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In der Wissenschaft gleichen wir alle nur den Kindern, die am Rande des Wissens hie und da einen 

Kiesel aufheben, während sich der weite Ozean des Unbekannten vor unseren Augen erstreckt.  

Sir Isaac Newton 
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1 Introduction 

The synthesis of novel substance classes is essential for the development of new compounds 

of pharmacological interest. A century ago, the discovery of new drugs to treat human diseases was 

mainly restricted to isolation of substrates from organisms as, for example, plants, fungi and 

bacteria.1 Since then much effort in organic chemistry was done to synthesize these natural 

products, unnatural derivatives thereof and compounds inspired by privileged skeletons.2 The 

progress in organic chemistry, due to the continuous development of new synthetic methodologies 

and shortened synthetic routes, enabled large-scale access to those natural products and, in 

general, to a higher molecular diversity leading to even more effective bioactive compounds.3  

When it comes to drug approvals in the last years, small molecules (MW < 800 g/mol) still 

dominate over biologic molecules.4 This demonstrates again the importance of an ongoing research 

in organic synthesis and the development of new substance classes to further investigate small 

molecule/macromolecule interactions (e.g. proteins, nucleic acids), which are responsible for 

biological activities of these small molecules.4-5  

Novel structures cannot only be developed by new synthetic methodologies, but are still 

identified after isolation of substances from natural sources. In this context, traditional herbal 

remedies, as for example herbs used in traditional Chinese medicine, are interesting and therefore 

thoroughly scrutinized. The ongoing isolation of natural products enables access to new substance 

classes that may possess new modes of action and therefore extend the biological application 

spectrum. 

This thesis includes studies towards new synthetic strategies to achieve access to novel 

substrate classes. The first part involves the investigation of synthetic methods to extend the scope 

of preparations for known scaffolds, but also an application to enable the synthesis of novel 

compound classes. The second part describes investigations towards the total synthesis of a 

recently isolated and identified novel alkaloid, which is the first member of a novel substance 

family.   
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1.1 [2+2+2] Cycloaddition 

In 1948, Reppe and Schweckendiek6 discovered that a dicarbonylbis(triphenylphosphine)-

nickel(0)-complex mediated the cyclization of acetylene to benzene under mild conditions. An 

enormous progress, compared to the thermal induced cyclization of acetylene as discovered by 

Berthelot7 in 1866, which required temperatures above 400 °C. The function of the nickel complex 

was unclear by that time, but over the years, the mechanism was solved and the synthetic potential 

of this method became unleashed leading to a very powerful method in organic synthesis – the 

metal-catalyzed [2+2+2] cycloaddition.  

Since then the reaction has been intensively studied and found widespread application as it 

convinces with its high atom economy, the multiple bond formation and its high tolerance towards 

functional groups. The synthesis of complex structures, beginning with highly substituted benzene 

derivatives up to very complex polycycles, can be accomplished starting from simple precursors.8 

 

1.1.1 Mechanism and Common Transition Metal Complexes 

Various transition metal complexes promote a [2+2+2] cycloaddition. Co-, Ni-, Rh- and 

Ru-complexes are more frequently used for the catalytic system, than catalysts based on Zr, Ir, Pd, 

Re, Fe, Cr or Ti.8d-h, 9 The mechanism of the transition metal-catalyzed [2+2+2] cycloaddition is 

similar for any type of metal and the mechanistic aspects are elucidated in the following.10 The 

mechanism presented in Scheme 1.1, for the cyclotrimerization of acetylene, represents the 

general accepted mechanism for the [2+2+2] cycloaddition reaction and can be assigned to other 

types of unsaturated moieties. The ligands of the catalyst are abbreviated with L for clarity reasons. 

The metal-ion is abbreviated with M. 

In the first step, substitution of a ligand with an alkyne occurs and this process is repeated once 

more to give I. Oxidative addition of these two alkyne ligands generates a metallacyclopentadiene II 

or a metallacyclopentatriene IIb11 (for Ru-complexes, the structure was found to be closer to a 

metallacyclopentatriene after evaluation of X-ray data and DFT-calculations). Coordination to a 

third alkyne affords intermediate III due to a free coordination site at the metal. The next step, the 

reaction of the metallacyclopentadiene with the coordinating alkyne, can proceed in two ways. 

Either the alkyne moiety can be inserted to give a metallacycloheptatriene IV or the alkyne is 

incorporated to the cycle by a concerted Diels-Alder-type [4+2] cycloaddition to give 

metallanorbornadiene V. Reductive elimination releases the cycloaddition product VI from the 

catalytic cycle. Concomitant regeneration of the active catalyst species and coordination to two 

new alkynes reinitiates the catalytic cycle. DFT studies on the cyclotrimerization of three alkynes 

propose that the introduction of the third alkyne moiety proceeds rather via a transition metal-
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mediated [4+2] cycloaddition. This transformation is energetically lower than the formation of a 

metallaheptacycle IV, which was described to be energetically improbable.11b, 12  

 
Scheme 1.1 Schematic presentation of the metal-catalyzed [2+2+2] cycloaddition.   

Many well-defined transition metal complexes were found to induce the [2+2+2] cycloaddition. 

Among them, the CpCo-based catalysts have proven to be very effective and are the most 

commonly utilized metal catalysts. Especially studies of Vollhardt13, Bönnemann14 and Wakatsuki15 

in the 1970s and 80s have contributed to the scope of application as well as to the mechanistic 

elucidation of this reaction. The [2+2+2] cycloaddition with CpCo-based catalysts was also 

intensively studied in the Groth research group.16 

However, despite the advantages and its widespread application, the use of a CpCo(CO)2 

complex requires irradiation with light and high temperature to generate the active Co-species. The 

use of CpCo(C2H4)2, the Jonas catalyst, allows the activation at lower temperature, but all in all, the 

catalysts need careful handling17 and furthermore can only be used catalytically for the synthesis of 

aromatic compounds, as benzene- or pyridine derivatives. Cobalt has strong complexation abilities 

and has to be used stoichiometrically if, for example, enediynes are cyclized to afford 

cyclohexadienes. An oxidative demetalation step with a Lewis acid, e.g. FeCl3, is necessary.  

As mentioned earlier, well-defined catalysts have been developed in the last decades, which 

not only enable a mainly chemo-and regioselective performance of the cycloaddition, but also 

catalyze reactions of alkynes with different unsaturated moieties under mild conditions. Cationic 
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rhodium species proved very efficient and regioselective in the intermolecular cyclotrimerization 

of alkynes.18 In general, Rh-catalysts have shown a high versatility and applicability. The Wilkinson 

catalyst, RhCl(PPh3)3, and Rh(cod)+/biphosphine-based catalytic systems are the most studied ones. 

The use of Ru-complexes, with Cp*Ru(cod)Cl being most widely used, proved a high chemo- 

and regioselectivity and furthermore showed a facile handling due to a stability in air and aqueous 

media.11a Compared to the costs of commercially available rhodium- and ruthenium complexes, 

nickel catalysts are relatively inexpensive. Usually a low-valent nickel species, e.g. Ni(cod)2, with 

phosphine ligands is used.19 The use of nickel catalysts has proven to be effective for the 

cycloaddition of alkynes with Csp2-heteroatom bonds.20  

 

1.1.2 The [2+2+2] Cycloaddition in Organic Synthesis  

After its discovery, the transition metal-catalyzed oligomerization of alkynes became the most 

applied method for the synthesis of highly functionalized benzene derivatives.8a, 9a, 13h, 16b, 16e, 21 

Nowadays, besides benzene derivatives, a variety of structural motifs is directly accessible, 

depending on the -moieties. Scheme 1.2 represents the most frequent transformations in a 

[2+2+2] cycloaddition of two alkynes and a third -compound. The use of alkenes or allenes affords 

cyclohexadiene scaffolds.16a, 16c, 24, 22 Pyridines are accessible from nitriles.1e, 3, 8h, 9c, 23  When 

isocyanates are applied, pyridone derivatives result from the cycloaddition.24          

 
Scheme 1.2 Possible structural fragments synthesized via the [2+2+2] cycloaddition with two alkynes.10 For 
clarity reasons, no substituents are shown. Only the structural fragments involved in the reaction are shown. 

file:///C:/Users/Juliane/Documents/Doktorarbeit/Spirocyclen%20-%20altes%20Thema/paper/Abstract.docx%23_ENREF_5
file:///C:/Users/Juliane/Documents/Doktorarbeit/Spirocyclen%20-%20altes%20Thema/paper/Abstract.docx%23_ENREF_10
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The [2+2+2] cycloaddition reaction can proceed completely intermolecular, partially 

intramolecular or completely intramolecular (Scheme 1.3). An intermolecular process of the 

cycloaddition with use of substituted alkynes leads to regioisomers, as the complexation and 

incorporation of the alkyne into the ring occurs in any direction. If only one substituted alkyne 

species is used, two regioisomers are possible. The use of two or three different alkynes affords 

even more regioisomers. Next to the chemoselectivity, the regioselectivity of the [2+2+2] cyclo-

addition has always been a challenge to overcome. Nevertheless, the development of proper 

efficient catalysts, theoretical calculations and investigation of the reaction behavior of the 

substrates afforded a decrease of these problems.8a, 8d, 24b, 25 A partially intramolecular process 

implicates the use of a tethered diyne. The alkyne moieties are connected via an alkyl chain, which 

can also incorporate heteroatoms. A diyne with two equal substituents affords only one compound, 

if the third π-moiety is terminal or symmetrical (not shown). Different substituents at the diyne 

afford regioisomers. As for the monoynes, the direction of incorporation can be influenced and is 

therefore predictable by electronic and steric factors. A complete intramolecular reaction proceeds, 

if all -moieties are connected to a linear chain or as a macrocycle (not shown). Complex polycycles 

can be achieved using this modification. 

 
Scheme 1.3 Schematic presentation of inter- and intramolecular processes of the cycloaddition of alkynes.  

The enhancement of the applicability of the [2+2+2] cycloaddition did not only afford a variety 

of scaffolds that are interesting for biological screening, the reaction is also key step in the synthesis 

of numerous total syntheses of natural products8a, 26, pharmaceutically active compounds16d, 16e, or 

compounds with interesting physical properties27.  
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Since the whole substrate scope cannot be presented, the following examples shall give a little 

outline of the applicability for the reaction.   

Nissen and Detert published a partially intramolecular [2+2+2] cycloaddition of diynes and 

nitriles to synthesize -carbolines.26b, 28 The introduction of the methyl cyanoformate occurred 

regioselectively to give the -carboline scaffold when Cp*Ru(cod)Cl was used as catalyst. A cationic 

rhodium-based catalyst afforded a mixture of the - and -carboline instead. This reaction was 

furthermore the key step in the total synthesis of lavendamycin (Scheme 1.4). Lavendamycin is a 

bacterial-derived antitumor antibiotic and shows activity against several cancer cell lines. 

Unfortunately, its general high toxicity precluded it from clinical use. However, the synthetic route 

enables the synthesis of lavendamycin analogs to investigate this compound class.  

 
Scheme 1.4   Partially intramolecular [2+2+2] cycloaddition for the formation of -carboline scaffolds and 
total synthesis of the natural compound lavendamycin published by Nissen and Detert.26b 

Groth and Kalogerakis reported an intramolecular cycloaddition approach of an alkyl chain 

tethered triyne (Scheme 1.5). Chirality of the product was achieved by a chiral pool approach as the 

cyclization precursor was synthesized from (+)-citronellal. The cycloaddition product, a chiral 

anthracene, was converted to (+)-rubiginone B2 in two steps. The total synthesis was accomplished 

in 11 steps and 15% overall yield.16b 

 
Scheme 1.5 Total synthesis of antibiotic (+)-rubiginone B2 via a cobalt catalyzed [2+2+2] cycloaddition key 
step by Groth and Kalogerakis.16b 

In 2002, Sato and coworkers published the first total synthesis of alcyopterosin A 

(Scheme  1.6).29 Alcyopterosin A shows cytotoxicity towards human cancer cell lines and is therefore 

a promising synthetic target.30  The illudalane scaffold was generated in a titanium-catalyzed 

[2+2+2] cycloaddition. The titanium-induced cycloaddition of the unsymmetrically substituted 

diyne and an internal alkyne generates regioselectively a benzyltitanium compound, which is then 
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hydrolyzed to give the shown intermediate. Alcyopterosin A is synthesized from the cycloaddition 

product within four steps. 

