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Abstract 

Eight-membered carbo- and heterocycles constitute unique structural elements not 

only found in a plethora of biologically active natural products and medicinally relevant 

synthetic compounds, but also in various functional molecules and materials. 

Especially arene-annulated cyclooctanoids have attracted increasing attention as they 

combine the properties of rigid aromatic structures and flexible cyclooctene-derived 

ring systems. However, entropic and enthalpic difficulties generally encountered in the 

synthesis of medium-sized rings have largely hampered the development of general 

synthetic methods to access these structures. 

In this thesis, new strategies for the synthesis of arene-annulated eight-membered 

carbo- and N-heterocycles were developed by employing a boron-based bidentate 

Lewis acid (BDLA) catalyst previously established in our group for facilitating inverse 

electron-demand Diels-Alder (IEDDA) reactions of phthalazines. The utilization of 

different cyclooctyne derivatives as highly reactive dienophiles gave rise to a series of 

cyclooctenes and cycloocta-1,5-dienes fused to substituted polycyclic aromatic 

hydrocarbons. X-ray crystallographic analysis and variable temperature NMR studies 

of selected derivatives provided valuable insights into the conformational behaviour of 

these polycyclic structures. 
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ppm

20 ÁC

ī10 ÁC

ī20 ÁC

ī45 ÁC

 

Additionally, the same catalytic principle was employed to develop a one-step 

synthesis of arene-annulated eight-membered nitrogen heterocycles from 

phthalazines and Boc-protected 2-azetine as a strained alkene dienophile. Key to this 

transformation was the formation of a highly reactive o-quinodimethane intermediate 

that thermally rearranged in a 10  ́ electrocyclic ring opening to yield the desired 

azocine structures. These mechanistic considerations were supported by the isolation 

and characterization of the main by-product, and final proof for the eight-membered 

ring structure was obtained via X-ray crystallographic analysis of a degradation 

product. 
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Zusammenfassung 

Achtgliedrige Carbo- und Heterocyclen sind einzigartige Strukturelemente, die nicht 

nur in einer Vielzahl biologisch aktiver Verbindungen, sondern auch in verschiedensten 

funktionalen Molekülen und Materialen vorkommen. Hierbei haben insbesondere 

anellierte Ringsysteme, in denen starre aromatische Strukturen mit flexiblen 

Cyclooctanoiden verbunden sind, zunehmend an Bedeutung gewonnen. Da die 

Synthese mittelgroßer Ringsysteme jedoch generell entropisch und enthalpisch 

erschwert ist, stellt die Herstellung solcher Strukturen noch immer eine große 

Herausforderung dar. 

Die vorliegende Arbeit befasst sich mit der Entwicklung neuer Strategien zur Synthese 

anellierter Ringsysteme, welche achtgliedrige Carbo- und Heterocyclen mit 

aromatischen Strukturen kombinieren. Diese Synthesestrategien basieren auf dem 

Einsatz eines Bor-basierten, bidentaten Lewis-Säure-Katalysators, dessen 

Verwendung in Diels-Alder-Reaktionen mit inversem Elektronenbedarf zuvor in 

unserer Arbeitsgruppe etabliert wurde. Unter Einsatz Cyclooctin-basierter Dienophile 

konnten hierbei aus einfachen Phthalazinen verschiedenste polycyclische 

aromatische Kohlenwasserstoffe synthetisiert werden, welche mit Cyclooctenen 

kondensiert sind. Durch Röntgenkristallstrukturanalyse und temperaturabhängige 

NMR-Spektroskopie ausgewählter Verbindungen konnten wertvolle Einblicke in die 

Konformationseigenschaften dieser Verbindungen erhalten werden. 

20 ÁC

ī10 ÁC

ī20 ÁC

ī45 ÁC

Tc

ppm

 

Darüber hinaus ermöglichte die Anwendung desselben katalytischen Prinzips die 

Synthese benzanellierter achtgliedriger Stickstoff-Heterocyclen aus Phthalazinen und 

Boc-geschütztem 2-Azetin. Der Schlüssel für diese Transformation war die Bildung 

eines reaktiven o-Chinodimethan-Intermediats, welches sich thermisch über eine 

elektrocyclische Ringöffnung zur gewünschten Azocin-Struktur umlagerte. Der 

vorgeschlagene Mechanismus konnte durch die Isolation und Charakterisierung des 

Hauptnebenprodukts unterstützt werden und der endgültige Beweis für die 

achtgliedrige Struktur wurde mittels Röntgenkristallstrukturanalyse erbracht. 
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1 Eight-Membered Rings in Materials and Life Sciences 

In the realm of cyclic molecular architectures, medium sized rings (MSRs) 

(8-11 membered) stand out compared to normal sized (5-7 membered) and 

macrocyclic (12+ membered) structures due to their distinctive conformational features 

and three-dimensional shape.[1,2] Among these MSRs, especially eight-membered 

carbo- and heterocycles display several well-defined conformational geometries that 

can, depending on the degree of (un)saturation and the substitution pattern, coexist or 

interconvert. This balance between flexibility and rigidity, especially in arene-fused 

eight-membered ring systems, holds vast potential of these structures in functional 

materials, catalysis and bioactive small molecules. In the following chapters, 

applications and synthetic strategies of arene-annulated eight-membered carbo- and 

heterocycles are discussed. Parts of these sections have been published as an 

overview article by our group beforehand.[3] 

1.1 Arene-Fused Eight-Membered Carbocycles in Materials 

Sciences 

Combining eight-membered rings with rigid aromatic moieties in annulated polycyclic 

structures has become a promising strategy to construct functional molecules with 

applications in supramolecular chemistry, organic photonics and electronics.[4ï8] 

Additionally, arene-annulated eight-membered carbocycles are of growing importance 

in the rapidly emerging field of organic on-surface synthesis,[9,10] where non-hexagonal 

rings recently attracted more and more attention.[11] As the key structures in these 

systems, typically cycloocta-1,5-dienes (CODs) or cyclooctatetraenes (COT) are 

integrated. On the one hand, the geometric constraints of these eight-membered rings 

can be utilized to integrate curvature into larger molecular frameworks.[12] On the other 

hand, their conformational flexibility serves as the basis of switchable materials and 

molecular probes.[5,13] Dibenzo[a,e]-COT (1) typically exists in a tub conformation in 

solution as well as in the solid state. A tub-to-tub interconversion usually proceeds at 

room temperature with a calculated barrier of 52 kJ/mol and is thought to go through a 

planar, antiaromatic transition state (Scheme 1).[14ï16] 

 

Scheme 1. Structure and tub-to-tub inversion of Dibenzo[a,e]-COT (1). 

