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Abstract 

Part A of this Ph.D. thesis describes the construction and further transformations of 4-membered 

unsaturated ring systems like cyclobutenes, 2-azetines and thiete dioxides. Part B presents new boron-

mediated strategies in Zweifel olefinations and electrocoupling reactions. 

Part A 

Chapter I 

In contrast to cyclobutanes, the unsaturated variant of this important class of four-membered rings 

have been studied much less. Due to the strained ring structure, cyclobutenes have a unique reactivity 

and are therefore more difficult to access. Thus, part of this Ph.D. thesis aims to address the synthetic 

challenge of accessing cyclobutenes and cyclobutene-containing building blocks. Using a literature 

known first step, metallated cyclobutenes 0.02 could be easily accessed and were either engaged in 

palladium-mediated cross-coupling reactions (Suzuki-Miyaura-/Negishi cross-coupling) or converted 

to the corresponding iodo-cyclobutenes 0.03. With these convenient strategies in hands, a new library 

of functionalized cyclobutenes 0.04 was elaborated (> 49 examples).  

 

Next, a similar sequence towards vinyl-cyclobutenes 0.05 was examined. After having gained access to 

vinyl-cyclobutenes 0.05, a library of alkylidenecyclobutanes (ACBs, 0.07) was created, relying on a 

[4+2]-cycloaddition with activated dienophiles (0.06). Up to five consecutive stereocenters with great 

control over diastereoselectivity were constructed. Moreover, several ACBs were tested for their 

cytotoxicity against the leukemia cell line HL60, resulting in IC50 values between 14-120 mM. 
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Another part of this thesis focuses on an air promoted oxidative ring contraction of conjugated dienes 

such as 0.08 towards cyclopropyl ketones (CPKs, 0.09). Supported by mechanistical experiments and a 

computational analysis of the reaction between molecular oxygen and vinylcyclobutenes 0.08, a 

comprehensive overview of the mechanism was sketched. With this understanding, a universal 

oxidative ring contraction of cyclobutenes 0.10 with m-CPBA as oxidant was established and expanded 

to the formation of several biologically active compounds, containing the key-cyclopropyl ketone 

moiety.   

 

Finally, an unprecedented method for the formation of stable cyclobutene-organoborates as versatile 

and storable units for Suzuki-Miyaura cross-couplings was designed. 
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Chapter II 

In contrast to the important azetidine-based b-lactams, 2-azetines have been scarcely explored, 

probably due to their intrinsicly higher reactivity. However, this reactivity, if used reasonably, can be 

exploited for the access to novel functionalized 2-azetine scaffolds. The first part of this chapter 

describes the straightforward synthesis of functionalized 2-azetines by an organometallic strategy.  

 

Two steps were required to access 0.14 from the commercially available 1-Boc-3-azetidinone (0.13). 

Key metallated 0.15 were obtained by simple treatment of 0.14 with two equivalents of s-BuLi and 

trapped with different electrophiles, coupled via palladium mediated Suzuki-Miyaura cross-coupling 

with various aromatic halides or engaged in a catalyst free Zweifel olefination. In summary, this led to 

a new library of more than 50 disubstituted 2-azetines (0.16-0.18). 

Next, a regiodivergent and stereoselective [4+2]-cycloaddition of vinyl-azetines 0.19/0.22 with suitable 

dienophiles 0.20 towards unprecedented fused alkylideneazetidines 0.21/0.23 was accomplished. In a 

high yielding one-pot process, 26 examples were isolated in great diastereoselectivity, expanding the 

class of known alkylideneazetidines.  
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Following the success of those cycloadditions, a straightforward access to isoxazoline azetidines was 

realized, employing (2+3)-cycloadditions. Disubstituted azetines 0.18 were converted to the 

corresponding isoxazoline azetidines 0.25 through stereoselective and regiocontrolled (2+3)-

cycloaddition with in-situ generated nitrile oxides 0.24. 

 

In the last part of this section, more stabilized 2-azetines were designed. The high reactivity of 2-

azetinyllithium species was tempered by derivatizing it into the corresponding organoboronates 0.26. 

These were stored for several months under different conditions and finally tested in Suzuki-Miyaura 

cross-coupling reactions. It was proven that they are most stable when kept in solution at -20 °C or 

neat at room temperature under inert atmosphere.   