 
Scheme 1.6 First total synthesis of alcyopterosin A with a titanium catalyzed [2+2+2] cycloaddition key step 
published by Sato and coworkers.29 

 

1.1.3  [2+2+2] Cycloaddition of Alkynes and Carbonyl Compounds and Derivatives  

As mentioned in the last chapter, the use of alkynes, alkenes, allenes, nitriles, or isocyanates 

as [2+2+2] cycloaddition precursors is well established. On the contrary, the use of Csp2-heteroatom 

bonds has only few reports. In this regard, carbonyl compounds, ketones and aldehydes, are the 

most studied ones.20d-f, 31 The use of carbon-heteroatom bonds in cycloaddition reactions affords 

heterocyclic compounds, which are versatile scaffolds. Heterocycles are found in countless natural 

products and pharmaceutical active compounds. They also find numerous other application areas, 

as for example, ligands in organometallic complexes or as molecular devices.32  

Despite the fact, that there are several examples of a [2+2+2] cycloaddition with carbonyl 

compounds, there is only a little number of reports, concerning the [2+2+2] cycloaddition of diynes 

and carbonyl compounds.  

In 1988, Tsuda et al. were the first to publish a cycloaddition between tethered diynes and 

aldehydes to afford bicyclic -pyrans or dienone-derivatives (Scheme 1.7).20f The reaction is 

catalyzed by a nickel/phosphine species. The scaffold of the products, -pyrans or dienones, 

depended on the applied diyne, internal or terminal respectively. In few cases, an electrocyclic ring 

opening after diene isomerization occurred.  

 
Scheme 1.7 [2+2+2] Cycloaddition of diynes to aldehydes published by Tsuda et al.20f 

This type of reaction was reinvestigated by Tekavec and Louie in 2005.20e They applied a Ni/NHC-

based catalytic system to the reaction and expanded the scope of substituted diynes, to diynes with 

a methyl carboxylate substituted alkyl chain.  

In 2002, Shibata et al. developed a cycloaddition of 1,6-diynes with ketoesters catalyzed by a 

Rh+/BINAP-complex (Scheme 1.8).31f The generated -pyrans subsequently underwent an 

electrocyclic ring opening to give monocylic dienones in 57 – 81% yield over both steps. 
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Scheme 1.8 Rhodium-catalyzed [2+2+2] cycloaddition of 1,6-diynes and -ketoester published by Shibata 
et al. in 2007.31f 

This method was further investigated and the scope of precursors was extended by Tanaka and 

coworkers in 2007 and 2009.31a, 33  A similar catalytic system, H8-BINAP instead of BINAP, catalyzed 

the cycloaddition of several diynes and different ketoesters and (di-)ketones. An electrocyclic ring 

opening of the cycloaddition products was also observed.   

The first intramolecular [2+2+2] cycloaddition of diynals was published by Gleiter and 

Schehlmann in 1989 (Scheme 1.9).34 The cobalt-mediated reaction was carried out in decalin at 

140 °C. The cycloaddition products, tricyclic -pyrans, existed as cobalt-complexes. The structure 

of the complexes was verified via X-ray structures. 

 
Scheme 1.9 Cobalt-mediated [2+2+2] cycloaddition of a diynal to give a CoCp-complexed pyran published 
by Gleiter and Schehlmann in 1989.34 

Compared to the use of carbonyl compounds, the use of C=N-derivatives is far less investigated. 

The cycloaddition of imine derivatives remains a challenging problem, due to their decreased 

electrophilicity and reactivity compared to carbonyl groups. However, this reaction enables access 

towards 1,2-dihydropyridines, which are versatile synthetic intermediates.35   

The first example for the synthesis of dihydropyridines via a [2+2+2] cycloaddition was 

published by Wender and coworkers in 2002 (Scheme 1.10).36 A [5+2] cycloaddition of cyclopropyl 

imines and alkynes was investigated to give dihydroazepines. At an early stage of the investigations, 

a [2+2+2] cycloaddition of the starting materials was observed giving a dihydropyridine compound. 

However, this side reaction was not further investigated, instead reaction conditions where 

changed for its prevention. 

 
Scheme 1.10 [2+2+2] Cycloaddition affording a dihydropyridine compound, published by Wender in 2002.36 
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Another example for the use of unactivated imines was published by Yoshikai and coworkers 

in 2011 (Scheme 1.11).20a The reaction was catalyzed by a nickel species and proceeded between 

two internal alkynes and an imine, which is N-substituted with a pyridyl group. The pyridyl group 

exerts a directing effect, which enables the participation of the imine moiety. They supported this 

assumption with DFT calculations that describe an energetically favored formation of a five-

membered aza-nickelacycle I compared to the formation of a nickelacyclopentadiene II. The formed 

aza-nickelacycle is stabilized by an internal coordination of the pyridyl group. Insertion of the 

second alkyne was calculated to be an exothermic process. Reductive elimination affords the 

dihydropyridine.  

 
Scheme 1.11 Nickel-catalyzed [2+2+2] cycloaddition of alkynes and imines bearing a directing pyridyl 
substituent, published by Yoshikai and coworkers in 2011.20a 

Yoshikai proposed the mechanism based on the investigations of Ogoshi et al.20c, 37 Ogoshi was the 

first to publish a cycloaddition of alkynes with activated sulfonylimines in 2007 (Scheme 1.12). The 

nickel-catalyzed reaction proceeded at 100 °C in deuterated benzene to afford 

1,2-dihydropyridines. When equimolar amount of the nickel-species was added to the reactants, a 

nickel-complex, shown in Scheme 1.12, was isolated of which an X-ray structure was taken.  

 
Scheme 1.12 Nickel-catalyzed [2+2+2] cycloaddition of alkynes to N-sulfonylimines by Ogoshi et al.20c, 37 

The use of sulfonylimines was reinvestigated by Malacria and coworkers in 2013 (Scheme 1.13). 

The catalyst was changed to a rhodium-based system and the substrate scope was expanded to the 

use of 1,6-diynes. Furthermore, an asymmetric version of the reaction was developed, by use of a 

chiral binaphthyl diphosphine ligand to obtain the 1,2-dihydropyridines in enantioselectivities up 

to 96% ee. The proposed mechanism was based on the assumption of a formed 

rhodacyclopentadiene. The proposed mechanism by Ogoshi and Yoshikai was taken into account, 

but Malacria argued with a preferred cyclodimerization of the diyne under the given conditions, 

which would not occur if the mechanism by Ogoshi and Yoshikai proceeded. 
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Scheme 1.13 Rhodium-catalyzed, enantioselective [2+2+2] cycloaddition of alkynes to sulfonylimines, 
published by Malacria and coworkers.38  

N-Sulfonylimine derivatives were also used by Dong and coworkers in a [2+2+2] cycloaddition 

(Scheme 1.14).39 The group applied cyclic ketimines with different alkyl- or aryl substituents to the 

cycloaddition with two terminal alkynes to generate 1,2-dihydropyridines. 

 
Scheme 1.14 Rhodium-catalyzed [2+2+2] cycloaddition of N-sulfonylketimines and terminal alkynes 
published by Dong and coworkers in 2015.39 

In 2013, Wan and coworkers reported the application of oximes to the cycloaddition with diynes 

(Scheme 1.15).40 The formation of dihydropyridines was not observed in this rhodium-catalyzed 

reaction, but instead pyridines were received after a dehydration step of the cycloaddition product. 

Attempts to isolate the N-hydroxy-1,2-dihydropyridine intermediate were not successful. In 2015, 

the scope of the reaction was further investigated by Wan’s group, leading to more differently 

substituted oximes and a change of ligand to MeO-BIPHEP in the catalyst system.41 

 
Scheme 1.15 [2+2+2] Cycloaddition with oximes and 1,6-diynes for the synthesis of pyridine derivatives 
published by Wan and coworkers.40 

 

1.1.4 [2+2+2] Cycloaddition of Trisubstituted Alkenes and the Synthesis of Spirocycles  

The use of C=O/N-moieties, with a disubstituted carbon atom, affords tertiary carbon centers 

as shown in the case of Dong39 for cyclic sulfonylimines. The use of trisubstituted alkenes in a 

[2+2+2] cycloaddition with alkynes affords quaternary carbon centers.16c, 42 An example thereof was 

published by Groth and coworkers in 2003 (Scheme 1.16).16c An enediyne was synthesized with a 

trisubstituted alkene moiety. The enediyne was subjected to [2+2+2] cycloaddition reaction 

conditions using 1.2 equivalents CpCo(CO)2. A following decomplexation with ferric chloride 



Introduction 

11 
 

accomplished a tricyclic cyclohexadiene scaffold, which can be found in the sterol scaffold of 

ergosterole. 

 
Scheme 1.16 Intramolecular racemic [2+2+2] cycloaddition of an enediyne incorporating a trisubstituted 
alkene to afford a quaternary carbon center in the resulting tricycle, published by Groth and coworkers.16c, 43 

 If one C-atom of the alkene moiety is disubstituted with a cyclic group, spiro compounds can 

be achieved via the [2+2+2] cycloaddition. In 2006, Shibata and coworkers developed an 

intermolecular rhodium-catalyzed [2+2+2] cycloaddition of diynes with exo-methylene cyclic 

compounds to generate spiro compounds (Scheme 1.17).44 Internal diynes and alkenes bearing a 

cyclic ketone or a lactam substituent with different ring sizes were applied. The use of a chiral 

binaphthyl diphosphine ligand enabled an enantioselective proceeding of the reaction and the 

formation of spiro compounds in enantioselectivities up to 99% ee.  

 
Scheme 1.17 Partially intramolecular [2+2+2] cycloaddition to construct a spirocyclic structure published by 
Shibata and coworkers.44 

Two further examples for the formation of spiro compounds in a [2+2+2] cycloaddition were 

published by De Meijere and coworkers45 in 2006 and by Masuda and coworkers46 in 2007 

(Scheme 1.18). In fact, both groups investigated a nickel-catalyzed [3+2+2] cycloaddition of 

cyclopropylidene derivatives and alkynes to give heptacycles.  

 
Scheme 1.18 Formation of a spiro compounds in a cycloaddition of terminal alkynes and cyclopropylidene 
derivatives reported by De Meijere45 (a) and Masuda46 (b).  
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De Meijere observed a preferred [2+2+2] cycloaddition of the reaction partners to give 

cyclohexadiene derivatives if an excess of the alkyne compound was applied. Instead, the use of 

only one equivalent of alkyne afforded the formation of a heptacycle (Scheme 1.18, a). 

Masuda applied a Ni(cod)2 complex together with a bulky TOPP (tri-O-biphenyl phosphite) ligand to 

the reaction of 1-cyclopropylidene-2-propanone with TMS-acetylene and obtained a spirocyclic 

cyclohexadiene compound in 21% yield (Scheme 1.18, b). The intended product is shown in 

brackets. When the ligand was changed to triphenylphosphine, this side reaction was suppressed 

and the heptacycle was isolated from the reaction. 

The use of cyclopropylidenes in cycloaddition reactions was extended by Mascareñas and 

coworkers to an intramolecular procedure (Scheme 1.19).47 Mascareñas, as well as De Meijere and 

Masuda, intended a [3+2+2] cycloaddition up on concomitant opening of the cyclopropyl moiety. 

However, an electron withdrawing group (-CO2Et) at the alkyne of the enediyne triggered a 

[2+2+2] cycloaddition to afford a polycycle with a cyclohexadiene scaffold. 

 
Scheme 1.19 Intramolecular palladium-catalyzed [2+2+2] cycloaddition of an enediyne by Mascareñas and 
coworkers.47 

These reactions are so far the only examples for the formation of a spirocycle during a 

[2+2+2] cycloaddition. To the best of my knowledge, there exists no example of an intramolecular 

[2+2+2] cycloaddition reaction of hetero-enediynes to form spirocyclic scaffolds.  
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1.2 1,2-Dihydropyridines  

The dihydropyridine-scaffold has long been recognized as a versatile synthetic intermediate. 