This has been extensively employed by Saito and co-workers in their design of 

fluorescent molecules such as anthraceneimide dimer 2 bearing a COT core with two 

fluorescent side arms (Figure 1). In the excited state, a conformational change results 

in a blue or green emission, depending on the molecular environment.[5,17ï22] 
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With two additional annulated benzene rings at the COT core, tetraphenylene exhibits 

a drastically increased barrier for the tub inversion of 330 kJ/mol, as calculated by 

Bachrach.[23] This high barrier leads to a stable, saddle-shaped geometry which was 

employed by Sygula and co-workers in their design of COT 3 bearing two bowl-shaped 

corannulene side arms. Due to the tub conformation of the central eight-membered 

ring, 3 acts as a molecular tweezer that forms a 1:1 inclusion complex with C60 fullerene 

through concaveīconvex ˊ-ˊ interactions, as shown by X-ray crystallographic 

analysis as well as NMR titration experiments.[4] When the benzene rings in 

tetraphenylene-derived structures are further annulated to form [8]circulenes such as 

compound 4, negatively curved nanographenes are obtained. In comparison to 

tetraphenylene, persubstituted [8]circulene 4 exhibits lower barriers of around 

88 kJ/mol for the tub-to-tub inversion, as established via variable temperature (VT) 

NMR analysis.[24]  

 

Figure 1. Representative literature examples of compounds featuring a COT core 

motif.[4,5,24] 

In contrast to arene-fused COTs, the corresponding CODs show a higher 

conformational freedom. In the solid state, unsubstituted dibenzo-COD (DBCOD) (5) 

preferentially exists in the chair conformation due to energetically favorable -́  ́

interactions, as confirmed via X-ray crystallographic analysis.[25] However, solutions of 

DBCODs were reported to contain mixtures of different conformers, as established via 

dynamic NMR (DNMR) spectroscopy in combination with ab initio calculations.[26ï30] Of 

the three low-energy conformations chair (C), twist-boat (TB) and twist (T) (Scheme 2), 

only C- and TB-DBCOD were found to be present in solution in substantial amounts. 

Similar energies were calculated for the C and TB forms, but the results were 

contradictory regarding which form is more stable. Experimental results, however, 

identified the TB as the lowest energy conformer, with barriers of 42 kJ/mol for the TB-

C interconversion and 33 kJ/mol for the TB-TB'-interconversion, respectively. 

T-DBCOD, albeit higher in energy, represents a pivotal intermediate for these 

conformational changes. Furthermore, the TB conformers can be seen as two, rapidly 

interconverting enantiomeric forms (+)-TB and (ī)-TB that are connected via an achiral 

boat (B) transition state.[27,28,30]  

Lu and co-workers were the first to employ the conformational switching of DBCOD 

derivatives in the construction of responsive polymeric materials.[13,31] Their DBCOD-

containing polymers exhibited an unusual and completely reversible thermal 
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contraction triggered by low-energy near-infrared (NIR) or thermal stimulation. They 

showed that this mechanical response arises from the thermally induced 

conformational change of polymer-bound DBCOD from the ground state TB conformer 

to the metastable C conformer (Scheme 3, A).[13] 

 

Scheme 2. Structure and main conformational interconversions of DBCOD (5).  

Since this pioneering work, extensive research has been dedicated not only to the 

design of new DBCOD-containing materials, but also to deeper understanding and 

fine-tuning of this new type of molecular switch.[32ï45] In a follow-up study, Lu and co-

workers showed that the TB conformation can be stabilized by substituents capable of 

forming intramolecular hydrogen bonds as confirmed by DNMR analysis and X-ray 

crystallography (Scheme 3, B). In contrast, repulsive substituent interactions lead to a 

destabilization of the TB conformer.[44] 

 

Scheme 3. A) Schematic representation of the reversible conformational switching of 

DBCOD-containing polymers.[13] B) Crystal structure of substituted DBCOD 6 (from 

CCDC: 2033976) showing the stabilization of the TB conformer via intramolecular 

hydrogen bonding. Thermal ellipsoids are shown at 50% probability.[44] 

A

B
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While this study provides a comprehensive overview of the effects of various 

substituents on the conformational behaviour of benzannulated COD derivatives, -́

extended analogues have rarely been prepared or investigated.[46,47] One of the few 

examples was presented by Sygula and co-workers, who synthesized -́extended 

DBCOD analogue 7 bearing two bowl-shaped corannulene side arms and studied its 

conformational behaviour (Figure 2).[47] Density functional theory (DFT) calculations 

revealed a strong preference for the TB conformation in the gas phase due to strongly 

stabilizing intramolecular -́  ́ interactions between the corannulene subunits. 

However, X-ray crystallography revealed its C conformation in the solid state with 

encapsulation of one nitrobenzene molecule between two corannulene units of 

neighboring molecules (Figure 2, B). Unfortunately, the poor solubility of COD 7 

prevented further investigation of its conformational preferences via VT NMR 

spectroscopy. Further systematic conformational studies of -́extended DBCOD 

analogues remain elusive, most probably due to synthetic and solubility limitations. 