 

Chapter III 

In this chapter, another class of 4-membered strained heterocycles was investigated, namely thiete 

dioxides. By using a literature known procedure based on organometallic reagents, monosubstituted 

thiete dioxides 0.27 were synthesized and utilized in the formation of fused, sophisticated isoxazoline 

thietanes. Via a (2+3)-cycloaddition strategy with nitrile oxides 0.24, a new library of elaborated 

architectures 0.28 with excellent regio- and stereoselectivity was assembled in up to 97% yield.  
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With the objective of developing an access to thiete-based atropisomers, C-H activation strategies ς 

previously described in the group ς were used. To reach this goal, the manipulation of the strength of 

p-donor-acceptor interactions between the residues of disubstituted thiete dioxides 0.31 seemed to 

be inevitable. Therefore, different suitable aromatic linkers were introduced by C-H activation. The 

corresponding crystal structures of promising thiete dioxides 0.32/0.33 revealed the presence of axial 

chirality in the solid state at room temperature.  

 

Preliminary results on the behaviour of solvated functionalized thiete dioxides 0.31 showed, however, 

that the interactions responsible for atropisomerism are not strong enough to maintain chirality at 

ambient temperature or even at -50 °C.  

Finally, a C-H activation mediated macrocyclization of thiete dioxides is described. In this approach,  

C-H activation with similar congeners of mono-substituted thiete dioxides 0.34 resulted in 

unprecedented macrocycles 0.35 consisting of 3 thiete dioxide units. 
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Part B 

Chapter I 

While the Zweifel olefination is a well-developed and explored reaction, however, most of the 

literature-known procedures involve the use of expensive boron pinacol esters or have a lack of 

practical applicability. To overcome these issues, inexpensive boron alkoxides and different 

organometallic reagents were used in a convergent sequence.  A stoichiometrically controlled 

generation of bisorganoborinates 0.38 through a consecutive reaction of two different organometallic 

species with tri(n-butyl) borate led to a versatile and easily applicable new method in Zweifel 

olefinations.  

 

Chapter II 

In the last chapter of this Ph.D. thesis, the previously described Zweifel reaction of Chapter I (Part B) is 

revisited through an electrochemical approach. For this purpose, a new sequence towards mixed 

tetraorganoborates was engineered. Starting from commercially available potassium 

alkenyltrifluoroborates 0.40 followed by a treatment with various (hetero)aryl Grignard reagents 0.41, 

air and water stable potassium alkenyl(hetero)triarylborates 0.42 were obtained.  

 

After an electrochemical oxidation in acetonitrile, the coupled products 0.43 were isolated in 

moderate to good yields over two steps. It should be noted that no transition metal catalyst or any 

other additive is required in this unprecedented electrochemical coupling reaction. 
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1 Introduction 

Cyclobutenes are four-membered carbocyclic architectures containing a double bond within the ring. 

The inherent ring strain is a key characteristic feature of this compound class. Due to that peculiar 

framework, the cyclobutenyl moiety is barely found in natural compounds compared to the naturally 

occurring cyclobutanes (Figure 1). Nevertheless, several compounds have been reported. For instance, 

the sesquiterpene taynudol (1.01), was isolated from the essential oils of the liverworts Mylia taylorii 

and 4,5-dehydro-5-deoxyarmillol (1.02) is a constituent of the inky cap of the fungus Coprinus 

cinereus.1  

 

Figure 1: The cyclobutene moiety (highlighted in blue) in different natural compounds. 

Further examples containing a cyclobutene pattern are capillosanol (1.03), which possesses a unique 

bicyclo[7.2.0]undecane moiety and was isolated from the soft corals Sinularia capillosa, and finally, 

neofavelanone (1.04), extracted and characterized from the bark of Cnidoscolus phyllacanthus,  shows 

potential activity against the P-388 murine leukaemia cell line.2 

These rather complex cyclobutene-containing representatives of natural compounds clearly show the 

need for dependable and versatile synthetic methods toward their synthesis.  

1.1 Synthesis of Cyclobutenes 

Inheriting a strain-driven reactivity, cyclobutenes have served as versatile synthetic intermediates, 

whereupon their synthesis remain difficult.3 The most common strategies for gaining access to the 

core ring are [2+2]-cycloaddition reactions, either photochemically or through metal-catalysis.4 An 