Furthermore it is incorporated in bioactive compounds.35a Among five isomeric structures 

(Figure 1.1), the 1,4- and the 1,2-dihydro structures are mostly found. The 1,4-dihydropyridine 

scaffold is the most studied one.  

 
Figure 1.1 Five isomeric structures of dihydropyridines. 

1,4-Dihydropyridines are known to possess a wide range of biological and pharmacological 

actions. They are applied as Ca-channel modulating agents in treatment of cardiovascular diseases, 

as multidrug-resistance-reversing agents in cancer-chemotherapy and show antimycobacterial and 

anticonvulsant activities.48 1,4-Dihydropyridines are synthetically easy accessible, for this reason 

their scope is broad and almost all substitution patterns are available.  

The less studied 1,2-dihydropyridines are also important intermediates, e.g. as versatile dienes 

for Diels-Alder reactions49 in the synthesis of isoquinuclidines. Isoquinuclidines describe an alkaloid 

class with a large spectrum of interesting biological activities and are also versatile intermediates 

themselves.50 1,2-Diyhdropyridines serve furthermore as active small molecules itself, e.g. Reissert-

analogs51 (Figure 1.2).  

 
Figure 1.2 Examples for an isoquinuclidine (a) and a 1,2-dihydropyridine scaffold (b). 

However, there is not only a lack of general methods for the regioselective synthesis of 

1,2-dihydropyridines, but also a certain instability of the compounds when being unsubstituted at 

the nitrogen.52 Therefore, the synthetic and biological potential of 1,2-dihydropyridines remains 

nearly unexplored.  

In general, 1,2-dihydropyridines can be synthesized by different methods. Some commonly 

used methods shall be presented in the next paragraphs.35b, 52-53  

Most commonly used is the preparation starting from pyridinium salts by addition- or 

reduction-reactions.35b, 54 An example for this method is shown in Scheme 1.20. The copper-

catalyzed alkynylation of activated pyridines was published by Black et al.55  
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Scheme 1.20 Synthesis of 1,2-dihydropyridines by addition to pyridinium salts published by Black et al.55 

The addition of -enamino esters to -unsaturated aldehydes, as represented by an example 

published by Takemoto and coworkers, is also applied, but in the course of reaction a mixture of 

the 1,4- and 1,2-isomer is formed (Scheme 1.21). 56  

 
Scheme 1.21 Synthesis of 1,2-dihydropyridines via addition to -unsaturated aldehydes.56 

A different, quite common method is the formation of 1,2-dihydropyridines via a 6-

azaelectrocyclization. An example for this pericyclic reaction was published by Katsumura and 

coworkers (Scheme 1.22, a).57 In situ reaction of a dienal and a primary amine afforded an imine 

diene, which subsequently underwent 6-electrocyclization to give the dihydropyridines in 

quantitative yield. An electron-withdrawing group in C3-position was assumed to be essential for 

the cyclization to proceed.  

 
Scheme 1.22 Synthesis of 1,2-dihydropyridines via pericyclic reactions (a)57 and via conversion of 2,3-
dihydropyridones (b)58. 

Furthermore the conversion of 2,3-dihydropyridines allows the formation of substituted 

1,2-dihydropyridines by use of the Vilsmeier reagent, as presented by Comins and coworkers 

(Scheme 1.22, b).58 

There are several methods for the synthesis of 1,2-dihydropyridines, but these synthetic 

procedures show all limitations concerning the scope of substituents and positions, they require 

multistep procedures for the synthesis of complex precursors or a mixture of the 1,4- and 

1,2-isomer is received. To further investigate and explore the potential of 1,2-dihydropyridines, 

new methods allowing easy access to the synthesis of a variety of 1,2-dihydropyridine derivatives 

are needed. 
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1.3 Spiro Compounds 

Spiro compounds are defined as cyclic molecules containing at least two rings joint together by 

a single atom. Spirocyclic fragments are incorporated by various biologically active, natural and 

unnatural compounds, e.g. spiropiperidines or spiroacetals, which can be of varying complexity 

(Figure 1.3).59,60 

 
Figure 1.3 Examples for spiropiperidine (a), spirocyclohexadienone (b) and spiroacetals (c). 

Although still challenging to synthesize due to the quaternary carbon center, there are several 

methods for the formation of spiro cycles, which can be categorized in rearrangement, alkylation, 

cycloadditions (e.g. [1,3] dipolar cycloaddition) and cleavage of bridged systems. Whereas the 

intramolecular alkylation is probably the most common method (Scheme 1.23).59 

 
Scheme 1.23 Simplified schematic presentation for the construction of spirocycles via alkylation. 

Spirocyclic fragments next to a nitrogen-atom are structural motifs of high interest as they are 

also embedded in many bioactive compounds.61 Despite the fact that there exist several strategies, 

the construction of a spirocyclic carbon-nitrogen bond remains problematic.62 

A natural occurring azaspirocycle that has been studied intensively is the marine alkaloid 

halichlorine.63 It was found to inhibit selectively the induction of vascular cell adhesion molecule-1, 

which is useful for the treatment of inflammatory diseases. Racemic halichlorine was synthesized 

in 20 steps by Christie and Heathcock.63b Formation of the spirocyclic fragment was achieved at a 

rather early stage of the synthetic path in a palladium-catalyzed hydrogenation/hydrogenolysis 

reaction. Cleavage of the carboxybenzyl group induced the formation of a spirocyclic imine, which 

was subsequently reduced to accomplish spirocyclic piperidine within one step (Scheme 1.24). 
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Scheme 1.24 Azaspirocycle halichlorine and synthesis of a spirocyclic fragment published by Heathcock.63b 

Advantage of this synthetic path, it provided access to the natural compounds pinnaic acid and 

tauropinnaic acid, next to halichlorine. All three compounds were accessible from a late stage 

intermediate. 

 

1.4 8-Hydroxy-3,6,9-trimethyl-7H-benzo[de]quinolin-7-one 

In 2013, Yu and coworkers reported the isolation and structural elucidation of four novel 

alkaloids from the roots of Alangium chinense (Figure 1.4).64 Alangium chinense is an evergreen tree 

in East Asia and belongs to the Cornaceae family. It has been used widely in traditional Chinese 

medicine.64-65  

 
Figure 1.4 Isolated novel alkaloids from the roots of Alangium chinense. Published by Yu and coworkers.64   

Among these compounds, a novel isoquinoline derivative is described (Figure 1.4, a). The first 

member of an unprecedented substance family is characterized by its planar 

7H-benzo[de]quinoline-7-one skeleton and exists as a red amorphous powder. 

Initial investigations of this compound showed antioxidant activities against Fe2+-cysteine-

induced rat liver microsomal lipid peroxidation.64 

Its biological potential may arose when looking at compounds with similar scaffolds as, for 

example, lakshminine and cystodytin A (Figure 1.5, similarities in scaffold are marked in blue).  

 
Figure 1.5 Structures of the novel alkaloid, lakshminine and cystodytin A. Similarities of the scaffolds with 
the novel alkaloid are marked in blue. 
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Lakshimine is an oxoisoaporphine alkaloid and incorporates an azabenzanthrone scaffold.66 It 

exhibits, like other oxoisoaporphine alkaloids, high acetylcholinesterase inhibitory activity and high 

selectivity for acetylcholinesterase over butyrylcholinesterase.67 Furthermore, it has the ability to 

cross the blood-brain barrier.67 Cystodytin A belongs to the family of marine-derived pyridoacridone 

alkaloids, which are known to exert cytotoxicity via inhibition of DNA topoisomerase II.68  

Despite their already known activities both substances represent small substance families 

which are still poorly studied, mainly because of low quantities at which they are extracted.69 

In 2000, the isolation of the sesquiterpenoid quinone mansonone F was reported, of which the 

structure is shown in Figure 1.6.70 The tricyclic core and the methyl-group substitution pattern are 

quite similar to the novel alkaloid found by Yu and coworkers64. The biological activities of 

mansonone F were investigated and it was found to be a highly potent anti-MRSA agent (MRSA = 

methicillin-resistant Staphylococus aureus) comparable to vancomycin, which is a member of the 

glycopeptide antibiotic class.71  

 
Figure 1.6 Novel alkaloid and sesquiterpenoid mansonone F. 

The shown examples shall indicate the biological potential that may come with this novel 

alkaloid and that its biological potential is worthwhile to be explored. 

A development of a synthetic route towards the natural product that would enable access to 

large quantities of the product for further biological evaluations is therefore needed. Furthermore 

should this synthetic route allow an easy variation for the synthesis of derivatives. 

 

 

 

 

 

 

 

 

 

 

 

 

http://de.wikipedia.org/wiki/Acetylcholinesterase
http://en.wikipedia.org/wiki/Glycopeptide_antibiotic
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1.5 Aim of Work 

1.5.1 Methodology Development  

Naturally occurring polycyclic alkaloids and their analogs are of high interest since they contain 

multiple biological activities (e.g. anti-cancer, anti-inflammatory).72 The synthesis of these 

compounds represents an important area of research including the development of new 

methodologies to further enable a higher variety of possible bioactive compounds. 

The aim of this thesis is the development of a partial intramolecular, transition metal-catalyzed 

[2+2+2] cycloaddition of oxime ethers to diynes as presented in Scheme 1.25. 

 
Scheme 1.25 Transition metal-catalyzed [2+2+2] cycloaddition of oxime ethers to diynes.  

For this, suitable precursors, diynes and oxime ethers, need to be synthesized. In the following 

reaction conditions, that proceed the cycloaddition, have to be found and optimized. The reaction 

conditions shall include a catalytic process under mild conditions. Furthermore, the scope of the 

cycloaddition needs to be investigated. Differently substituted oxime ethers and differently 

substituted and tethered diynes have to be applied.  

Once the [2+2+2] cycloaddition of oxime ethers to diynes is investigated, the use of N-alkyl 

substituted imines is intended as presented in Scheme 1.26.  

 
Scheme 1.26 Transition metal-catalyzed [2+2+2] cycloaddition of imines to diynes. 

The transition metal-catalyzed [2+2+2] cycloaddition of imines to diynes has to be investigated 

and the reaction conditions have to be optimized. With the optimized reaction conditions in hand, 

the scope of the reaction needs to be explored.   

This [2+2+2] cycloaddition of diynes to imines/oxime ethers enables access to the synthesis of 

a variety of highly substituted 1,2-dihydropyridines derivatives from simple precursors.  
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Furthermore, the application of an intramolecular [2+2+2] cycloaddition to synthesize highly 

substituted spirocycles shall be investigated. If linear diyne imines or enediynes are cyclized, 

structures as presented in Figure 1.7 can be achieved.   

 
Figure 1.7 Spirocyclic skeletons accessible via a [2+2+2] cycloaddition. 

As presented in the introduction, trisubstituted alkenes can undergo [2+2+2] cycloaddition. 

The use of a cyclic substituent at the alkene/imine moiety would afford the desired spirocyclic 

fragment after cycloaddition. 

To achieve this, suitable precursors have to be identified and synthesized. The synthetic path 

shall allow a facile variation and introduction of substituent to enable a broad variety of precursors. 

With the precursors in hand, reaction conditions that proceed the intramolecular [2+2+2] cyclo-

addition have to be investigated.  

This method would enable the synthesis of unprecedented classes of potentially bioactive 

compounds, as it would combine naturally occurring scaffolds with spirocyclic moieties. Biological 

evaluation of those new classes would then be of high interest.  

 

1.5.2 Total Synthesis Development 

Figure 1.8 presents the first member of an unprecedented compound class, which was isolated in 

2013 by Yu and coworkers.64 Although some first studies towards its biological activity were already 

conducted, its pharmacological potential is nearly unexplored.  

 
Figure 1.8 8-Hydroxy-3,6,9-trimethyl-7H-benzo[de]quinolin-7-one (NP1) and 7H-benzo[de]quinolin-7-one 
skeleton (S1). 