A

B

Conformer Relative Energy 
[kJ/mol]

TB-7 0

C-7 33.1

T-7 47.8

 

Figure 2. A) Structure and relative energies of the respective conformers of 

-́extended DBCOD analogue 7 [calculated at B97-D/TZVP level of theory]. B) Crystal 

structure of 7 (from CCDC: 746258). A second molecule of 7 is added to show the 

solvent encapsulation. Only one orientation of the disordered solvent molecule is 

shown. Thermal ellipsoids are shown at 50% probability.[47] 

1.2 Biologically Active Compounds Bearing Eight-Membered Rings 

1.2.1 Natural Products Containing Eight-Membered Rings 

Besides their integration into functional molecules and materials, eight-membered 

rings play a pivotal role in biologically active natural products as well as medicinally 

important synthetic compounds. Cyclooctanoid natural products have been isolated 

from various biological sources including terrestrial plants, insects, fungi, and marine 

organisms.[48ï50] Paclitaxel (8), as one of the most remarkable examples, has been 

extracted from the bark of the western yew and is used to treat various types of 

cancer.[51,52] Other medicinally relevant compounds include the fungus-derived 



Introduction 

 

5 

antibiotic pleuromutilin (9)[53,54] and the algal pigment caulerpin (10), which has been 

reported to exhibit anti-inflammatory, antimicrobial, and anticancer activities, among 

others.[55ï57] 

 

Figure 3. Representative examples of biologically active cyclooctanoid natural 

products.[51,53,55] 

Besides these carbocyclic cyclooctanoids, a large number of bioactive molecules 

containing eight-membered nitrogen heterocycles have been isolated from biological 

sources.[58,59] In particular, partially saturated and arene-annulated azocines represent 

a central structural motif in various natural products showing promising biological 

activities (Figure 4).[60ï62] Examples include the eight-membered lactams 

balasubramide (11) and ɕ-clausenamide (12), isolated from different Clausena 

species,[63,64] which exhibit anti-neuroinflammatory and hepatoprotective activities, 

respectively.[65,66] 

 

Figure 4. Representative examples azocines-containing alkaloids.[60ï64] 

1.2.2 Eight-Membered Rings in Medicinal Chemistry 

Owing to their rich biological activities, eight-membered nitrogen-containing 

heterocycles are commonly regarded as privileged structures for drug discovery.[58,67] 

On the one hand, this can be attributed to the crucial role of nitrogen in binding to 

biological targets.[68] On the other hand, medium-sized rings themselves are often 

reported to increase crucial drug parameters such as binding affinity, oral bioavailability 

and cell permeability compared to acyclic analogues as a result of tunable molecular 

flexibility.[69ï71] While bridged eight-membered ring systems, such as those found in 

benzomorphane-type structures, exhibit highly rigid three-dimensional geometries,[72] 

unbridged cycloctanoids offer an adjustable balance between conformational flexibility 

and rigidity, modulated by the degree of unsaturation, annulation and substitution. 
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Romines and co-workers employed the flexible nature of medium-sized alkyl rings to 

enhance the binding affinity of human immunodeficiency virus (HIV) protease inhibitors 

based on the coumarin lead compound 16 (Figure 5).[70] When they replaced the planar 

benzene ring of coumarin 16 with different alkyl rings, a significant increase in enzyme 

inhibitory activity was observed for certain medium-sized cycles, as can be seen from 

the enzyme inhibition constants Ki of derivatives 17-23. The cyclooctyl derivative 21 

was identified as the most active inhibitor in the series, showing a more than 50-fold 

increase in enzyme inhibition compared to the original lead structure 16. The improved 

binding affinity was explained by the efficient folding of the flexible eight-membered 

ring into the enzymatic pocket of the protease, as revealed by X-ray crystallographic 

analysis of the enzyme-inhibitor complexes.[70] 
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Figure 5. HIV protease inhibitory activities of coumarin lead compound 16 and its 

analogues 17-23.[70] 

Eight-membered rings have also been used in medicinal chemistry to rigidify active 

conformations, especially when it comes to axial chirality.[73] In their search for new 

neurokinin 1 (NK1) receptor antagonist with clinical potential in the treatment of pain, 

inflammation, rheumatoid arthritis and asthma, Natsugari and co-workers developed 

amide 24 (Scheme 4).[74] This compound acts as a potent, orally available NK1 

antagonist but exists as a mixture of four separable stereoisomers due to restricted 

rotation around two stereogenic bonds.[75] Since all four isomers showed different 

biological activity, more rigid conformational mimics of 24 were synthesized by 

constraining its geometry through the integration of different normal- to medium-sized 

rings. This led to the discovery of atropisomerically pure diazocine 25 as an effective 

NK1 antagonist that showed the highest in vitro and in vivo activity compared to six-, 

seven- and nine-membered analogues.[75] Ohnmacht, Albert and co-workers at 

AstraZeneca later adapted the same strategy in the development of NK1 receptor 

antagonists as potential treatment for depression.[76,77] They faced a similar problem of 

equilibrating atropisomers in their lead compound, which prompted them to design rigid 

conformational mimics bearing an eight-membered ring. 
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Scheme 4. Structures of NK1 receptor antagonist 24 and its more rigid conformational 

mimic 25.[75]  

Natsugari and co-workers further investigated the influence of the ring size of different 

dibenzolactams 26-28 on the thermal stability of the respective atropisomers 

(Scheme 5).[78] The eight-membered lactam 27 was found to have a higher barrier for 

the rotation around the aryl-aryl bond compared to the corresponding seven- and nine-

membered analogues. The ability to stabilize axial chirality in that way further highlights 

the importance of benzannulated eight-membered ring systems, not only in medicinal 

chemistry but also in chiral catalysis and functional materials.[79]  

 

Scheme 5. Enantiomeric equilibrium and activation barriers of the racemization of 

atropisomeric dibenzolactams 26-28. ȹGÿrac values were determined from the time-

depended conversion rate estimated by chiral HPLC analysis.[78] 

2 Synthetic Strategies for the Construction of Arene-

Annulated Eight-Membered Ring Systems 

2.1 Challenges of Synthesizing Medium-Sized Rings 

Due to the importance of eight-membered ring structures in materials and life sciences, 

their synthesis represents a major goal in organic chemistry.[48,80,81] However, this still 

poses a challenging subject due to unfavorable enthalpic and entropic factors generally 

associated with the construction of MSRs.[82,83] Firstly, compared to normal-sized and 

macrocyclic rings, MSRs exhibit a relatively high ring strain as a result of severe 

torsional strain (Pitzer strain) and transannular strain (Prelog strain) (Figure 6), which 

is reflected in high activation energies required for the cyclization of linear 

precursors.[84,85] Additionally, the conversion of flexible open-chain precursors to MSRs 

via cyclic transition states comes with a drastic reduction of conformational freedom 

and therefore more negative entropies of activation.[86] This represents a major 

challenge in the synthesis of eight-membered rings, since the cyclization from linear 

precursors is intrinsically difficult, even under highly diluted conditions.[84]  

Compound ȹGÿrac[kJ/mol]

26 (n = 1) 98

27 (n = 2) 112

28 (n = 3) 102
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Nevertheless, typical cyclization reactions such as ring closing metathesis were 

successfully applied to the construction of eight-membered rings systems. However, 

the success of the reaction highly depends on the reactivity and especially the 

geometry of the acyclic precursors.[87] Consequently, extensive efforts have been 

made to develop general alternative strategies for the construction of functionalized 

eight-membered rings systems. 