 
1 S. H. Reuß; C.-L. Wu; H. Muhle; W. A. König, Phytochemistry 2004, 65, 2277; G. R. Pettit; Y. Meng; R. K. Pettit; 
D. L. Herald; F. Hogan; Z. A. Cichacz, Bioorg. Med. Chem. 2010, 18, 4879. 
2 S.-Y. Cheng; K.-J. Huang; S.-K. Wang; Z.-H. Wen; C.-H. Hsu; C.-F. Dai; C.-Y. Duh, Org. Lett. 2009, 11, 4830; Y. Endo; 
T. Ohta; S. Nozoe, Tetrahedron Lett. 1992, 33, 353.   
3 J. C. Namyslo; D. E. Kaufmann, Chem. Rev. 2003, 103, 1485. 
4 Y. Xu; M. L. Conner; M. K. Brown, Angew. Chem. Int. Ed. 2015, 54, 11918; T. Kang; S. Ge; L. Lin; X. Liu; X. Feng, 
Angew. Chem. Int. Ed. 2016, 55, 5541; B. M. Trost; M. Yanai; K. Hoogsteen, J. Am. Chem. Soc. 1993, 115, 5294. 
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example of a metal catalyzed [2+2]-cycloaddition was published by the group of Echavarren.5 Based 

on an intermolecular gold-(I)-catalyzed [2+2]-cycloaddition of alkenes and terminal alkynes, the 

enantioselective total synthesis of rumphellaone A (1.08) was demonstrated (Scheme 1). A Josiphos 

digold (I) complex served as adequate catalytic system to access cyclobutene 1.07 in high yield and 

good enantioselectivity. With further 8 steps that have been previously described by the group of 

Echavarren, rumphellaone A (1.08) is finally obtained.6 

 

Scheme 1: Intermolecular gold-(I)-catalyzed [2+2] cycloaddition towards rumphellaone A. 

A more recent example of an intermolecular metal-catalyzed [2+2]-cycloaddition was published by the 

group of Yoshikai in 2019.7 They described an original intermolecular [2+2]-cycloaddition between an 

alkyne 1.09 and an allene 1.10 using a cobalt(I)/bisphospine catalyst (Scheme 2). In this work, with the 

use of allenes (1.10) as cycloaddition partner, 3-alkylidenecyclobutene were accessed in good yields 

and high regioselectivities. A regioselective oxidative cyclization with the less substituted double bond 

of the allene 1.10 and the alkyne 1.09 with CoI was proposed as a reaction pathway. The 

alkylidenecobaltacyclopentene intermediate further undergoes a reductive elimination to afford the 

alkylidenecyclobutene adduct 1.11. 

 

Scheme 2: Cobalt catalyzed [2+2]-cycloaddition towards the synthesis of alkylidenecyclobutenes. 

In 1964 Corey and Streith investigated the internal photoaddition reaction of 2-pyrone (1.12), paving 

the way for further studies, in which the unstable and strained bicyclic lactone 1.13 was utilized 

(Scheme 3).8 One of the central arguments that initiated further investigations was the almost 

 
5 C. García-Morales; B. Ranieri; I. Escofet; L. López-Suarez; C. Obradors; A. I. Konovalov; A. M. Echavarren, J. Am. 
Chem. Soc. 2017, 139, 13628. 
6 B. Ranieri; C. Obradors; M. Mato; A. M. Echavarren, Org. Lett. 2016, 18, 1614.   
7 W. Ding; N. Yoshikai, Angew. Chem. Int. Ed. 2019, 58, 2500. 
8 E. J. Corey; J. Streith, J. Am. Chem. Soc. 1964, 86, 950. 
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quantitative photochemical isomerization of readily available 1.12 to the now storable 

cyclobutene 1.13.9 

 

Scheme 3: Internal photoaddition of 2-pyrone (1.12) towards the bicyclic cyclobutene 1.13. 

Especially the group of Maulide used this sensitive intermediate 1.13 as a starting building block in 

their research program.10 Employing different nucleophiles, new cyclobutene containing molecules 

(1.14) were accessed and utilized in further transformations, as in the total synthesis of (-)-

leodomycin D (1.22) (Scheme 4).11  

 

Scheme 4: Transformation of the bicyclic cyclobutene 1.13 and further synthetic steps based on this 

transformation. 

 
9 F. Frébault; M. Luparia; M. T. Oliveira; R. Goddard; N. Maulide, Angew. Chem. Int. Ed. 2010, 49, 5672. 
10 A. Misale; S. Niyomchon; N. Maulide, Acc. Chem. Res. 2016, 49, 2444. 
11 F. Frébault; M. Luparia; M. T. Oliveira; R. Goddard; N. Maulide, Angew. Chem. Int. Ed. 2010, 49, 5672; C. Souris; 
F. Frébault; A. Patel; D. Audisio; K.N. Houk; N. Maulide, Org. Lett. 2013, 15, 3242; C. Souris; M. Luparia; F. Frébault; 
D. Audisio; C.Farès; R. Goddard; N. Maulide, Chem. Eur. J. 2013, 19, 6566; C. Souris; A. Misale; Y. Chen; M. Luparia; 
N. Maulide, Org. Lett. 2015, 17, 4486. 
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Another elegant method for the preparation of cyclobutenes is the enlargement of existing cyclic 

systems.12 As described by the group of Fürstner, a platinum mediated rearrangement of 

methylenecyclopropanes can lead to mono- or disubstituted cyclobutenes (Scheme 5).13 

 

Scheme 5: Platinum mediated ring enlargement of methylenecyclopropanes towards cyclobutenes. 