Aim of this project is the identification and investigation of a synthetic path towards the 

synthesis of the novel alkaloid 8-hydroxy-3,6,9-trimethyl-7H-benzo[de]quinolin-7-one and the 

synthesis of the natural product. The synthesis of the unprecedented 7H-benzo[de]quinolin-7-one 

skeleton (S1) shall be investigated as well.  
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2 Results and Discussion – [2+2+2] Cycloaddition 

In this part of the thesis, the investigations of a [2+2+2] cycloaddition with C=N derivatives are 

discussed. In the first part, Chapter 2.1, the synthesis of the precursors for the partially 

intramolecular cycloaddition of diynes with oxime ethers is presented. The [2+2+2] cycloaddition 

with these precursors is then described in the following Chapter 2.2. The synthesis of (hetero)-

enediyne precursors for the [2+2+2] cycloaddition towards spirocyclic scaffolds is discussed in 

Chapter 2.3. The investigation of these precursors in a [2+2+2] cycloaddition is described in 

Chapter 2.4. Investigations concerning the cycloaddition of diynes with N-alkyl substituted imines 

are discussed in Chapter 2.5. 

 

2.1 Synthesis of Cyclization Precursors 

2.1.1 Synthesis of Diynes 

To investigate the reaction conditions and the scope for the [2+2+2] cycloaddition with 

C=N derivatives, several simple structured diynes were chosen as precursors. These diynes are 

commonly used in the [2+2+2] cycloaddition when novel π-substrates as third reaction partner or 

novel catalysts are explored.9c, 24a, 33, 38, 73 

The following -1,6-diynes were prepared according to literature procedures. Diynes 2, 4, 6 

and 8 were synthesized in a SN2-reaction of propargyl bromide and the corresponding nucleophile. 

Diyne 10 was synthesized in an esterification reaction of propiolic acid (9) (Scheme 2.1). 

 Diyne 2 was prepared from dimethyl malonate (1) and propargyl bromide using NaH as base, 

following a procedure by Hashmi and coworkers.74 Diyne 4 was synthesized from dimedon (3) and 

propargyl bromide with potassium carbonate as base in refluxing acetone following a procedure of 

Stevenson and coworkers.21a Besides C-tethered diynes, heteroatom-tethered diynes 675 and 874 

were synthesized to investigate the effect of a heteroatom in 4-postion. Diyne 6 was prepared in a 

Williamson ether synthesis using propargyl alcohol and propargyl bromide under basic conditions. 

Due to the volatile character, diyne 6 was isolated in decreased yield. Whereas diyne 8 proved to 

be difficult to separate from impurities by column chromatography. The indicated yield 

corresponds to pure diyne 8. Diyne 1021c was synthesized to investigate the influence of the 

resulting geometry, which is induced by the incorporated ester moiety, in the [2+2+2] cycloaddition. 
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Scheme 2.1  Synthesis of -1,6-diynes. 

Additionally to the terminal 1,6-diynes, 1,7-diynes were also synthesized to be applied in the 

[2+2+2] cycloaddition (Scheme 2.2). Diyne 11 was prepared in an esterification reaction from 

propiolic acid and 3-butyn-1-ol at room temperature over 22 h in 67% yield.76 Diyne 14 was 

prepared in three steps, starting from o-iodophenol. A Sonogashira coupling reaction with 

(PPh3)2PdCl2 as catalyst and trimethylsilylacetylene as coupling partner gave TMS-protected 

alkyne 13.77 Conversion to diyne 14 proceeded via a Williamson ether synthesis with 

3-(trimethylsilyl)propargyl bromide and potassium carbonate, followed by a TBAF induced TMS-

deprotection.78 Furthermore, 1,7-octadiyne was planned to be used in the cycloaddition. It was 

already available in the Groth group.  

 
Scheme 2.2 Synthesis of terminal 1,7-diynes 11 and 14. 
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The synthesis of internal diynes was not possible by alkylation via deprotonation of the 

terminal alkynes. This reaction was tested for diynes 2 and 6 with n-BuLi as base. The reactive 

intermediate led preferred to cyclization reactions and allene formation instead of alkylation with 

methyl iodide. The synthesis of the internal 1,6-diynes was therefore achieved in a similar manner 

to the synthesis of terminal diynes. For this purpose, bromide 17 was prepared first (Scheme 2.3). 

2-Butyn-1-ol (16) was accessible from propargyl alcohol (15) in a three-step procedure of 

Hiersemann and coworkers in overall good yields.21b A bromination step with phosphorus 

tribromide by Xu and coworkers79 gave bromide 17. Although direct bromination of propargylic 

THP-ethers is mentioned in literature80, in this case bromination of the THP-protected 2-butyn-1-ol 

did not lead to bromide 17 formation either under Appel conditions or when phosphorus 

tribromide was used.  

 
Scheme 2.3 Synthesis of 2-butyn-1-bromide (17). 

The syntheses of diynes 1823b, 1938, 2081, 2221c were carried out analogously to the literature 

procedures (Scheme 2.4). Diyne 18 was prepared from dimethyl malonate and bromide 17 with 

sodium hydride as base in 77% yield.  

 
Scheme 2.4 Syntheses of internal 1,6 diynes 18 – 20, 22. 

Alcohol 16 and bromide 17 were converted to ether 19 in 91% yield. The substitution reaction of 

sulfonamide 5 and bromide 17 afforded diyne 20 in 76% yield after 23 h. Esterification to accomplish 
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the synthesis of ester 22 was conducted with the same conditions as for the synthesis of ester-

tethered diynes 10 and 11. 

In contrary to the diynes presented in Scheme 2.4, diyne 24 was synthesized from 1,7-

octadiyne (23) by deprotonation of the terminal alkyne and alkylation with methyl iodide. Diyne 24 

was obtained in 87% yield (Scheme 2.5).38  

 
Scheme 2.5 Synthesis of deca-2,8-diyne (24).  

The synthesized diynes were applied in the [2+2+2] cycloaddition to oxime ethers (Chapter 2.2) 

and, furthermore, used in the [2+2+2] cycloaddition of imines to diynes (Chapter 2.5).  
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2.1.2 Synthesis of Oxime Ethers 

For the application of oxime ethers to the cycloaddition, a few differently substituted oxime 

ethers were chosen (Scheme 2.6). Herein alkyl- and aryl-substituted aldoxime ethers (26, 27, 29) 

and dialkyl-substituted ketoxime ether 31 were synthesized. All oxime ethers are reported in 

literature.  

Acetaldehyde O-benzyloxime (26) was received as a 1:1 mixture of the (E)- and (Z)-isomer from 

benzylhydroxylamine and acetaldehyde with magnesium sulfate as water scavenging agent.23c The 

(E)- and (Z)-isomer of 26 had the same RF-value and were not separated. Aryl-substituted oxime 27 

was synthesized from the hydrochloride of hydroxylamine 25 applying pyridine as base according 

to a procedure by Donohoe et al. 27 was received as pure (E)-isomer.82 Although alkyl-substituted 

oxime ether 2983 is mentioned in literature, a convenient synthesis giving easy access to 29 is not 

described. Hence, its synthesis was performed in a different way. The use of hydrochloride 28 

together with acetaldehyde and sodium acetate in over-stoichiometric amounts yielded oxime 

ether 29 after distillation in moderate yields (62%). Ketoxime ether 31 was obtained from a slightly 

modified procedure by Verdoorn and coworkers84 by deprotonation of acetoxime (30) with sodium 

hydride and subsequent reaction with methyl iodide. A procedure by Whiting and coworkers85 using 

acetone and O-methylhydroxylamine hydrochloride did not yield the desired ketoxime ether 31.   

 
Scheme 2.6 Synthesis of oxime ethers 26, 27, 29 and 31.  
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2.2 [2+2+2] Cycloaddition of Oxime Ethers to Diynes  

2.2.1 Mechanism of the [2+2+2] Cycloaddition of Oxime Ethers to Diynes 

For better understanding of the further outcome of the reaction, this chapter describes the 

mechanism of the cycloaddition of diynes with aldoxime ethers. The accepted general mechanism 

of a [2+2+2] cycloaddition of three alkynes was described earlier in the introduction 

(Chapter 1.1.1).12b, 86 The [2+2+2] cycloaddition of diynes to oxime ethers follows almost the same 

key steps (Scheme 2.7). The catalytic cycle includes a coordination of the metal to the diyne, 

followed by oxidative addition to give a metallacyclopentadiene species I. The metal then 

coordinates to the oxime moiety. After insertion into the C-M bond, heptacycle II is formed. 

Alternatively, incorporation of the oxime ether can occur by a [4+2] cycloaddition to give III as 

intermediate. Depending on the inserted moiety, either reductive elimination or -hydride 

elimination occurs. Reductive elimination directly affords the expected dihydropyridine IV. In 

presence of a -hydrogen, which is the case when aldoxime ethers are applied, a -hydride 

elimination is favored. This results in the formation of dienone oxime ether V. In both cases, the 

catalyst is regenerated up on release of the cycloaddition product. From dienone oxime ether V, a 

6-electrocyclization leads to the corresponding 1,2-dihydropyridine VI with migrated double 

bonds compared to the dihydropyridine IV formed by reductive elimination. 

 
Scheme 2.7 Proposed mechanism for the [2+2+2] cycloaddition of diynes and oxime ether. For clarity 
reasons, the ligands that coordinate to the metal are simplified by the abbreviation Ln (n = 2). 
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2.2.2 Investigation of the Catalyst  

Diyne 2 and oxime ether 26 were chosen as model system for the investigation and 

optimization of the reaction conditions. Initially, several catalysts were screened (Table 2.1). 

Unfortunately, the Cobalt catalyst that has been commonly used and intensively studied in the 

Groth research group16a, 16c, 16e, 16f did not form the desired cycloaddition product (Table 2.1, entry 1). 

Therefore different other transition metals were tested that are known to catalyze 

[2+2+2] cycloaddition reactions, such as Ru, Ni, Ir and Rh. The reaction conditions used were 

adopted from examples of proceeding [2+2+2] cycloadditions for the particular catalyst.  

A Ru- or Ir-catalyst (Table 2.1, entry 2 and 3) only afforded the self-coupling products 33 and 

34 of diyne 2 (Scheme 2.8). In both trials, the oxime ether was added in excess to the reaction vessel 

and diyne 2 was added dropwise over several hours to keep the concentration of diyne at a 

minimum. Exclusive formation of the homo-coupling product indicates therefore, that a 

coordination to a third alkyne moiety and its insertion is preferred over the insertion of the 

C=N functionality.  

The use of a Ni-catalyst afforded the formation of a cycloaddition product 32 in traces, as detected 

in the 1H NMR spectrum of the crude reaction mixture by newly formed shifts for alkene protons 

(entry 4). However, the main products were the self-coupling products 33 and 34 and the oxime 

ether 26 was nearly completely re-isolated after column chromatography. 

Table 2.1 Screening of catalysts.  

 

Entry Catalyst Equiv. 26 Solvent 
Temp. 

[°C] 
Addition 

time of 2 [h] 
Yield 

32a [%] 

1 CpCo(CO)2 (1.0 equiv) 3 toluene reflux – – 

2 Cp*Ru(cod)Cl 4b DCE reflux 5 –c 

3 Ir(cod)2BARFe/BINAPf 4b DCE 80 3 – c 

4 Ni(dppp)Cl2 (20 mol%)d 3 CH3CN reflux 3 traces c 

5 Rh(cod)2BF4/BINAP 4b DCE reflux 3 21 c,g 

6 Rh(PPh3)3Cl 4b DCE 60 3 – c 

7 [Rh(CO)2Cl]2 3 DCE reflux 3 – c 

8 
[Rh(1,5-hexadiene)Cl]2/ 

BINAPh 
3 DCE 60 3 30c, i 

a Isolated yield. b 2 Equiv of 26 were added to the catalyst and 2 equiv were added with the diyne. c Formation of self-coupling products 
33 and 34 occurred. d 1 Equiv of zinc was added. e BARF = tetrakis(3,5-trifluoromethylphenyl)borate. f 2,2′-Bis(diphenylphosphino)-1,1′-
binaphthyl. g Formation of dienone side product 35 occurred. h 10 Mol% silver triflate were added. i Detected via 1H NMR, inseparable 
compound mixture. 
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Scheme 2.8 Self-coupling products dimer 33 and trimer 34 resulting from diyne 2. 