 

Figure 6. Ring strain energies of cycloalkanes as a function of ring size.[88]  

2.2 Functionalization of Eight-Membered Rings via DielsīAlder 

Reactions  

Commercially available or readily synthesizable cyclooctanoids represent a rich source 

of buildings blocks that can be further derivatized to obtain highly complex natural 

products or functional molecules and materials.[89ï92] Especially arene-annulated 

CODs and COTs are commonly obtained through DielsīAlder (DA) reactions of 

cyclooctyne derivatives with various types of dienes (Scheme 6).[3] The typical reaction 

sequence starts with the initial [4+2] cycloaddition that furnishes, in most cases, a 

bridged intermediate. Depending on the nature of the respective diene, this 

intermediate can be either transient or isolable.[93] In the former case, spontaneous 

cycloreversion directly furnishes the arene-fused structure, whereas in the latter, 

additional synthetic steps are required for re-aromatization. These reactions represent 

a powerful tool to directly annulate eight-membered rings to the aromatic systems of 

interest with exceptional selectivity and functional group tolerance. The highly reactive, 

strained triple bond of the cyclooctyne derivative represents the key component in 

these transformations.  

 

Scheme 6. General reaction sequence of the DA reaction of cyclooctynes and various 

dienes. For the definition of X, see section 2.2.2. 
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2.2.1 Cyclooctyne Derivatives 

With angles of around 160°, the carbon-carbon triple bond in cyclooctyne shows a 

significant deviation from the ideal linear geometry at the sp-hybridized atoms.[94ï96] 

This results in high ring strain and consequently increased reactivity of this bond 

compared to linear alkynes.[97] With an estimated ring strain energy of 75 kJ/mol, 

cyclooctyne occupies a unique position among all cyclic alkynes, being the smallest 

and thus most reactive member that is still stable enough to be isolated and stored 

(Figure 7). Smaller homologues have to be generated in situ in the presence of a 

trapping agent.[98] 

 

Figure 7. Calculated ring strain energies of different cycloalkynes [calculated at M06-

2X/6-311G+(d,p) level of theory].[98] 

This balance between stability and reactivity facilitated the use of cyclooctynes in 

strain-promoted cycloaddition reactions, especially in the context of bioorthogonal 

chemistry. Numerous strategies for fine-tuning the reactivity and stability of these 

strained alkynes have been developed and extensively reviewed.[98ï100] While 

cyclooctynes in bioorthogonal chemistry mainly function as reactive linkers, materials-

oriented molecular design typically places the eight-membered ring at the geometric 

center of the target molecule, which necessitates the use of symmetric 1,5-

cyclooctadienes rather than simple monoalkynes (Figure 8).  

Kloster-Jensen and Wirz were the first to synthesize and describe 1,2-cyclooctadiyne 

(29) in 1973.[101,102] It was obtained as a crystalline solid in 2% yield by dimerization of 

butatriene and found to be stable at 0 °C under exclusion of air. X-ray crystallographic 

analysis revealed its essentially planar geometry with bond angles of 159° around the 

triple bonds.[101] In 1974, Sondheimer and co-workers synthesized planar 

dibenzocyclooctadiyne 30, which is now commonly referred to as SondheimerīWong 

diyne (SWD).[103] It was obtained from the corresponding, readily available alkene via 

a bromination-dehydrobromination sequence and found to be relatively stable, 

showing only partial decomposition after two days of storage at room temperature 

without protection from air or light. In contrast, diyne 31, which was described by 

Sondheimer and Wong two years later, proved to be extremely unstable and quickly 

decomposed after a few minutes at 0 °C.[104] As a more reactive surrogate of diyne 29, 

Meier and co-workers synthesized enyne 32, which contains a highly reactive, strained 

alkyne together with a vinyl bromide moiety that serves as a latent alkyne precursor.[105] 

Isolated as a colourless liquid, enyne 32 solidifies at temperatures below ī55 °C and 

remains stable for several days only in its solid form. In 2007, Hopf and co-workers 

synthesized and described strained alkyne 33 as another highly reactive, benzo-fused 

diyne.[106,107]   
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In contrast to the SWD (30), crystalline samples of diyne 33 were reported to quickly 

decompose upon storage at room temperature, even under exclusion of air.[106] Of the 

five cyclooctyne derivatives 29-33, especially the SWD (30) and enyne 32 have since 

been widely employed in DA reactions with a broad range of dienes to synthesize 

arene-fused COTs and CODs.  

 

Figure 8. Structures of cycloocta-1,5-diynes (29-31,33) and a synthetic equivalent 

(32).[101ï107] 

2.2.2 DielsīAlder Reactions of Cyclooctynes 

DA reactions involving strained alkyne dienophiles usually proceed with significantly 

increased reaction rates compared to linear alkynes. As shown by Sauer and co-

workers for reactions with 1,2,4,5-tetrazine (34), going from acyclic alkynes like simple 

acetylene (35), phenylacetylene (36) or ynamine 37 to strained cyclooctyne (38) leads 

to a drastic increase in reaction rate (Scheme 7).[97] This can, on the one hand, be 

attributed to the bending of the alkyne moiety in cyclooctyne leading to a pre-distortion 

toward the required transition state geometry. According to a computational analysis 

by Houk and co-workers, going from linear 2-butyne to strained cyclooctyne reduces 

the distortion energy required to reach the DA transition state with tetrazine (34) by 