In 1984, the group of Negishi employed a carbometallation strategy that allows not only the synthesis 

of a variety of functionalized cyclobutenes (1.31/1.35), but also represents the cornerstone for the 

synthesis of cyclobutene building blocks in this Ph.D. thesis (Scheme 6).14 The intermediary 

cyclobutene-metal species 1.34 was therefore utilized as a new starting point for cyclobutene 

functionalization. 

 

Scheme 6: Synthesis of substituted cyclobutenes by carbometalation. 

 
12 C.-W. Li; K. Pati; G.-Y. Lin; S. M. A. Sohel; H.-H. Hung; R.-S. Liu, Angew. Chem. Int. Ed. 2010, 49, 9891; R. Liu; M. 
Zhang; G. Winston-McPherson; W. Tang, Chem. Commun. 2013, 49, 4376; A. Masarwa; A. Fürstner; I. Marek, 
Chem. Commun. 2009, 38, 5760; H. Xu; W. Zhang; D. Shu; J. B. Werness; W. Tang, Angew. Chem. Int. Ed. 2008, 
47, 8933. 
13 A. Fürstner; C. Aïssa, J. Am. Chem. Soc. 2006, 128, 6306. 
14 L. D. Boardman; V. Bagheri; H. Sawada; E.-i. Negishi, J. Am. Chem. Soc. 1984, 106, 6105. 
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1.2 Synthesis of Iodo-cyclobutenes 

As described in the previous chapter, many reports focus on the formation of the cyclobutene core 

rather than using it, as a starting base of functionalization. Iodo-cyclobutenes are a promising source 

for new cyclobutene-functionalization and are already well known. Additionally, their synthesis can be 

found in several published work.15 Nevertheless, most of these reports lack of generality and simplicity, 

as many steps for their synthesis are necessary and/or too complex precursors are essential, 

preventing access to versatile building blocks. Inspirational is the work from Negishi between 1983 to 

1996, as it describes a way of getting access to metallated cyclobutenes by using organometallic 

chemistry.16  

 

Scheme 7: Synthesis of iodo-cyclobutenes by two different carbometalation pathways.  

In both sequences (Scheme 7), an initial lithiation on the most acidic C-H position of the bromo-alkyne 

1.32 occurs, followed by a syn-carbometalation that furnishes the metallated cyclobutenes 1.34/1.37. 

The corresponding iodo-cyclobutenes 1.36/1.38 were obtained after iodolysis.  

Concerning the use of a mixture of trimethylaluminium (1.40) and zirconocene dichloride (1.39), more 

details are given in Scheme 8.17 Starting with a transmetalation of one methyl group of the 

trimethylaluminium (1.40)  to the zirconium, followed by a chloride abstraction of the aluminium, the 

intermediary zwitterionic species 1.44 is formed. The alkyne coordinates to the cationic zirconium, 

 
15 H. Oda; K. Oshima; H. Nozaki, Chem. Lett. 1985, 53; K. Kasai; Y. Liu; R. Hara; T. Takahashi, Chem. Commun. 1998, 
18, 1989; K. Villeneuve; N. Riddell; R. W. Jordan; G. C. Tsui; W. Tam, Org. Lett. 2004, 6, 4543; E. B. Averina; R. R. 
Karimov; K. N. Sedenkova; Y. K. Grishin; T. S. Kuznetzova; N. S. Zefirov, Tetrahedron 2006, 62, 8814; A. Fürstner; 
A. Schlecker; C. W. Lehmann, Chem. Commun. 2007, 41, 4277; Y.-P. Wang; R. L. Danheiser, Tetrahedron Lett. 
2011, 52, 2111; Y. Li; X. Liu; H. Jiang; B. Liu; Z. Chen; P. Zhou, Angew. Chem. Int. Ed. 2011, 50, 6341; J. He; M. L. 
Snapper, Tetrahedron 2013, 69, 7831; B. Alcaide; P. Almendros; C. Lázaro-Milla, Adv. Synth. Catal. 2017, 359, 
2630; D. Kossler; F. G. Perrin; A. A. Suleymanov; G. Kiefer; R. Scopelliti; K. Severin; N. Cramer, Angew. Chem. Int. 
Ed. 2017, 56, 11490. 
16 E.-i. Negishi; L. D. Boardman; J. M. Tour; H. Sawada; C. L. Rand, J. Am. Chem. Soc. 1983, 105, 6344; L. D. 
Boardman; V. Bagheri; H. Sawada; E.-i. Negishi, J. Am. Chem. Soc. 1984, 106, 6105; E.-i. Negishi; L. D. Boardman; 
H. Sawada; V. Ragheri; A. T. Stoll; J. M. Tour; C. L. Rand, J. Am. Chem. Soc. 1988, 110, 5383; E.-i. Negishi; F. Liu; D. 
Choueiry; Mohamud; A. Silveira; M. Reeves, J. Org. Chem. 1996, 61, 8325; F. Liu; E.-i. Negishi, Tetrahedron Lett. 
1997, 38, 1149.   
17 S. Xu; E.-i. Negishi, Acc. Chem. Res. 2016, 49, 2158. 
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upon which a migratory insertion of the methyl group (bound to the zirconium) takes place. At last, a 