A cationic Rh-species with a chelating diphosphine binaphthyl ligand afforded cycloaddition 

product 32 in 21% yield, but also the formation of the self-coupling products 33 and 34, and a 

dienone side product 35 (Table 2.1, entry 5; Scheme 2.10). The use of either the Wilkinson’s catalyst 

or [Rh(CO)2Cl]2 only led to formation of self-coupling products 33 and 34 (Table 2.1, entries 6 and 7). 

A catalytic system that consisted of [Rh(1,5-hexadiene)Cl]2, BINAP and silver triflate, to generate 

the cationic species, proceeded the cycloaddition and product 32 was formed in 30% yield. Despite 

the highest yield in the initial trials, this catalytic system was not used for further optimization, due 

to the formed trans-alkene isomer, which had the same RF-value as the cis-alkene isomer 32.  

Surprisingly, the isolated cycloaddition product 32 did not have the expected 

1,2-dihydropyridine scaffold, but instead was identified as an -unsaturated oxime ether, a 

(2Z)-4-dienone oxime ether (for a structural identification discussion see Chapter 2.2.7). As 

explained earlier, a -hydride elimination may be preferred over reductive elimination in the 

catalytic cycle, leading to the formation of the dienone 32. Under the given reaction conditions a 

6-electrocyclization towards 36 did not proceed. Unfortunately, the azaelectrocyclization did 

neither proceed at elevated temperatures nor up on standing over a prolonged time (Scheme 2.9). 

 
Scheme 2.9 Dienone oxime ether 32 and 1,2-dihydropyridine 36. 

In 2001, Katsumura and coworkers described substitution effects on the 

6-azaelectrocyclization of 3-cis-1-azatrienes.87 A cyclization of N-hydroxy derivatives was not 

observed during their studies. This occurrence was explained with an unfavorable electrostatic 

repulsion between the O-atom and the C5-C6 -electrons, because no significant difference in 

computational HOMO-LUMO energy gaps calculations was found, that would give rise to a different 

explanation when comparing to the N-alkyl substituted azatrienes.87 Additionally, N-alkyl 

substituted azatrienes were found to cyclize immediately after their formation, as presented by 

Colby et al.88 They reported an Rh-catalyzed addition reaction of alkynes to -unsaturated imines. 

In this reaction dienone imines are formed, which directly undergo electrocyclization to 

1,2-dihydropyridines.88 

As mentioned earlier, in addition to the cycloaddition product 32, a particular amount of self-

coupling products was isolated when the catalytic system Rh(cod)2BF4/BINAP was applied 

(Table 2.1, entry 5). The molar ratio of the isolated cycloaddition product 32 to dimer 33 to trimer 
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34 was 1:0.5:0.4, respectively. Furthermore, ketone 35 was repetitively isolated as side product in 

10 – 15% yield under these conditions (Scheme 2.10). The formation of this side product occurred 

only if the cycloaddition was carried out at reflux temperatures. Side product 35 will be further 

discussed in detail in Chapter 2.2.8. 

 

Scheme 2.10 Isolated side product 35 from the Rh-catalyzed reaction of diyne 2 and oxime ether 26 at reflux 
temperatures. 

Concluding the results for the catalyst screening, the catalytic system Rh(cod)2BF4/BINAP (Table 

2.1, entry 5) was chosen for the following optimization studies, as the best results were achieved 

with this catalyst when comparing the efficiency of the catalysts.  

 

2.2.3 Solvent Screening 

In the next step of optimizing the reaction conditions, the influence of the solvent was 

investigated. For better comparison, all reactions were run at room temperature with three 

equivalents of oxime ether 26 and dropwise addition of diyne 2 over 5 h. The catalyst, 

Rh(cod)2BF4/BINAP, was activated by removal of the cod ligand by hydrogenation to achieve a turn 

over and a conversion at room temperature (Table 2.2).   

An 8:1 mixture of the unpolar solvent toluene and dichloroethane favored the formation of the 

dimer 33 and trimer 34 and did not lead to the cycloaddition product 32 (Table 2.2, entry 1). An 

8:1 mixture of diethyl ether and dichloromethane afforded azatriene 32 in 8% yield, besides a 

preferred formation of 33 and 34. In both cases, a chlorinated solvent was added to achieve a 

solubility of the ligand. With an increase in polarity of the solvent, CHCl3 -> CH2Cl2 -> DCE, the 

formation of 32 was favored (Table 2.2, entries 3 – 5). The polar solvent THF yielded 32 in 27% yield, 

slightly decreased compared to the use of the chlorinated solvents (Table 2.2, entry 6 vs. 4 and 5). 

In the polar solvent acetonitrile, only the self-coupling products were formed, along with an 

incomplete conversion of diyne 2 to only 80%. The obtained results suggest that, first of all the 

reactivity of the catalytic system is not influenced by the type of solvent, since a 

[2+2+2] cycloaddition occurred in either case. Secondly, a slightly polar solvent enhances the 

insertion of a C=N-moiety compared to the insertion of a third alkyne. 
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Table 2.2 Screening of solvent.  

 

Entry Solvent 
Addition time 

of 2 [h] 
Conversion of 2 [%] Yield 32a [%] 

1 toluene/DCE 5 100 – 

2 Et2O/CH2Cl2 5 100 8 

3 CHCl3 5 100 12d 

4b CH2Cl2 5 100 37 

5c DCE 5 100 39 

6 THF 5 100 27d 

7 CH3CN 5 80 – 

                       a Isolated yield. b 4 Equiv of 26 (2 equiv were added to the catalyst and 2 equiv were added with the diyne).  
                       c Rh(cod)2OTf was used. d Yield determined by 1H NMR spectroscopy. 

The formation of another side product, besides the homo-coupling products, or a different 

isomer of 32 were not observed in any solvent. 

1,2-Dichloroethane turned out to be the best choice for this reaction and was therefore used in the 

following optimization studies. 

 

2.2.4 Ligand Screening  

The screening of different ligands for the catalytic system is presented in Table 2.3. The 

temperature was elevated and the addition time of the diyne 2 was again set to 5 h to suppress a 

homo-coupling. Unfortunately, one of the syringe pumps was not exactly adjustable, which caused 

an addition time of 6 h in some cases.  

For a better comparison of efficiency of the ligands, the conversion of diyne 2, the yield of 

(E)-isomer 32b and the molecular ratio of 32 compared to the self-coupling products are given in 

the table. Several binaphthyl-based ligands were tested (Table 2.3, entries 1 – 6). At reflux 

temperature, the use of BINAP afforded 32 in 21% yield without formation of the (E)-isomer 32, but 

instead, as mentioned earlier, dienone 35 was formed. H8-BINAP was tested at 50 °C and at 80 °C 

(Table 2.3, entries 2 and 3). When the temperature was raised to 80 °C, the yield of 32 was doubled 

to 50% with concomitant decrease of dimer and trimer formation. Moreover, the amount of 

undesired (E)-isomer 32b was decreased, but with 20%, still almost half the yield of 32. TolBINAP 

as ligand led to full conversion of the diyne at 80 °C and afforded the cycloaddition product in 32 in 

61% yield with only little amount of isomers (Table 2.3, entry 5). At 50 °C, no (E)-isomer was 

observed, but the yield of 32 dropped to 30 % (Table 2.3, entry 4). In comparison to TolBINAP, ligand 
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DM-BINAP afforded 32 in 52% yield at 60 °C (Table 2.3, entry 6). However, the high amount of 

isomers excluded this ligand from further trials. 

Table 2.3 Screening of ligands.  

 

Entry Liganda Temp. [°C] 
Conversion 2 

[%]b 

Yield 
32c [%] 

Yield isomer 
32b [%] 

Ratio 
32:33:34b 

1d BINAP reflux 100 21 –e 1:0.5:0.4 

2 H8-BINAP 50 84 25f 30f 1:0.7:0.4 

3 H8-BINAP 80 90 50 20f 1:0.1:0.1 

4 TolBINAP 50 95 30f – 1:1.7:0.4 

5g TolBINAP 80 100 61 6f 1:0.05:0:1 

6g DM-BINAP 60 100 52 29f 1:0.08:0.07 

7 dppe 50 100 – – 0:1:0.5 

8 dppe reflux 90 5f – 0.1:1:0.5 

9 Xantphos 50 100 – – 0:1:0.5 

10 Xantphos reflux 75 – – 0:1:0.3 

11g SEGPHOS 60 100 11f 40f 1:0.5:0.4 

12 JohnPhosi 50 90 – – 0:1:0.3 

13g XPhosi 60 40 – – 0:1:0.1 
a BINAP = 2,2′-Bis(diphenylphosphino)-1,1′-binaphthyl; DM-BINAP = 2,2′-Bis[di(3,5-xylyl)phosphino]-1,1′-binaphthyl; SEGPHOS = 4,4'-Bi-
1,3-benzodioxole-5,5'-diylbis(diphenylphosphane); H8-BINAP = 2,2′-Bis(diphenylphospino)-5,5′,6,6′,7,7′,8,8′-octahydro-1,1′-binaphthyl; 
dppe = 1,2-bis(diphenylphosphino)ethane; TolBINAP = 2,2′-Bis(di-p-tolylphosphino)-1,1′-binaphthyl;  Xantphos = 4,5-
bis(diphenylphosphino)-9,9-dimethylxanthene; XPhos = 2-dicyclohexylphosphino-2′,4′,6′-triisopropylbiphenyl; JohnPhos = (2-
biphenyl)di-tert-butylphosphine. b Determined by 1H NMR c Isolated yield. d 4 Equiv of 26 (2 equiv of 26 were added to the catalyst and 2 
equiv were added with the diyne). e Formation of dienone side product 35 occurred. f Yield determined by 1H NMR. g Diyne 2 was added 
over 6 h. i 10 mol% of ligand were used. 

The use of the less rigid and sterically demanding dppe-ligand led only to the synthesis of the dimer 

33 and trimer 34 at 50 °C (Table 2.3, entry 7). At reflux temperature, formation of cycloaddition 

product 32 occurred only in traces (entry 8). Xantphos did not afford the desired product (entries 9 

and 10). Several biphenyl-based ligands were also tested. When ligand SEGPHOS was applied in the 

catalyst system, the yield of 32 was low (11%) but an increase up to 40% yield of (E)-isomer 32b 

was detected (entry 11). The monophosphino-ligands JohnPhos and X-Phos only afforded a homo-

coupling of the diyne (entries 12 and 13), implying that a chelating diphosphino-ligand is necessary 

for product formation.   

For all ligands, that afforded cycloaddition product 32 at 50 °C, an increase in yield was 

observed when the temperature was raised to 80 °C, due to a suppression the homo-coupling. The 

use of TolBINAP in the catalytic system, gave the lowest amount of side products.   
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2.2.5 Temperature Screening 

The influence of the temperature and the addition time of diyne 2 were investigated using the 

optimized catalytic system Rh(cod)2BF4/TolBINAP, the solvent 1,2-dichlorethane and three 

equivalents of oxime ether 26 (Table 2.4). 

The yield was almost doubled, from 30% to 57%, when the addition time of diyne 2 was 

extended from five to six hours (Table 2.4, entries 1 and 2). A further increase to 68% yield was 

achieved, when the reaction temperature was changed from 50 °C to 60 °C (entry 3). At 70 °C, the 

same range of yield was observed (entry 6). A higher temperature decreased the yield of 32 due to 

a favored formation of isomers (entries 7 – 8). For this reason, further optimization trials were 

carried out at 60 °C (Table 2.4, entries 4 and 5). The addition time of diyne was extended to 7 h, 

which further suppressed the homo-coupling and therefore raised the yield of 32 to satisfying 87% 

(entry 4). A trial to further prolong the addition time reduced the yield (Table 2.4, entry 5). 