49 kJ/mol, leading to an equivalent reduction in activation energy.[108] On the other 

hand, the rate of DA reactions highly depends on the electronic nature of the 

reactants.[109] According to the frontier molecular orbital (FMO) theory, DA reactions 

with normal electron demand (NEDDA) proceed through an overlap of the highest 

occupied molecular orbital (HOMO) of the diene with the lowest unoccupied molecular 

orbital (LUMO) of the dienophile. In contrast, inverse electron-demand DielsīAlder 

(IEDDA) reactions require an overlap between the HOMO of the dienophile and the 

LUMO of the diene. Accordingly, the electronic demand of a DA reaction can be altered 

by adjusting the energy levels of the FMOs of diene and dienophile, e.g. by attaching 

electron-withdrawing (EWG) or electron-donating groups (EDG).[109] 

Cyclooctynes typically react as electron-rich dienophiles in IEDDA reactions with 

electron-poor dienes.[89] This is favored by the fact that bending of an alkyne leads to 

a destabilizing overlap of the ˊ bonds with adjacent ů bonds, which increases the 

energy level of the HOMO of strained cycloalkynes compared to linear ones.[110] This 

enables precise adjustment of the HOMO energy levels and consequently the reaction 

rates of cyclooctyne derivatives in DA reactions (Figure 9).[111] One approach to further 

increase the strain of cyclooctynes is through cylopropane fusion.[112] Van Delft and 

co-workers applied this strategy in their synthesis of bicyclo[6.1.0]nonyn 40 as a highly 

reactive strained alkyne for bioorthogonal cycloaddition reactions.[113] 
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Scheme 7. IEDDA reaction of alkynes 35-38 and tetrazine (34) and the corresponding 

rate constants at 20 °C in 1,4-dioxane.[97] 

The increased strain is reflected in the increase of the HOMO energy level by 

6.3 kJ/mol and the higher reaction rates compared to parent cyclooctyne. In contrast, 

electron-withdrawing substituents next to the strained alkyne cause a significant 

decrease of the HOMO energy level as can be seen in the cyclooctyne derivatives 41 

and 42.[111] Furthermore, this attachment of EWGs can even lead to a switch from 

inverse to normal electron demand in the DA reaction, especially when dienes 

featuring EDGs are employed.[114] However, as previously described, most DA 

reactions of cyclooctyne derivatives follow the inverse electron-demand pathway.  

 

Figure 9. Relative HOMO energies of cyclooctynes 38,40-42 [calculated at B3LYP/ 6-

31G** level of theory].[111] 

When 1,5-cyclooctadiynes are employed as dienophiles, the question of selectivity 

arises. All diynes 29-31 and 33 depicted in Figure 8 have previously been used as 

dienophiles in DA reactions with different types of dienes, yielding always double DA 

adducts 43 (Scheme 8).[102,104,107,115] In no case, a selective addition to only one of the 

triple bonds was achieved, even with excess of dienophile, indicating that the 

intermediate cyclooct-1-ene-5-ynes 44 are more reactive than the parent diynes.[102,105] 

Sondheimer and co-workers also synthesized the monoalkyne analog of the SWD (30) 

bearing a double bond instead of one of the triple bonds. Indeed, this monoalkyne 

proofed to be much more reactive and unstable than the corresponding diyne.[103] The 

same reactivity trend was later reported in strain-promoted click reactions of the SWD 

(30) with azides, highlighting the difficulties in achieving selective mono-addition.[116]   

Dienophile k·105 at 20 ÁC [l mol-1 s-1]

2710000

50200

0.168

2.91
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One possibility to overcome this limitation was reported by Meier and co-workers by 

using enyne 32, as it allows for the generation of the second alkyne after the first DA 

reaction via a base-mediated elimination. In that way, previously unattainable mono-

adducts 45 become accessible and two sequential DA reactions can be performed in 

a controlled manner.[105] 

 

Scheme 8. Schematic representation of DA reactions using diynes 29-31 and 33 and 

enyne 32. 

To obtain arene-fused cyclooctenes from cyclooctyne derivatives via a DA reaction, a 

variety of possible methods has been described. Furans are among the most 

commonly used dienes in this regard and have been reported to react with enyne 32, 

the SWD (30) as well as ˊ-extended derivatives. The initial cycloaddition furnishes 

stable, oxygen bridged intermediates, as seen from the reaction of diyne 30 with 

unsubstituted furane (47) (Scheme 9, first step).[115] A one-step protocol for 

deoxygenation of cycloadduct 48 using in situ generated low valent titanium was 

developed by Xing and Huang in 1982 (Scheme 9, second step)[117] and later applied 

to the synthesis of ˊ-extended tetraphenylenes as well as the molecular tweezers 3 

and 7.[4,47,118] In 2019, Miao and co-workers applied a different deoxygenation protocol 

using iodotrimethylsilane and sodium iodide in their synthesis of octabenzo[8]circulene 

derivatives.[119]  

 

Scheme 9. DA reaction of furan (47) and the SWD (30) followed by titanium-mediated 

deoxygenation.[115,117] 

Although less commonly applied than furans, thiophene S-oxides and S,S-dioxides 

have proven to be valuable dienes for the construction of arene-annulated eight-

membered carbocycles. The initially formed bridged intermediates spontaneously 

extrude sulfur monoxide or dioxide to yield the desired aromatic ring without the need 

for an additional aromatization step.   
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In their synthesis of tetrabenzo[8]circulene, Whalley and co-workers employed a DA 

reaction of the SWD (30) and thiophene S-oxide 50 as a key step to furnish substituted 

tetraphenylene 51 (Scheme 10, A).[120] Despite their lower reactivity,[121] thiophene S,S-

dioxides have also been utilized in DA reactions with strained alkynes. Especially 

derivative 52 carrying electron-withdrawing chlorine substituents allows for 

cycloadditions with alkynes 40 and 53 to proceed under mild conditions as shown by 

Hosoya and co-workers, demonstrating the inverse electron-demand of the 

reaction.[122] 

 

Scheme 10. A) Synthesis of tetraphenylene 51 via double DA addition of thiophene S-

oxide 50 by Whalley and co-workers.[120] B) DA reaction of thiophene S,S-dioxide 52 

and cyclooctyne derivatives by Hosoya and co-workers.[122] 