reversible transmetalation to aluminium occurs, forming the final syn-addition product 1.46.   

 

Scheme 8: Proposed mechanism of the carboalumination with zirconocene dichloride.17  

As proposed by Negishi, the carbometalation of metallated 4-halobut-1-ynes (1.47) leads to a gem-

bismetallated species 1.48 which can then undergo two different pathways for the ring closing step 

(Scheme 9). The two possible ways are differentiated by a -̀ or ̄ -type cyclization process, which after 

iodolysis of the metallated cyclobutene intermediate, give rise to two different regioisomers 

(1.50/1.54). 

 

Scheme 9: Proposed pathways for the carboalumination of 4-halobut-1-ynes to iodo-cyclobutenes. 

The ̀ -type pathway describes a SN2-type mechanism, where the electrons of the sigma-bond between 

carbon and lithium attack the carbon connected to the leaving halogen towards structure 1.49. In 

contrastΣ ǘƘŜ ˉ-type attack of the double bond leads intermediary to the cationic cyclopropane species 

1.51, whereupon two new routes can be described. In path a), the bond connected to the R-group 

undergoes a Wagner-Meerwein rearrangement, giving intermediate 1.52 and ultimately providing the 

same regioisomer 1.50 as for the -̀type mechanism. Path b) describes the other possibility of a 
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Wagner-Meerwein rearrangement and thus, after elimination of LiBr and iodolysis, leads to the 

formation of regioisomer 1.54. Negishi has shown that both pathways are possible. However, the 

application of such conditions in this thesis only led to one regioisomer 1.54, additionally confirmed 

by X-ray crystallographic data. With this robust and simple method in hands, the iodo-cyclobutene 

building block, as well as the metallated cyclobutene moiety have been extensively used and will be 

described thereafter.  

1.3 Suzuki-Miyaura and Negishi Cross-Coupling Reactions 

Over last decades, several cross-coupling reactions have been reported. It is remarkable however, that 

the first cross coupling reaction was already demonstrated in 1869 by Glaser, where the stoichiometric 

use of copper for the homocoupling of metal acetylides was reported.18 Since that early beginning, 

many more transition-metal-mediated cross-couplings have emerged, namely Stille, Heck, 

Sonogashira, Hiyama, Kumada and the two herein relevant methods, the Suzuki-Miyaura and Negishi 

cross-coupling reaction.19  

 

Scheme 10: General mechanism of palladium mediated cross-coupling.  

In most cases palladium complexes are used as pre-catalysts. The robustness of these systems in 

combination with high functional group tolerance made these protocols one of the cornerstones in 

creating new C-C bonds and was therefore rewarded with the Nobel Prize in 2010.20  The general 

accepted mechanism of a palladium mediated cross-coupling is depicted in Scheme 10. It consists of 