Furthermore, conversion of diyne 2 proceeded only to 90%, as determined by 1H NMR of the crude 

reaction mixture. It can be assumed that the catalyst becomes inactive after a particular time or 

the concentration of diyne is too low to provide a continuous turnover. 

Table 2.4 Screening of temperature. 

 

Entry Temp. [°C] Addition time of 2 [h] Conversion 2 [%] Yield 32a [%]  

1 50 5 95 30b 

2 50 6 100 57b 

3 60 6 100 68b 

4 60 7 100 87 

5 60 9 90 81 

6 70 6 100 68b 

7 80 6 100 61 

8 reflux 5 100 29 
          a Isolated yield. b Yield determined by 1H NMR.  

 

2.2.6 Impact of the Oxime Ether  

A further subject for investigation and optimization were the equivalents of applied oxime 

ether. When looking at the literature, there exist different findings concerning the number of 

equivalents of the third -moiety in a [2+2+2] cycloaddition with 1,6-diynes. For the use of 

isocyanates with diynes, Itoh and coworkers received the best results with 4 equivalents of the 

isocyanate species, whereas two equivalents were added to the catalyst solution and two 
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equivalents were mixed with the diyne.24a Contrary to this is the observation for the addition of 

sulfonylimines to diynes that Malacria and coworkers found. The best results were achieved after 

reducing the amount of sulfonylimine from three to one equivalent.38 

Amounts varying from one to four equivalents of oxime ether 26 were tested with the 

optimized catalytic system Rh(cod)2BF4/TolBINAP in 1,2-dichlorethane at 60 °C (Table 2.5). For this 

cycloaddition reaction, a continuous increase of yield together with an increasing amount of oxime 

ether from one equivalent up to three equivalents was determined (Table 2.5, entries 1, 2 and 4). 

The addition of more equivalents did not lead to an improvement (entry 5). When splitting three 

equivalents in a way that two equivalents were added to the catalyst solution and one equivalent 

was added with the oxime ether, the yield of 32 dropped to 50% (entry 3).  

The decrease of yield can be explained with the competing self-coupling of the diyne. The lower 

the equivalents of oxime ether, the higher the amount of the self-coupling products 33 and 34.  

Table 2.5 Impact of oxime ether. 

 
Entry Ligand Equiv. 26 Addition time of [2 h] Yielda [%] Ratio 32:33:34b 

1 TolBINAP 1 7 45b 1:0.25:0.1 

2 TolBINAP 2 6 48b 1:0.2:0.1 

3 TolBINAP 3c (2+1) 6 50b 1:0.2:0.1 

4 TolBINAP 3 6 68b 1:0.08:0.07 

5 TolBINAP 4d (2+2) 7 67 1:0.18:0.09 

6 – 3 6 traces – 

7 BINAP(w/o Rh) 3 – – – 
a Isolated yield. b Yield determined by 1H NMR. c 3 Equiv of 26 (2 equiv were added to the catalyst and 1 equiv was added with the       
diyne).  d  4 Equiv of 26 (2 equiv of 26 were added to the catalyst and 2 equiv were added with the diyne).  

Two test reactions were carried out to prove that the [2+2+2] cycloaddition is catalyzed by the 

rhodium species (Table 2.5, entries 6 and 7). Without addition of a ligand, the cycloaddition product 

and the homo-coupling products were only observed in minor traces (entry 6). Without the 

Rh-complex the starting materials were completely recovered after 8 h (entry 7). 
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2.2.7 Demonstration of the Chemical Constitution of Dienone Oxime Ether 32  

 
Figure 2.1 Structure of dienone oxime ether 32 and the (E)-isomer 32b. 

The structure of dienone oxime ether 32 and isomer 32b (Figure 2.1) were elucidated via 1D 

and 2D NMR spectroscopy, IR spectroscopy and HRMS.  

-Dienone oxime ether 32 exhibits alkene proton shifts. Two singlet at 5.21 ppm and 

5.17 ppm for the terminal double bond and a singlet at 6.06 ppm for the -proton. Two 

13C resonances at 142.8 and 113.6 ppm for the terminal and two resonances at 140.3 and 117.2 ppm 

for the internal double bond prove the presence of two alkene structural motifs. Signals that 

indicate a triple bond are missing in the 1H and 13C spectra. The proton shifts of the two CH2-groups 

of the cyclopentane moiety give now two signals and are slightly shifted downfield to 3.10 and 

3.05 ppm. A singlet at 5.09 ppm with the integral of two protons, five aromatic protons in the 

1H NMR and an additional missing of the signal for the aldoxime proton of 26, prove the presence 

of a benzyl substituent in the molecule. A characteristic 13C resonance at 153.8 ppm shows the 

presence of a C=N moiety. A singlet at 3.72 ppm in the 1H NMR for the methoxy protons, a signal at 

171.6 ppm in the 13C NMR, characteristic for the carboxylic acid ester carbon atom and a 

characteristic absorbance at 1732 cm-1 in the IR spectra were detected to identify methyl ester 

groups. The mass, which was determined by HRMS, is in accordance with the calculated mass of 

the molecule.  

To assign the configuration of the internal alkene, a NOE spectrum was recorded (Figure 2.2). 

The presence of a HB-HC cross peak indicates that the terminal double bond and the methyl group 

are in close proximity. Furthermore, a HA-HE cross peak is present, and a HA-HB cross peak cannot 

be assigned. The NOE NMR investigations prove a (Z)-configuration of the internal alkene.  
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Figure 2.2 2D NOE spectrum of dienone oxime ether 32. Important NOE correlations are depicted as red 
arrows in the chemical structure and additionally, the section is enlarged. Compound was dissolved in CDCl3. 
Applied software for spectrum analysis: MestreNova 10.0.1. 

The formation of (E)-dienone oxime ether 32b results from E/Z-isomerization during the 

reaction. 32b is less stable than 32 and decomposed within one week at room temperature. The RF-

values of both isomers were similar and the isomers were therefore difficult to separate via 

chromatographic methods. The 1H NMR signal for the -alkene proton is shifted "downfield" to 

7.01 ppm, which is caused by a higher deshielding of the proton in the (E)-configuration.89 The 

remaining proton signals are mainly in accordance with the (Z)-isomer. The NOE spectrum of 32b 

shows a HA-HB cross peak, which indicates that the protons of both alkene moieties are in close 

proximity (Figure 2.3). An additional HC-HE cross peak proves the (E)-configuration of the isomer 

32b.  



Results and Discussion – [2+2+2] Cycloaddition 

35 
 

 

Figure 2.3 2D NOE spectrum of (E)-dienone oxime ether 32a. Important NOE correlations are depicted as 
red arrows in the chemical structure and additionally, the cross peaks are circled in red. Compound was 
dissolved in CDCl3. Applied software for spectrum analysis: MestreNova 10.0.1. 

 

2.2.8 Investigation of the Side Reaction  

As mentioned earlier in Chapter 2.2.2, a side product was formed during the 

[2+2+2] cycloaddition of 1,6-diyne 2 to oxime ether 26 at reflux temperatures (Scheme 2.11). The 

structure was determined by 1D and 2D NMR spectroscopy. The 1H NMR gives evidence for a 

monosubstituted phenyl substituent. Compared to dienone oxime ether 32 the aromatic signals are 

shifted. Furthermore, signals for the benzyl CH2-group are missing in the NMR spectra. Additionally 

no C=N resonance is visible in the 13C NMR. Instead, the isolated side product exhibits a resonance 

at 196.5 ppm, which gives rise to a ketone functionality in the molecule. The compound exhibits 

typical resonances in 13C and 1H NMR for the methyl ester groups (singlet at 3.70 ppm), a terminal 

double bond (singlets at 4.95 and 4.99 ppm) and an internal alkene (singlet at 6.07 ppm). 

Furthermore, the side product incorporates two CH2-groups (singlet at 3.85 and 3.24 ppm). Analysis 

of the HMBC spectrum revealed that the phenyl ring is connected to the carbonyl group, which is 

adjacent to a CH2-group. In addition, the internal double bond is incorporated in the cyclopentyl 

ring. Considering all the obtained information, the shown structure of 35 was assigned to the side 

product. A measured mass spectrum proved the mass to be in accordance with the calculated mass. 

 
Scheme 2.11 Isolated side product 35 from the Rh-catalyzed reaction of 2 and 26 at reflux temperature. 
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In general, the formation of ketone 35 may be explained with a [2+2+2] cycloaddition of diyne 2 

with benzaldehyde, if no electrocyclization to the 2H-pyran, but instead an isomerization of the 

double bond occurs (Scheme 2.12). 

 
Scheme 2.12 General formation of ketone 35. 

Tekavec and Louie20d published the cycloaddition of diyne 2 and benzaldehyde (each one 

equivalent) using a catalytic system consisting of Ni(cod)2 and a NHC-ligand (SIPr) in toluene at room 

temperature (Chapter 1.1.3). The cycloaddition product, which was isolated in 20% yield, had the 

structure of 35. NMR data for 35 are in accordance with the NMR data published by Tekavec and 

Louie. 

Since a mechanistic explanation for the given reaction conditions was not obvious, several test 

experiments were conducted either to rule options out or to lead to an explanation. To test if 

benzaldehyde is formed during the reaction, oxime ether 26 was stirred in 1,2-dichloroethane at 

reflux temperatures with 5 mol% Rh(cod)2BF4/TolBINAP and another trial was run without catalyst. 

The test reactions were evaluated by 1H NMR spectroscopy. After 4 h at reflux temperature, no 

decomposition or transformation of the oxime ether 26 was detected for any trial.  

The cycloaddition between benzaldehyde and diyne 2 was carried out using the catalytic 

system Rh(cod)2BF4/TolBINAP. At reflux temperature after 6 h, a complete conversion of the diyne 

was achieved, with no formation of the self-coupling products. However, the formation of 35 was 

not observed. The complete conversion of the diyne along with no formation of homo-coupling 

products may support the assumption that the [2+2+2] cycloaddition with benzaldehyde proceeded 

successfully. However, the structural motif of dienone 35b is prone to undergo further reactions, 

as Diels-Alder reactions or polymerization reactions. Compared to 35b the scaffold of 35 is not likely 

to react with itself, which is also verified with the high stability of the compound. An isomerization 

of 35b to 35 did not occur in the reaction, suggesting that the scaffold 35b in the reaction of diyne 

2 with oxime ether 26 is formed via a different mechanism. 
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2.2.9 Substrate Scope 

The optimization of the reaction conditions identified the use of 3 equivalents of oxime ether,  

5 mol% Rh(cod)2BF4/TolBINAP as catalytic system, an addition time of 7 h of the diyne and 

performing the reaction in 1,2-dichloroethane at 60 °C as most efficient (Scheme 2.13). With the 

optimized reaction conditions in hand, the substrate scope was explored.  

 
Scheme 2.13 Optimized reaction conditions for the model system. 

First, different oxime ethers were applied to the cycloaddition (Table 2.6). When the scaffold 

was changed from acetaldehyde oxime ether 26 to benzaldehyde oxime ether 27 and applied to 

the reaction, the yield decimated to 38% for dienone oxime ether 37 (Table 2.6, entry 2). This 

reduction may be explained with an additional steric hindrance produced by the phenyl group at 

the oxime C-atom, when comparing with the methyl group of oxime 26.  

It is generally accepted that the formation of the metallacyclopentadiene is the rate-determining 

step in the course of a [2+2+2] cycloaddition reaction. However, Dachs et al. published mechanistic 

investigations about a rhodium-catalyzed [2+2+2] cycloaddition.90 The insertion of the third 

-moiety in to the metallapentacycle was described to be a rate-determining step as well, 

depending on the implemented starting materials.  

Concerning the reaction of diyne 2 with oxime ether 27, a higher steric demand of the unsaturated 

moiety will cause a higher repulsion. A third terminal alkyne is faster inserted and therefore 

preferred. This assumption is proven due to the fact, that main product during the reaction with 

oxime ether 27 was the homo-coupling product mixture. The molar ratio of 37:33:34 is 1:0.5:0.2 

(Table 2.6, entry 2). Furthermore, during the reaction with acetaldehyde oxime ether 29 the self-

coupling of the diyne was again reduced to a minimum (ratio 38:33:34 is 1:0.09:0.04, entry 3). 