Substituted cyclopentadienones represent another group of electron-poor dienes 

commonly employed in IEDDA reactions with cyclooctynes. Analogous to thiophene 

oxides, spontaneous extrusion of carbon monoxide after the initial cycloaddition 

directly furnishes the desired aromatic structure. Müllen and co-workers used this 

reactivity to synthesize octaphenyltetraphenylene 56 from tetracyclone (57) and the 

SWD 30 via double DA addition (Scheme 11).[123] Despite the reported thermal 

instability of diyne 30, the reaction could be performed at 150 °C over 12 h and 

furnished the desired arene-annulated COT 56 in 95% yield. In contrast, sterically less 

hindered enyne 32 reacts smoothly with tetracyclone (57) under ambient conditions to 

furnish benzo-fused COD 58, as shown by Meier and co-workers.[105] Subsequent 

elimination yielded the corresponding alkyne, which was again reacted with diene 57 

at room temperature to obtain octaphenydibenzo-COD 59 in quantitative yield. 
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Scheme 11. DA reactions of tetracyclone (57) with diyne 30 (Müllen and co-

workers)[123] and enyne 32 (Meier and co-workers).[105] 

Ŭ-Pyrones are common dienes employed in NEDDA and IEDDA reactions depending 

on the substitution pattern and the nature of the dienophile.[124] With cyclooctynes, the 

initial cycloaddition typically proceeds via an inverse-electron demand pathway and is 

consequently facilitated by electron-withdrawing substituents of the pyrone ring.[125] In 

the subsequent retro-DA reaction, the benzo-fused eight-membered ring is obtained 

after extrusion of carbon dioxide. Kele and co-workers employed coumalic acid 

ester 60 as an electron-poor Ŭ-pyrone in an IEDDA reaction with enyne 32 

(Scheme 12).[126] The reaction proceeded smoothly at room temperature and furnished 

the desired benzo-COD in 36% yield. Subsequent elimination yielded the 

corresponding strained alkyne 61, which was used for bioorthogonal fluorescence 

labelling. In addition to Ŭ-pyrone, the reactivity of its thio-analogues in IEDDA reactions 

with cyclooctynes has been the subject of computational and experimental 

investigations. These studies identified the aromaticity of the respective heterocycle as 

well as the distortion energy in the cycloaddition as the crucial parameters for 

differences in the diene reactivity.[127,128] 

 

Scheme 12. DA reaction of Ŭ-pyrone 60 and enyne 32 followed by base-mediated 

elimination by Kele and co-workers.[126] 

As another group of six-membered heterocycles, azines are highly versatile dienes for 

IEDDA reactions and have found extensive application in natural product total 

synthesis, chemical biology and materials science.[129ï131] The reactivity of azines and 

the nature of their cycloaddition products vary significantly depending on the number 

of nitrogen atoms in the aromatic ring (Scheme 13). With an increasing number of 

nitrogen atoms, the aromaticity of the azine decreases and more favorable distortion 

and interaction energies reduce the overall activation energy in the cycloaddition.[132]  



Introduction 

 

15 

 

Scheme 13. Reactivity ranking of selected azines in IEDDA reactions.[132] 

Due to the fast kinetics, as shown in Scheme 7, the reaction of tetrazine (34) and 

cycooctyne (38) has become an important tool in bioorthogonal chemistry. However, 

for the synthesis of (polycyclic) aromatic hydrocarbons fused to eight-membered 

carbocycles, new strategies are required that go beyond classical tetrazine ligation. To 

this end, Hosoya and co-workers established a modular synthetic approach based on 

two sequential DA reactions starting from oxadiazinone 62 (Scheme 14).[133] The initial 

cycloaddition with strained alkyne 63 proceeded smoothly at room temperature to 

afford substituted pyrone 64 after extrusion of nitrogen. Subsequent treatment with 

in situ generated benzyne yielded the desired naphtho-fused cyclooctene 65 via 

another DA/retro-DA sequence. 

 

Scheme 14. Sequential DA reactions in the synthesis of naphtha-fused cyclooctene 65 

by Hosoya and co-workers.[133] 

In contrast to tetrazines or oxadiazinones, 1,2-diazines (pyridazines) usually require 

much higher temperatures for IEDDA reactions to take place and are often limited to 

very electron-poor dienes and electron-rich dienophiles.[134ï138] Due to the known 

temperature sensitivity of cyclooctyne and its derivatives (see section 2.2.1), strategies 

are required to overcome the intrinsic lack of reactivity of pyridazines.  

A common way to accelerate DA reactions is by utilizing Lewis acid (LA) catalysts such 

as aluminum trichloride.[139] These LA catalysts act by coordinating to Lewis basic 

centers of the dienophile (NEDDA) or the diene (IEDDA), thereby lowering the energy 

of the LUMO and leading to a stronger polarization. This results in improved selectivity 

as well as increased reaction rates due to a reduction of the HOMO-LUMO gap.[140ï143] 

More recent computational analysis attributed the effect of LA catalysis to reduced 

Pauli repulsion between the -́systems of the diene and the dienophile.[144] 
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Although LA catalysis represents a common strategy to facilitate DA reaction, only a 

few examples of catalyzed IEDDA reactions of 1,2-diazines are reported. Rawal and 

co-workers developed a formal IEDDA reaction of phthalazines 67 and siloxy alkynes 

68 mediated by the action of silver, copper or nickel catalysts (Scheme 15).[145,146] The 

proposed reaction mechanism involves the coordination of the metal to both the 

diazine as well as the alkyne, presumably leading to a stepwise addition process via 

intermediate 69. A metal free addition of phthalazines 67 and ynamides 70 using triflic 

anhydride as catalyst was later reported by Wang and Chang.[147]  

 

Scheme 15. Catalyzed IEDDA reactions of phthalazines by Rawal and co-workers 

(top)[145,146] and Wang and Chang (bottom).[147] 

An alternative catalytic principle to activate 1,2-diazines was introduced by Wegner 

and co-workers in 2010, relying on the bidentate coordination of diboraanthracene 73 

to phthalazines 67 (Scheme 16).[148] According to DFT calculations, the resulting 

complex 74 exhibits a large decrease in LUMO energy compared to the uncomplexed 

phthalazine (Scheme 16, A), enabling IEDDA reactions with various, electron-rich 

dienophiles under comparatively mild conditions.  