 
18 C. Glaser, Ber. Dtsch. Chem. Ges. 1869, 2, 422. 
19 D. Milstein; J. K. Stille, J. Am. Chem. Soc. 1978, 100, 3636; R. F. Heck; J. P. Nolley, J. Org. Chem. 1972, 37, 2320; 
K. Sonogashira; Y. Tohda; N. Hagihara, Tetrahedron Lett. 1975, 16, 4467; Y. Hatanaka; T. Hiyama, J. Org. Chem. 
1988, 53, 918; K. Tamao; K. Sumitani; M. Kumada, J. Am. Chem. Soc. 1972, 94, 4374; N. Miyaura; A. Suzuki, J. 
Chem. Soc., Chem. Commun. 1979, 19, 866; N. Miyaura; K. Yamada; A. Suzuki, Tetrahedron Lett. 1979, 20, 3437; 
A. O. King; N. Okukado; E.-i. Negishi, J. Chem. Soc., Chem. Commun. 1977, 19, 683. 
20 E.-i. Negishi, Angew. Chem. Int. Ed.  2011, 50, 6738; A. Suzuki, Angew. Chem. Int. Ed. 2011, 50, 6722. 
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three steps: oxidative addition, transmetalation and reductive elimination. For the Suzuki-Miyaura 

coupling, an organo-boron compound (1.61) and an organic halide (1.55) are combined in the presence 

of a base (Scheme 11). As a transition metal in the catalytic cycle, palladium and nickel are mainly 

described in the literature.21  

 

Scheme 11: General Suzuki-Miyaura cross coupling with palladium- or nickel-complexes.  

In the Negishi type coupling, organozinc compounds are used (Scheme 12). The reaction takes place 

between organic halides or triflates and organozinc compounds in the presence of palladium/nickel 

catalysts.22  

 

Scheme 12: General Negishi cross coupling with palladium- or nickel-complexes.  

As both cross-couplings show great advantages in terms of versatility and functional group tolerance, 

they were utilized in the sophistication of the cyclobutene ring, which can be found in Chapter I 

άResultsέ. 

1.4 Alkylidenecyclobutanes 

Alkylidenecyclobutanes have historically been in discussion since 1896, when Gustavson first 

debrominated erythrityl bromide with zinc and identified spiropentane (1.65) όάǾƛƴȅƭǘǊƛƳŜǘƘȅƭŜƴŜέ 

called to that time) from the product mixture (Scheme 13).23 Further studies revealed that an 

alkylidenecyclobutane was among the products in this mixture and methylenecyclobutane (1.66) could 

be identified for the first time.24   

 

Scheme 13: Compound mixture of the debromination of erythrityl bromide with zinc.  

 
21F.-S. Han, Chem. Soc. Rev. 2013, 42, 5270. 
22 S. Baba; E.-i. Negishi, J. Am. Chem. Soc.1976, 98, 6729. 
23 G. Gustavson, J. prakt. Chem. 1896, 54 (2), 97; G. Gustavson, J. prakt. Chem. 1896, 54 (1), 104. 
24 Philipov, J. prakt. Chem. 1916, 93 (2), 163; M. J. Murray, E. H. Stevenson, J. Am. Chem. Soc. 1944, 66, 812. 
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Despite this long history, alkylidenecyclobutanes have attracted much less attention than their 

homologous alkylidenecyclopropanes, mainly due to the lower reactivity of the cyclobutane core and 

the difficulty for their synthesis.25 Nevertheless, the methylenecyclobutane moiety can be found in 

several natural compounds (Figure 2).  

 

Figure 2: Natural occurring alkylidenecyclobutanes.   

For instance, the cytotoxin providencin (1.68) which was isolated from the Caribbean gorgonian 

octocoral Pseudopterogorgia kallos, and the female sex pheromone of the pink hibiscus mealylbug 

namely maconelliol (1.69) was isolated from Maconellicoccus hirsutus.26 The antibacterial illudosin 

(1.70) was isolated from the fungus Omphalotus olearius and belongs to the fomannosane-type 

sesquiterpene family.27 Another sesquiterpene, the repraesentin A (1.71 a protoilludane) was 

extracted from the fungus Lactarius repraesentaneus and was found to promote plant growth.28 The 

particular interest in the protoilludane family has been expressed in several total syntheses and is of 

primary importance in this work.29  

In general, alkylidenecyclobutanes are mainly formed by allene-alkene [2+2]-cycloaddition reactions 

and metal-catalyzed cyclizations.25 Starting from preformed four-membered ring compounds, the 

Wittig olefination of cyclobutanones 1.72 is one of the most versatile and efficient methods for the 

construction of alkylidenecyclobutanes 1.74 (Scheme 14).25  

 

 
25 A. Brandi; S. Cicchi; F. M. Cordero; A. Goti, Chem. Rev. 2014, 114, 7317. 
26 J. Marrero; A. D. Rodríguez; P. Baran; R. G. Raptis, Org. Lett. 2003, 5, 2551; A. Zhang; D. Amalin; S. Shirali; M. 
S. Serrano; R. A. Franqui; J. E. Oliver; J. A. Klun; J. R. Aldrich; D. E. Meyerdirk; S. L. Lapointe, Proc. Natl. Acad. Sci. 