Unfortunately, the change of the substituent at the oxygen, from benzyl to ethyl, caused an 

instability of the cycloaddition product 38. After purification, 38 was obtained in 27% yield and 

further decomposed up on standing. Next to hydrolysis of the oxime ether, a Diels-Alder reaction 

or other polymerization processes may explain the low stability of 38.  
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Table 2.6 Use of different oxime ethers for the cycloaddition with diyne 2. 

 

Entry        Oxime ether      Product Yield [%] Ratio product:33:34a 

1 

  

87 1:0.05:0.04 

2 

  

38 1:0.5:0.2 

3 

  

27 1:0.09:0.04 

4b 

  

– traces of dimer 33 

a Determined by 1H NMR. b The reaction was carried out at 50 °C.  

To inhibit the -hydride elimination ketoxime 31 was tested in the cycloaddition (Table 2.6, 

entry 4). Due to the low boiling point of 72 °C84 of the oxime ether, the reaction was carried out at 

50 °C. No product formation of 39 was observed in the reaction. Only traces of dimer 33 were 

identified and in addition, the starting material 2 was recovered. Since no other side product was 

detected, poisoning of the catalyst must have occurred due to decomposition of the oxime ether.  

Several terminal diynes were tested to explore the substrate scope concerning the diyne 

coupling partner (Table 2.7). Diyne 4 was successfully applied to the cycloaddition with oxime 

ether 26 giving spiro compound 40 in 60% yield along with 10% of the unprotected oxime 40b 

(Table 2.7, entry 1). Compared to 40, oxime 40b decomposed within few hours. The formation of 

the unprotected cycloaddition product was only observed when diyne 4 was used. 
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Table 2.7 Substrate scope for terminal diynes. 

 

Entry Diyne Product Yield [%] Ratio 
product:dimer:trimera 

1 

 

 

60 

 

 

 

10 

1:0.05:0.02 
 
 
 

 

2 

  

86 1:0.04: – 

3 

  

21 1:0.1:0.05 

4 

  

– traces of dimer 

5 

  

– – 

6 

 
 

complete conversion of 14b,  
but decomposition of 45 

7 

  

– – 

a Determined by 1H NMR. b Homo-coupling products were not observed. 

Since the reaction of the diyne 4 proceeded in good yields (40 + 40b), it is assumed that the 

steric demand of the substituents in 4-position of the diyne does not affect the [2+2+2] cyclo-

addition with the oxime ether. 
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O-Tethered diyne 6 reacted smoothly to the expected dienone 41 in 86% yield (Table 2.7, 

entry 2). The N-tethered sulfonamide 8 reacted with 26 to give the cycloaddition product 42 in 21% 

yield (Table 2.7, entry 3). NMR spectra of the crude 42 showed the pyrrolidine derivative as the 

main product. However, 42 must be very unstable and decomposed during purification either by 

preparative HPLC, or by column chromatography with SiO2 or Al2O3. No well-defined decomposition 

product was isolated, but it was expected that polymerization processes of the incorporated diene-

system took place. 

The use of the ester-tethered diyne 10 only afforded minor amounts of the dimerization 

product together with recovering of the starting materials (Table 2.7, entry 4). Moreover, no 

conversion of the starting material to any cycloaddition product was detected for diyne 11 

(Table 2.7, entry 5). 

Diyne 14 has an aromatic backbone. [2+2+2] cycloaddition product 45 would have an 

interesting chromeno dihydropyridine scaffold, if ring closure was achieved. Although diyne 14 

underwent a cycloaddition with oxime ether 26, no defined product was isolated. Cycloaddition 

product 45 probably reacted to give undefined high mass products. A proceeding reaction of 

diyne 14 with oxime ether 26 was assumed, as only approximately two equivalents of the oxime 

ether were recovered.  

1,7-Octadiyne (23) did not undergo a [2+2+2] cycloaddition to the desired dienone 46 or to the 

dimerization or trimerization products (Table 2.7, entry 7). Instead, a few high mass, aromatic 

compounds were identified, suggesting that a cycloaddition with 1,7-octadiyne proceeds, but solely 

intermolecularly. The effect that has to be taken into account for this is the Thorpe-Ingold effect.91 

The Thorpe-Ingold effect is an angle compression effect, which describes a reduced angle and 

therefore acceleration of reaction between two substituents at a Csp3-center if the other two 

substituents at the same C-atom are increased in size. The alkyl chain of diyne 23 has only 

hydrogens and no angle compressing alkyl substituents. The intramolecular generation of a 

metallapentacycle did not occur, as the missing dimer- and trimerization products imply.  

When internal diynes were used in the addition, a dienone oxime ether scaffold was also 

obtained (Table 2.8). Diyne 18 reacted with oxime ether 26 to give addition product 47 in 88% yield 

(Table 2.8, entry 1). Although O-tethered terminal diyne 6 afforded good results in the cycloaddition 

with 26 (Table 2.7, entry 2), the internal O-tethered alkyne 19 yielded no cycloaddition product 48 

(Table 2.8, entry 2). Instead, mainly the starting materials were recovered besides traces of the 

dimerization product. It is assumed that the formed side products, that occur due to polymerization 

reactions of the cycloaddition product 48 led to deactivation of the catalyst.  
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Table 2.8 Use of internal diynes in the [2+2+2] cycloaddition with oxime ether 26.  

 

Entry Diyne Product Yield (%) Ratio 
product:dimer:trimera 

1 

  

88 1:0.05:0.04 

2 

  

– traces of dimer 

3 

  

10 1:0.09:0.04 

4 

  

– traces of dimer 

5 

  

– – 

a Determined by 1H NMR. 

Pyrrolidine 49 was isolated in 10% yield after chromatography (Table 2.8, entry 3). Diyne 20 

was converted completely in the reaction with only little formation of the self-coupling products. 

Similar to pyrrolidine 42, derivative 49 is very unstable.  

The use of ester-connected diyne 22 yielded only the dimerization product in minor amounts 

(Table 2.8, entry 4). The starting material was almost completely reisolated. 1,7-Diyne 24 afforded 

only intermolecular self-coupling cycloaddition products (Table 2.8, entry 5). The same was 

observed for 1,7-octadiyne (23) (Table 2.7, entry 7) and already explained with the Thorpe-Ingold 

effect. 

A pyridine formation, via elimination of the substituent at the N-atom, was only observed in 

traces for the cycloaddition of diyne 2 and oxime ether 26 when the reaction mixture was kept at 

reflux temperature for 24 h. At 60 °C reaction temperature, no pyridine formation was observed 

for any cycloaddition trial.  
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2.2.10 Investigation of a One-Pot [2+2+2] Cycloaddition/Diels-Alder Reaction  

The diene scaffold of the formed cycloaddition products is prone to undergo further reactions, 

as for example Diels-Alder reactions or polymerization reactions. None of the isolated compounds 

was stable over few weeks at room temperature. The reactivity of the 1,3-diene structural element  

should enable a Diels-Alder reaction to give a more stable cycloaddition product. To achieve this a 

one pot [2+2+2] cycloaddition/Diels-Alder reaction was intended.  

The C=N functionality connected to the diene reduces the electron density resulting in an 

electron poor diene. Therefore, a Diels-Alder reaction with inverse electron demand would 

proceed. Dihydropyran was chosen as dienophile. Cyclohexenone and maleinic anhydride were 

chosen, to test whether the inducing effect of the alkyl groups will proceed a Diels-Alder reaction 

(Scheme 2.14).  

As test substrates were chosen diyne 2 and oxime ether 26 and a mixture of dipropargyl 

ether (6) and oxime ether 26 (Scheme 2.14). The diynes were the most stable diynes and did not 

undergo further reactions with themselves. Therefore, a preferred Diels-Alder reaction with the 

additionally added dienophiles was expected. Three equivalents of dienophile, the starting 

materials diyne and oxime ether and the catalyst were added to the vessel. The formation of the 

cycloaddition products 32 and 41 was observed by LC-MS. Since the mass of a following Diels-Alder 

adduct was not detected, stirring was continued for 12 h until the entire cycloaddition product was 

consumed as observed by TLC.  

 
Scheme 2.14 Model system for the one-pot [2+2+2] cycloaddition/Diels-Alder reaction. 

Even after consumption of the cycloaddition product, the LC-MS spectra did not show mass 

peaks, which would refer to a Diels-Alder adduct with the added dienophiles. No alkyl shift was 

found in the NMR spectra that indicated a successful Diels-Alder reaction. 



Results and Discussion – [2+2+2] Cycloaddition 

43 
 

Instead, traces of pyridine derivative were observed in the LC-MS. The extended time at elevated 

temperatures may support the elimination of the alkoxy substituent. 

Initial test reactions did not show traces of a Diels-Alder reaction product. For this reason, this 

one-pot reaction was not further investigated.  
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2.3 Synthesis of Precursors for a [2+2+2] Cycloaddition to Spiro Compounds 

To investigate the intramolecular [2+2+2] cycloaddition to form spiro compounds (Figure 2.4) 

appropriate precursors were needed. For the azaspirocycle (Figure 2.4, a) an iminediyne is 

necessary as precursor. Whereas the synthesis of the spirohexadiene scaffold (Figure 2.4, b) 

requires an enediyne precursor. General synthetic paths had to be developed that would allow an 

easy variation of the chain length and an introduction of substituents (R) to the C-backbone of the 

(hetero)-enediynes.  

 
Figure 2.4 Scaffold of spiro compounds, which would result from an intramolecular [2+2+2] cycloaddition of 
iminediyne (a) and enediyne (b). 

 

2.3.1 Synthesis of the Iminediyne 

Iminediyne 52 was chosen as precursor for the development and investigation of the [2+2+2] 

cycloaddition to generate spirocycles (Scheme 2.15). By a successful cycloaddition of iminediyne 52, 

a completely unsubstituted scaffold of the desired spiro compound would be obtained 

(Figure 2.4 (a) vs. Scheme 2.15). In the retrosynthetic analysis, two bond breakings were envisioned 

(Scheme 2.15). The late stage imine synthesis from amine 53 and ketone 54 would later enable a 

facile introduction and variation of the ketone substituent. Diyne scaffold 53 can be synthesized by 

alkylation of terminal alkyne 55. A 1,6-diyne alkyl chain was chosen, since the formation of 

pentacycles is favored and may proceed even without substituents at the C4-atom.92   

 
Scheme 2.15 Retrosynthetic analysis of iminediyne 52. 

When looking at the retrosynthetic analysis, building blocks 55 and 56 are based on 4-pentyne 

moieties. Therefore, 4-pentyn-1-ol (58) was synthesized from tetrahydrofurfuryl chloride (57) by an 

elimination reaction under basic conditions. The standard procedure for this reaction by Jones et al. 

requires sodium amide in liquid ammonia. In this case, 3.1 equivalents of n-BuLi were used to 

achieve the elimination reaction. 4-Pentyn-1-ol (58) was obtained in 93% yield which is significantly 

higher compared to the yield of 75% received by Jones93 (Scheme 2.16).  
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Scheme 2.16 Synthesis of 4-pentyn-1-ol (58).  

An early functionalization to achieve an N-incorporating building block 56 was not intended 

prior to alkylation of the alkyne. The alkylation requires strong basic conditions, which may lead to 

side reactions.  

First, a derivative of alkylating building block 55 was synthesized. For this reason, the terminal 

triple bond of 58 was protected with a trimethylsilyl protecting group94. Following a procedure by 

Dener et al., the TMS-protection of the alkyne was carried out by deprotonation with n-BuLi, 

addition of trimethylsilyl chloride and subsequent deprotection of the silyl ether under acidic 

conditions.95 The TMS-protected alkyne 59 was received in 91% yield. The iodide was introduced in 

good yields via Appel reaction in the presence of triphenylphosphine, iodine and imidazole 

following a procedure by Miles and coworkers (Scheme 2.17).96  

Scheme 2.17 TMS-protection of the terminal alkyne and synthesis of iodide 60.  