 

Scheme 16. A) Relative LUMO energies of phthalazine (67) and the complex 74 

[calculated at B3LYP/6-31G*//HF/6-31G* level of theory]. B) Catalytic cycle of the 

BDLA-catalyzed IEDDA reaction of phthalazine and alkynes.[148] 
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When alkyne dienophiles are used, extrusion of nitrogen from the initially formed 

bridged intermediate 75 directly furnishes the desired naphthalene 76 and the 

bidentate Lewis Acid (BDLA) 73 re-enters the catalytic cycle (Scheme 16, B). In this 

thesis, I utilized this catalytic principle to facilitate IEDDA reactions of various 

phthalazines with cyclooctyne (38) and its derivative 40 in the synthesis of (substituted) 

polycyclic aromatic structures fused to eight-membered carbocycles.[149] Additionally, 

this methodology was expanded to the use of enyne 32 as dienophile, enabling the 

modular synthesis of naphto-fused CODs, the conformational behaviour of which was 

studied via X-ray crystallography, VT NMR analysis and computational methods.[150] 

With only one nitrogen in the aromatic ring, pyridines exhibit the lowest reactivity in DA 

reactions among all azines. To overcome this lack of reactivity, Studer and co-workers 

established a one-pot reaction sequence of de-aromatization, cycloaddition and re-

aromatizing retro-cycloaddition (Scheme 17, A).[151] This is achieved by treatment of 

substituted pyridines like 77 with dimethyl acetylenedicarboxylate (DMAD) and methyl 

pyruvate (MP) to generate oxazino pyridine 78 as the actual electron-rich diene in situ. 

This intermediate was shown to react with a variety of cyclic and acyclic alkyne 

dienophiles, including cyclooctyne (38) as well as its derivative 40 to furnish the 

aromatic system after retro-cycloaddition.[151] Another skeletal editing approach based 

on a de-aromatization/cycloaddition/retro-cycloaddition sequence was developed by 

Bouffard and co-workers for the functionalization of non-activated arenes.[152] The key 

component in their reaction was the in situ generated 1,3-diaza-2-azoniaallene cation 

79 that undergoes a de-aromative 1,3-dipolar cycloaddition with substituted benzenes 

like o-xylene (80) to afford the stable and isolable triazolinium cycloadduct 81 

(Scheme 17, B). This adduct acts as diene in follow-up DA reactions with various 

reactive alkynes, including cyclooctyne (38) and its derivative 40.[152] 

 

Scheme 17. A) Skeletal editing of pyridines by Studer and co-workers.[151] B) Skeletal 

editing of arenes by Bouffard and co-workers.[152] 
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As another highly reactive diene species, o-quinodimethanes (o-QDMs) found broad 

application in organic synthesis.[153,154] Siegel and co-workers used a DA reaction of 

cyclooctyne (38) and in situ generated o-QDM 84 to synthesize the cyclooctene-fused 

PAH 85 (Scheme 18). The reactive diene was obtained from 1,2-bis(bromomethyl)-

arene 86 via an anion-induced 1,4-elimination and directly trapped with the strained 

alkyne. The subsequent oxidation to the final aromatic structure was achieved in one-

pot by either stirring the reaction mixture open to air for prolonged time or treating it 

with 2,3-dichloro-5,6-dicyano-1,4-benzoquinone (DDQ).[155] 

 

Scheme 18. DA reaction of cyclooctyne (38) and o-QDM 84 by Siegel and co-

workers.[155] 

2.3 Ring expansion reactions 

2.3.1 General Principle in the Construction of Medium-Sized Rings 

Besides the functionalization of readily accessible eight-membered ring systems, an 

alternative approach to build up arene-annulated cyclooctanoids involves ring 

expansion reactions. The key principle of this strategy is to synthesize ring systems 

that are generally considered less challenging to make, mostly 5- to 7-membered rings, 

and subsequently expand these either by breaking the shared bond of annulated 

bicycles or by inserting side chains.[156] In that way, high entropic and enthalpic barriers 

associated with the formation of MSRs from linear precursors, as described in section 

2.1, can be avoided. However, an appropriate driving force is required to compensate 

for the fact that the formation of MSRs from normal-sized ones is generally 

thermodynamically unfavorable. According to Clarke and Unsworth, the main driving 

forces in this regard are neutralization or stabilization of charged intermediates, 

aromatization, relief of ring strain, radical stabilization, and favorable changes in overall 

bonding energies.[71]  

2.3.2 Electrocyclic Ring Expansion Reactions  

Pericyclic reactions, including sigmatropic rearrangements and electrocyclic reactions, 

represent one of the most common strategies for synthesizing MSRs via ring 

expansion, alongside fragmentation-type and radical-mediated ring openings.[156] In 

2021, Wegner and co-workers establishes an efficient method to synthesize benzo-

fused MSRs in one step from readily accessible phthalazines and cyclic enamines via 
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an IEDDA/photo-induced ring-opening (PIRO) domino sequence (Scheme 19).[157] The 

reaction follows the same catalytic principle as previously shown in Scheme 16, using 

the BDLA 73 to activate the diazine. In contrast to the reactions described above, the 

utilization of alkene dienophiles rather than alkynes furnishes a highly reactive o-QDM 

intermediate 88 after the extrusion of nitrogen.[158] This intermediate can be used to 

initiate different domino processes depending on the reaction conditions and the nature 

of the dienophile.[159ï165] When cyclic enamines like 89 are used, a photo-induced 

electrocyclic ring opening transforms the o-QDM intermediate 88 into medium-sized 

cycles while regaining the aromaticity of the fused six-membered ring.[157] While this 

method proved to be valuable in the synthesis of nine- and eleven-membered ring 

structures, it doesnôt provide access to eight-membered carbo- or heterocycles.  