U.S.A. 2004, 101, 9601. 
27 A. Arnone; R. Cardillo; G. Nasini; O. V. de Pava, J. Chem. Soc. Perkin. Trans. 1 1991, 1787; T. C. McMorris; R. 
Lira; P. K. Gantzel; M. J. Kelner; R. Dawe, J. Nat. Prod. 2000, 63, 1557. 
28 M. Hirota; Y. Shimizu; T. Kamo; H. Makabe; H. Shibata, Biosci. Biotechnol. Biochem. 2003, 67, 1597. 
29 M. Kögl; L. Brecker; R. Warrass; J. Mulzer, Angew. Chem. Int. Ed. 2007, 46, 9320; P. Siengalewicz; J. Mulzer; U. 
Rinner, Eur. J. Org. Chem. 2011, 35, 7041. 
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Scheme 14: Wittig olefination of cyclobutanones towards alkylidenecyclobutanes.  

Building on the previously described methodology (άSynthesis of Iodo-cyclobutenesέ) on iodo-

cyclobutenes, the group of Didier engineered a sequence for the synthesis of alkylidenecyclobutanes, 

combining a boron-homologation and boron-allylation (Scheme 15).30 

 

Scheme 15: Boron-homologation/boron-allylation sequence towards alkylidenecyclobutanes.  

The objective was however to make this sequence more versatile and will be described in the next 

section of this thesis.  

1.5 [4+2]-Cycloadditions of Cyclobutenes 

Kurt Alder and Otto Diels described a concerted pericyclic [4+2]-cycloaddition for the first time in 1928, 

later called the Diels-Alder reaction.31 Forming six-membered rings, the Diels-Alder cycloaddition of a 

conjugated diene with a substituted dienophile is particularly useful for synthetic chemists as it 

provides the cycloadduct regio- and stereoselectively. In this type of cycloaddition, no intermediates 

are usually observed, as the reaction occurs via a single, cyclic transition state and therefore serves as 

an excellent example for a concerted pericyclic reaction (Scheme 16).32 In that cyclic transition state, 

the frontier p-orbitals of the diene 1.77 (HOMO - highest occupied molecular orbital) and of the alkene 

1.78 (LUMO - lowest unoccupied molecular orbital) are overlapping and finally forming two new 

carbon-carbon bonds. However, the reaction shown in Scheme 16 can only be regarded as schematic 

since the LUMO of the inactivated ethene (1.78) is too high in energy for the HOMO of 1,3-butadiene 

(1.77) to allow for reactivity. Only harsh reaction conditions would lead to the desired cycloadduct.33  

 
30 M. Eisold; D. Didier, Angew. Chem. Int. Ed. 2015, 54, 15884. 
31 O. Diels; K. Alder, Liebigs Ann. Chem. 1928, 460, 98; O. Diels; K. Alder, Ber. dtsch. Chem. Ges. A/B 1929, 62, 554. 
32 M. J. S. Dewar; S. Olivella; J. J. P. Stewart, J. Am. Chem. Soc. 1986, 108, 5771. 
33 L. M. Joshel; L. W. Butz, J. Am. Chem. Soc.1941, 63, 3350. 
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Scheme 16: [4+2]-cycloaddition of a diene and a dienophile illustrated with the involved p-orbitals (HOMO of 

the diene and LUMO of the dienophile). 

Although countless applications exist in literature, the [4+2]-cycloaddition of cyclobutenes was not 

given much attention, as only the use of the cyclobutene ring as a dienophile was reported by 

Danyshefsky.34 In contrast to cyclobutenes as dienophiles, BäckvallΩǎ ƎǊƻǳǇ reported the use of 

vinylcyclobutenes 1.80 in [4+2]-cycloaddition strategies (Scheme 17).35 An activated dienophile, maleic 

anhydride (1.81), allowed access to fused alkylidenecyclobutanes 1.82. 

 

Scheme 17: [4+2]-cycloaddition of a substituted vinylcyclobutene 1.80 with maleic anhydride (1.82). 

With this example in mind, a synthesis towards unprecedented fused 5/6/4-ring systems containing 

an alkylidenecyclobutane moiety was reachable.  Worthy of note is the similarity with the 5/6/4-fused-

ring system of protoilludanes, especially the 6-protoilludane (1.83), which was a target in our research 

program (Figure 3).36 

 

Figure 3: One representative of the protoilludane family: 6-protoilludane.   

