary of the experimental results and their computational rational based on 

FMO-analysis, activation barriers, mechanism (concerted vs. stepwise) and thermodynamics.  

Clearly, there is no linear free energy relationship in operation. In addition, analysis of intrinsic 

activation barriers ȹGÍÁ according to Marcus confirmed this conclusion: the observed product 

selectivities are kinetic in nature (Table 25). 
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Table 25. Calculated intrinsic barriers for the reaction of anthracenes 419a-e with DMAD (D). 

æG
Í
=æG

Í
Á+0.5æRG+

æRG
2

16æG
Í
Á
 

æGÍ representing the activation barrier, æGÍ° representing the intrinsic barrier and æRG 

representing the driving force. 

anthracene ȹGÍ9,10
[a] ȹRG9,10

[a] ȹGÍÁ9,10
[a] ȹGÍ1,4

[a] ȹRG 1,4
[a] ȹGÍÁ1,4

[a] 

419a 25.7 24.6 37.0 31.9 12.4 37.9 

419b 26.7 22.7 37.2 28.1 6.9 31.5 

419c 25.0 25.6 35.7 25.0 5.1 27.5 

419d 23.1 26.8 36.6 21.6 5.0 24.0 

419e[b]  29.1 24.8 40.6 23.1 2.3 24.2 

[a]values in [kcal/mol]; [b] values in [kcal/mol] for 5,8 position: ȹGÍ5,8 = 36.1 ;  ȹRG5,8 = 10.8, ȹGÍÁ5,8 = 41.3; 

for details on calculations of intrinsic barriers for maleic anhydride (B) see Table S11 + S12 in the experimental 

part (E5.3). 

Kinetic control of the product formation may be rationalized by a maximal orbital overlap in 

the rate-determining step. Therefore, the analysis was focused on the understanding of how the 

amino substituents change the electronic (FMO) and nuclear structure of the transition states 

(TSs) and the dienes in favor of the 1,4-addition process. This analysis is based on the frontier 

molecular orbitals (FMOs), and the natural bond orbital (NBO) analysis (partial charges). 

Although the 1,4-addition pathway is shifting from a concerted to a stepwise bond 

reorganization in the series of 419a to 419d the FMO analysis of the anthracenes turned out to 

correctly predict the position selectivity in the reactions with D. The relative size of the orbital 

coefficients in the anthracenes provided a mean for a quick estimate where the first bonding 

interaction will take place (Figure 27). On the other hand, the HOMO-LUMO gap ȹŮ of the 

reactants reflects the increased ease of the 1,4-addition in the series R = H to N(CH2)4 

surprisingly well (Table 26). Whereas, there is no correlation between the activation barriers of 

the 9,10-addition and ȹŮ. This observation can be read in support of the results obtained by the 

Marcus-analysis, i.e. only the 1,4-addition is a kinetically preferred process in the reactions of 

D. 
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Table 26. FMO analysis for anthracenes 419a-e and DMAD (D). 

anthracene 

normal electron demand inverse electron demand 

eHOMO  

(419) (eV) 

eLUMO (D) 

(eV) 

ȹHOMO -

LUMO (eV) 

eHOMO  (D) 

(eV) 

eLUMO  

(419) (eV) 

ȹHOMO -

LUMO (eV) 

419a ҍ5.23 

ҍ1.49 

3.74 

ҍ7.89 

ҍ1.65 6.24 

419b ҍ4.82 3.33 ҍ1.27 6.62 

419c ҍ4.81 3.32 ҍ1.40 6.49 

419d ҍ4.37 2.88 ҍ1.12 6.77 

419e ҍ4.68 3.19 ҍ1.38 6.51 

For details on FMO analysis for maleic anhydride (B) see Table S14 in the experimental part (E5.4). 

Since the bond reorganization is approaching the stepwise limit in the reaction of D and 419d-e 

charge separation and its stabilization by the substituents is deemed to be the second important 

player in the kinetically controlled Diels-Alder reaction in anthracene derivatives 419b-e. With 

an increasing asymmetry, one would expect a built-up of a partial positive charge at C1 and a 

partial negative charge at CA (see Figure 26 for nomenclature). Indeed, significant charge 

separation in the TS structures was confirmed by NBO analysis (Table 27). 

Table 27. Partial charges at the reaction centers for the reaction with DMAD (D). 

anthr. 
1,4-addition 9,10-addition 

CA CB C1 C4 CA CB C9 C10 

419a ī0.023 ī0.130 0.049 0.076 ī0.132 ī0.013 0.074 0.102 

419b ī0.025 ī0.153 0.410 0.005 ī0.130 ī0.022 0.083 0.119 

419c ī0.060 ī0.131 0.269 ī0.012 ī0.103 ī0.052 0.077 0.091 

419d ī0.058 ī0.148 0.283 ī0.022 ī0.173 ī0.047 0.019 0.125 

419e[a] ī0.103 ī0.138 0.282 ī0.032 ī0.123 ī0.086 0.068 0.096 

[a]  Values for 5,8-addition: CA = ī0.106, CB = ī0.110, C5 = 0.074, C8 = 0.056; for details on NBO analysis for 

maleic anhydride (B) see Table S16 + S17 in the experimental part (E5.5). 

The comparison of the aforementioned parameters also provided a clue for the apparent 

insensitivity of maleic anhydride (B) to the electronic changes in 419a-e. The computed 

activation barriers and driving forces indicated that in the reaction of B with all five analyzed 
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dienes, the 1,4-addition is still kinetically favored, but the transformation is thermodynamically 

inhibited (endergonic, Figure 28), Hence, the 9,10-adduct is predicted to be the only product 

being formed in case of B independent of the electronic situation in the diene (Figure 28, for 

more details see computational details experimental part E5). 

 

Figure 28. Summary of the experimental results and their computational rational based on 

FMO-analysis, activation barriers, mechanism (concerted vs. stepwise) and thermodynamics. 

3.2 Atypical regioselectivity in electrophilic aromatic substitution reactions 

The effect of the pronounced electronic perturbations exerted by the amine substitution in 1-

and/or 5-position favoring their terminal ring functionalization in Diels-Alder reaction with 

electron-deficient alkynes was also investigated for the reactions with various electrophiles. 

Analogous to the cycloaddition reactions, electrophilic aromatic substitution of anthracenes 

generally takes place in the central B ring as a consequence of maximizing the aromatic 

stabilization energies in the transition state and by harboring the largest orbital coefficients of 

the HOMO at the 9,10-positions.239 Therefore, mono-pyrrolidine substituted anthracene 419e 

was examined in a bromination reaction (Table 28) that is also reported to be 9,10-selective for 

anthracene (419a) and derivatives.240  

  
















































































































































































































































































































