 

Scheme 19. BDLA-catalyzed IEDDA/PIRO domino reaction for the synthesis of arene-

fused MSRs by Wegner and co-workers.[157] 

A corresponding electrocyclic reaction involving the formation of an eight-membered 

ring was firstly described by Cope and co-workers, who investigated the valence 

tautomeric equilibrium of bicyclo[4.2.0]octa-2,4-diene (BCOD) (91) and cycloocta-

1,3,5-triene (COTR) (92) (Scheme 20).[166] According to the WoodwardīHoffmann 

rules, this 6  ́electrocyclic reaction proceeds in a disrotatory fashion under thermal 

conditions. The isomerization represents a dynamic equilibrium where the monocyclic 

COTR 92 is energetically favored by 6.3 kJ/mol at 100 °C.[167,168] Due to the small 

energetic difference, the introduction of substituents or additional annulated rings can 

completely shift the equilibrium to one or the other side through steric or electronic 

effects.[167ï171] Huisgen and co-workers demonstrated that by increasing the number 

of substituents at the 7- and 8-position of the COTR, the equilibrium is shifted toward 

the bicyclic structure 91. The exact ratio of BCOD to COTR depends on the nature of 

the substituents and their relative configuration (Scheme 20).[168] In contrast, 

substituents at the 1- and 6-position were reported to shift the equilibrium toward the 

monocyclic form.[169] 
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Scheme 20. Influence of different substituents at the 7- and 8-position on the dynamic 

equilibrium between BCOD (91) and COTR (92). Depicted ratios were determined at 

60 °C.[168] 

Paquette and co-workers investigated different aza-analogues of the system and found 

that the bicyclic form is heavily favored in all cases (Scheme 21, A).[172] Especially 

sulfonamides 93c and 93d were found to purely exist in the aza-BCOD form 93 rather 

than the aza-COTR form 94, which was attributed to the greater steric interference 

between the sulfonamide group and the methylene protons in the monocyclic structure. 

This reactivity was also observed by Davies and co-workers in the rhodium-catalyzed 

intramolecular domino reaction of vinyldiazomethanes 95 leading to aza-BCODs 96 

(Scheme 21, B).[173,174] The suggested reaction mechanism involves the formation Boc-

protected azocine 97 via an 8  ́electrocyclic ring closure followed by a 6  ́electrocyclic 

ring contraction. 

 

Scheme 21. A) Influence of substituents on the equilibrium between aza-BCOD 93 

and aza-COTR 94.[172] B) Suggested reaction mechanism for the formation of aza-

BCOD 96 from vinyldiazomethane 95 by Davies and co-workers.[173,174] 
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A contrasting way to obtain COTR structures from the corresponding bicyclic isomers 

was shown by Greenfield and Mackenzie who reported the reaction of substituted 

cyclopentadienones 101 with the cycobutene dienophile 102 (Scheme 22). The initial 

DA cycloaddition furnishes a bridged intermediate that yields BCODs 103 after 

extrusion of carbon monoxide. Depending on the substitution pattern of the employed 

dienes 101, the formation of BCODs 103 or COTR 104 can be favored.[170]  

 

Scheme 22. DA/retro-DA/ring expansion sequence by Greenfield and Mackenzie 

(R1 - R4 = H, Ph or Me).[170] 

The high reactivity of cyclobutene dienophiles forms the basis of this DA/retro-DA/ring 

expansion sequence. Sauer and co-workers demonstrated in 1990 that replacing 

cyclopentene with cyclobutene in the IEDDA reaction with substituted tetrazine results 

in a 14-fold increase in reaction rate.[175] Based on computational analysis, Houk and 

co-workers attributed this increase in IEDDA reactivity observed with decreasing ring 

size to more favorable secondary orbital interactions in smaller ring alkenes rather than 

to simple strain release.[176] 

In this thesis, a strategy similar to that of Greenfield and Mackenzie was employed for 

the synthesis of arene-annulated eight-membered nitrogen heterocycles based on the 

electrocyclic ring opening of an aza-BCOD intermediate (Scheme 23). Building on the 

previous work by our group shown in Scheme 19, phthalazine (67) is activated using 

the BDLA catalyst 73 and treated with Boc-protected 2-azetine 105 as dienophile. 

Extrusion of nitrogen after the initial cycloaddition furnishes the aza-BCOD 

intermediate 106 that is subsequently converted into the desired azocine 107. It was 

reasoned that the formation of an annulated aromatic ring provides the driving force to 

shift the equilibrium toward the MSR structure and prevented its back reaction.[177]  

 

Scheme 23. BDLA-catalyzed IEDDA/thermal ring expansion sequence for the 

synthesis of arene-fused azocines.[177] 
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3 Contributions to the Literature 

3.1 Bidentate Lewis Acid-Catalyzed Inverse Electron-Demand Dielsï

Alder Reaction of Phthalazines and Cyclooctynes 

Reference: M. Große, H. A. Wegner, Synlett 2024, 35, 1019. 

DOI: 10.1055/a-2204-9522 

Reproduced with permission. Copyright © 2023 Georg Thieme Verlag KG. All rights 

reserved. 

ñHerein we report a method for facilitating the inverse-electron-demand DielsïAlder 

reaction of 1,2-diazines and cyclooctynes by utilizing a boron-based bidentate Lewis 

acid catalyst. Readily available electron-deficient and electron-rich phthalazines 

proved to be suitable substrates in this transformation. The described method enables 

the facile construction of diversely substituted polycyclic aromatic hydrocarbons fused 

to eight-membered carbocycles.ò 
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3.2 Lewis Acid-Catalyzed Domino Inverse Electron-Demand Dielsï

Alder/Thermal Ring Expansion Reaction for the Synthesis of 

Arene-Annulated Eight-Membered Nitrogen Heterocycles 

Reference: M. Große, C. M. Leonhardt, P. A. R. Campbell, H. A. Wegner, Org. Lett. 

2025, 27, 4893. 

DOI: 10.1021/acs.orglett.5c01150 

This publication is licensed under CC-BY 4.0. Copyright © 2025 The Authors. 

Published by American Chemical Society. 

 

ñA domino inverse electron-demand DielsïAlder reaction/thermal ring expansion 

sequence was developed to enable the one-step synthesis of arene-annulated eight-

membered nitrogen heterocycles from readily available aromatic 1,2-diazines. A 

boron-based, bidentate Lewis acid catalyst facilitates the initial cycloaddition of Boc-

protected 2-azetine with various electron-poor and electron-rich phthalazines. The 

subsequent electrocyclic ring expansion furnishes azocines fused to differently 

substituted aromatics, a structural motif that holds vast potential for further 

derivatization.ò 
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