  

 
34 A. G. Ross; X. Li; S. J. Danishefsky, J. Am. Chem. Soc. 2012, 134, 16080; A. G. Ross; S. D. Townsend; S. J. 
DAnishefsky, J. Org. Chem. 2013, 78, 204. 
35 Y. Qiu; B. Yang; C. Zhu; J.-E. Bäckvall, Angew. Chem. Int. Ed. 2016, 55, 6520. 
36 W. Oppolzer; A. Nakao, Tetrahedron Lett. 1986, 27, 5471. 
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1.6 Ring Contraction Reactions 

Ring contraction reactions can be generally classified in three different categories based on their 

mechanism: anionic, cationic and carbenoid (Scheme 18).37  

 

Scheme 18: Three different types of ring contraction reactions classified by their inherent mechanism.  

In the anionic reaction pathway (Path A), a negative charge on a cyclic ring system (1.84) attacks a 

suitable leaving group resulting in a ring contraction (1.86). The cationic type (Path B) consists of a ring 

contraction triggered by an alkyl shift in conjunction with a carbonyl formation (1.88). The last one 

(Path C) contains an intermediate carbene or carbenoid 1.89 that rearranges and leads to a ring 

contraction. The Favorskii rearrangement on cyclic systems is a typical example of an anionic ring 

contraction and served as a successful tool in several natural product syntheses (Scheme 19).38 In the 

total synthesis of (+)-epoxydictymene (1.93), (-)-iridomyrmecin (1.94) and (+)-acoradiene (1.95), the 

anionic ring contraction of dibrominated (+)-pulegone (1.91) in the presence of a base is the key step. 

 
37 Ring Contraction Reactions in the Total Synthesis of Biologically Active Natural Products, L. F. Silva in 
Stereoselective Synthesis of Drugs and Natural Products (Eds.: V. Andrushko, N. Andrushko), John Wiley & Sons, 
Inc, Hoboken, NJ, USA, 2013, 1-20; L. F. Silva, Tetrahedron 2002, 58, 9137. 
38 A. E. Faworskii, J. Russ. Phys. Chem. 1894, 26, 559; T. F. Jamison; S. Shambayati; W. E. Crowe; S. L. Schreiber, J. 
Am. Chem. Soc. 1997, 119, 4353; J. Wolinsky; T. Gibson; D. Chan; H. Wolf, Tetrahedron 1965, 21, 1247; S. 
Kurosawa; M. Bando; K. Mori, Eur. J. Org. Chem. 2001, 23, 4395. 
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Scheme 19: The Favorskii rearrangement, applied in total syntheses of natural products.   

In 1959, Criegee and Noll described the ring contraction of a cyclobutane epoxide 1.96 in the presence 

of sulfuric acid (Scheme 20).39 They obtained a mixture of two different compounds from which a 

cyclopropyl ketone (1.98) was identified. Part of this Ph.D. thesis was devoted to the selective ring 

contraction of cyclobutenes by an oxidative ring contraction, as this rather unexplored reaction can 

give access to the pharmacologically important cyclopropyl ketone scaffold.40  

 

Scheme 20: Early example of an oxidative ring contraction of cyclobutane-epoxides. 

 

 
39 R. Criegee; N. Noll, Liebigs Ann. Chem. 1959, 627, 1; J. M. Conia, Angew. Chem. 1968, 80, 578. 
40 For some bioactive compounds see: J. X. Qiao; S. R. King; K. He; P. C. Wong; A. R. Rendina; J. M. Luettgen; B. 
Xin; R. M. Knabb; R. R. Wexler; P. Y. S. Lam, Bioorg. Med. Chem. Lett. 2009, 19, 462; C. E. Wainwright; J. S. Elborn; 
B. W. Ramsey; G. Marigowda; X. Huang; M. Cipolli; C. Colombo; J. C. Davies; K. De-Boeck; P. A. Flume; M. W. 
Konstan; S. A. McColley; K. McCoy; E. F. McKone; A. Munck; F. Ratjen; S. M. Rowe; D. Waltz; M. P. Boyle, N. Engl. 
J. Med. 2015, 373, 220; U. J. Ries; H. W. M. Priepke; N. H. Hauel; S. Handschuh; G. Mihm; J. M. Stassen; W. 
Wienen; H. Nar, Bioorg. Med. Chem. Lett. 2003, 13, 2297. 
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2  Results 

2.1 Unsaturated Four-Membered Rings: Efficient Strategies for the Construction of 

Cyclobutenes and Alkylidenecyclobutanes 

 

Reprinted with permission from A. N. Baumann, M. Eisold, G. M. Kiefl, S. T. Emmerling, D. Didier, 

Chem. Eur. J. 2017, 23, 1634. Copyright© 2017 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim. 
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