To synthesize a derivative of building block 56, the hydroxy group of alcohol 58 was separately 

protected as tosylate and as THP-ether (Scheme 2.18). The tosyl group is a weak protective group, 

but its advantage is the leaving group ability of the tosylate. This may allow a direct nucleophilic 

substitution to the azide in the next step and avoid a deprotection in the further synthetic path. On 

the contrary, a THP-ether is stable under basic conditions, but cannot be directly converted in a 

nucleophilic substitution and, therefore, requires an extra step for cleavage.  

 
Scheme 2.18 Protection of the hydroxy group as tosylate, 61, and as THP-ether, 62. 

Tosylate 61 was synthesized in 63% yield in a procedure by Williams and coworkers using 

p-toluenesulfonyl chloride and pyridine.97 The THP-ether 62 was accomplished in 79% yield 

following a procedure by Takai with 3,4-dihydropyrane and p-toluenesulfonic acid.98  

Both hydroxy-protected compounds were alkylated with alkyl iodide 60 using the strong base 

n-BuLi for deprotonation of the terminal alkyne (Scheme 2.19). The reactions were performed 

at -78° C to r.t. with equimolar amounts of the alkyne and iodide. 



Synthesis of Precursors for a [2+2+2] Cycloaddition to Spiro Compounds 

46 
 

 
Scheme 2.19 Comparison of alkylation of alkynes 61 and 62 with iodide 60 under basic conditions. 

The synthesis of diyne was achieved in either reaction. THP-ether diyne 64 was isolated in 62% yield 

as a 3:1 compound mixture with iodide 60. Tosylated diyne 63 was isolated in moderate 22% yield 

as a 1:3 compound mixture with iodide 60. 63 and 64 could hardly be separated from iodide 60 by 

column chromatography. HMPA as additive is known to accelerate the reaction rate of alkylation 

reactions at alkynyl carbons due to deaggregation via coordination to the lithium cation.99 However, 

the use of a 1:1 THF/HMPA solvent mixture for the alkylation of alkyne 61 did not afford the diyne 

63 (Table 2.9, entry 2). When deprotonation of alkyne 61 with n-BuLi proceeded at 0 °C, followed 

by the addition of iodide 60 and continued stirring at r.t., no increase in yield was observed (entry 3). 

Attempts to improve the conversion of iodide 60 by raising the temperature, from room 

temperature to reflux temperatures, led to an increase of side reactions and therefore no 

significant increase in yield of diyne 63 (Table 2.9, entry 4). The yield of diyne 64 was improved by 

raising the reaction temperature from room temperature to reflux (entry 6).  

Table 2.9 Optimization studies of alkylation reaction with alkyl iodide 60.  

 

Entry Alkyne Additive Temperature Time [h] Yield Diyne [%]a Ratio product:60 

1 61 – -78 °C – r.t. 18 22c 1:3 

2 61 HMPAb -78 °C – r.t. 18 – – 

3 61 – 0 °C – r.t. 30 20 1:0 

4 61 – -78 °C – reflux 24 30c 1:1 

5 62 – -78 °C – r.t. 18 62c 3:1 

6 62 – -78 °C – reflux 24 73 1:0 
           a Isolated product. b HMPA:THF 1:1 (v/v).  c Calculated from the isolated product mixture.   

Yield and the stability of THP-ether diyne 64 were higher compared to 63, consequential the 

reaction path towards the cyclization precursor was continued with THP-ether 64.  

Deprotection of THP-ether 64 to alcohol 65 was performed with standard THP-deprotection 

conditions100 in methanol with catalytic amounts of sulfuric acid (Scheme 2.20). Alcohol 65 was 

received in 98% yield.  
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To introduce a nitrogen substituent, which could be transformed to an amine group at a later 

stage, the hydroxy group needed to be converted to a good leaving group in order to proceed the 

nucleophilic substitution. Therefore, the hydroxy group of 65 was mesylated with methanesulfonyl 

chloride and triethylamine over 5 h at r.t. to give mesylate 66 in 82% yield (Scheme 2.20). 

 
Scheme 2.20 Deprotection of the hydroxy group and conversion to mesylate 66. 

Nucleophilic substitution of the mesylate by an azide ion was accomplished with sodium azide 

in DMF (Scheme 2.21). At r.t., the conversion of mesylate 66 to azide 67 was slow. When the 

reaction temperature was raised to 60 °C, the conversion was completed within 5 h in quantitative 

yield.  

Azides can be reduced to amines by hydrogenation, with lithium aluminum hydride, in a 

Staudinger reaction or by several other synthetic methods.101 Due to the alkyne moieties present 

in the scaffold, transformation of the azide to an amine group was accomplished in a Staudinger 

reaction.102 The use of triphenylphosphine and water in THF provided amine 68 in 43% yield.  

 

Scheme 2.21  Transformation of diyne mesylate 66 to diyne amine 53 in three steps. 

Cleavage of the trimethylsilyl group using a standard procedure94 with potassium carbonate in 

methanol over 3 h at room temperature provided diyne amine 53 in quantitative yield.  

Deprotection of the terminal triple bond was also accomplished at the stage of the TMS-

diynol 65. Diynol 65 was reacted with potassium carbonate in methanol over 4 h at room 

temperature giving diynol 69 in 98% yield (Scheme 2.22). The following sequence was similar to the 

one mentioned in Scheme 2.21. Mesylation of diynol 69 with methanesulfonyl chloride and 

triethylamine gave mesylate 70 in quantitative yield. Substitution with sodium azide in DMF 

provided azide 71 in 93% yield within 2 h. Staudinger reaction conditions gave diyne amine 53 in 

83% yield. 
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Scheme 2.22 Synthesis of diyne amine 53 with preponed deprotection of the terminal alkyne. 

When comparing both reaction sequences from TMS-diynol 65 to diyne amine 53, the overall 

yield over four steps for the first sequence is 35%. The overall yield over four steps for the second 

sequence is 76%. An earlier deprotection of the alkyne is therefore preferred.  

The most common method for the synthesis of ketimines and aldimines is the condensation 

reaction of primary amines with carbonyl compounds. The formation of ketimines is usually more 

challenging, due to the less activated keto-group.103  

To complete the synthetic route towards iminediyne precursor 52, amine 53 was reacted with 

equimolar amount of cyclopentanone in presence of molecular sieves as dehydrating agent to 

afford iminediyne 52 in 79% yield. The use of catalytic amounts of p-toluenesulfonic acid for 

carbonyl activation is common, but addition to the reactants in toluene under reflux conditions did 

not improve the yield of 52. The use of the oxophilic Lewis acid TiCl4 did not increase formation of 

imine 52 compared to the method shown in Scheme 2.23. Although ketimine 52 was not stable 

enough for purification via column chromatography, it was stable at room temperature in a sealed 

vial in absence of water over months.  

 
Scheme 2.23 Synthesis of ketimine 52.  

The presented synthetic route enables the synthesis of iminediyne 52 from commercially 

available tetrahydrofurfuryl chloride (57) in a longest linear sequence of 10 steps in 29% overall 

yield.  

Additionally to ketimine 52, ketimines 72 and 73 were synthesized. Those two have a different 

steric demand and furthermore, ketimine 73 exhibits a higher stability (Scheme 2.24).  

 
Scheme 2.24 Synthesis of ketimines 72 and 73.  
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Both iminediynes were planned to be subjected to the [2+2+2] cycloaddition. Although 

ketimine 72 would not lead to a spirocyclic fragment, it may give information about the influence 

of the steric demand of the ketone substituent.  

Iminediyne 72 was synthesized similar to cyclopentanimine 52, using one equivalent acetone in 

dichloromethane and molecular sieves. Imine 72 was isolated after destillative purification in 56% 

yield. Fluorenimine 73 was not obtained by stirring of amine 53 and fluorenone in dichloromethane 

with molecular sieves. The use of p-toluenesulfonic acid, in catalytic amounts, for activation of the 

carbonyl group and reflux temperatures in toluene provided fluoreniminediyne 73 in 62%. Imine 73 

was stable to be chromatographed over SiO2.  

 

2.3.2 Synthesis of the Enediyne 

Enediyne 74 was chosen as model compound for the investigation of a [2+2+2] cycloaddition 

towards spirocycles (Scheme 2.25). As the scaffold of the iminediyne 52, the backbone of the 

precursor enediyne should be unsubstituted to yield spiro scaffold Spiro2 (Scheme 2.25 vs. 

Figure 2.4 (b)). A 1,7-diyne and 1,7-eneyne/1,6-eneyne systems were planned, which would afford 

hexacycles or pentacycles respectively, after cyclization. Hexacycles are more challenging to 

achieve in [2+2+2] cycloaddition reactions, due to the beforehand mentioned Thorpe-Ingold effect. 

However, there are examples for catalytic systems that overcame that effect and successfully 

cyclized 1,7-diynes as shown in Chapter 1.1.  

The retrosynthetic analysis of precursor 74 reveals two bond breakings (Scheme 2.25). The late 

stage synthesis of the trisubstituted double bond can be accomplished in a Wittig reaction of 

derivative 75 and cyclopentanone (54). This synthetic approach would allow a simple variation of 

substituted cyclic ketones. Compound 75 can be synthesized in a mono alkylation of 1,7-octadiyne 

(23). This synthetic approach would allow a facile introduction of different, substituted diynes for a 

variety of easily accessible precursors. 

 
Scheme 2.25 Retrosynthetic analysis of the enediyne 74 with a late stage Wittig reaction. 

To realize the synthesis of diyne derivative 75 (with n = 1), substituents X and Y of building 

block 76 were defined as THP-protected hydroxy group and as iodide respectively, leading to 

iodide 79 which should then be bound to 1,7-ocatadiyne (23).  
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Iodide 79 was synthesized in two steps from 1,4-butandiole (77) following literature known 

procedures (Scheme 2.26).104 Mono-THP-protection of 77 was achieved with one equivalent 

2,3-dihydropyran under acidic conditions at room temperature in 47% yield.104a The low yield of 

THP-ether 78 is explained by the concurring di-THP-protection of the diol 77. Conversion of the 

hydroxy group in an Appel reaction using standard conditions, yielded iodide 79 in 48% yield.104b 

Attempts to improve the yields were not carried out. 

 
Scheme 2.26 Synthesis of alkylation reagent 79.  

Iodide 82 was used as electrophile for the alkylation of 1,7-octadiyne (23) (Scheme 2.27). 

1,7-Octadiyne was deprotonated with equimolar amount of n-BuLi, followed by nucleophilic 

substitution of iodide 79. Diyne 80 was obtained in 42% yield. This reaction as well as the following 

reactions were not improved in yield. Deprotection of the hydroxy group under acidic conditions 

provided alcohol 81 in 95% yield.  

 
Scheme 2.27 Alkylation of 1,7-octadiyne, deprotection of alcohol 80 and protection of the terminal alkyne 
to synthesize diynol 83. 

Conversion of alcohol 81 to iodide 82 under Appel reaction conditions, involving 

triphenylphosphine, iodine, and three equivalents imidazole was not successful. Instead, an 

undefinable compound mixture was received. For this reason and due to the fact, that a following 

Wittig reaction requires strong basic conditions, the terminal alkyne of diyne 81 was TMS-

protected. Otherwise, the terminal alkyne would be deprotonated under Wittig reaction conditions 

and thereby lead to side reactions. Deprotonation of the alkyne and the hydroxy group with 

2.2 equivalents n-BuLi and addition of 2.1 equivalents trimethylsilyl chloride, as electrophile, 
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afforded an intermediate that was TMS-protected at the alkyne and hydroxy group. Stirring in 

aqueous 1 M HCl solution induced cleavage of the trimethylsilyl ether and the TMS-protected diyne 

83 was received in 51% yield (Scheme 2.27).  

Alcohol 83 was converted to iodide 84 in 89% yield using Appel reaction conditions. Formation 

of the phosphonium iodide 85 was achieved by reaction of the iodide 84 with triphenylphosphine 

in a substitution reaction in 89% yield (Scheme 2.28).  

 
Scheme 2.28 Iodination of alcohol 83 and formation of phosphonium salt 85. 

Various bases have been described in literature to enable the formation of the Wittig reagent, a 

phosphonium ylide, via deprotonation of the phosphonium salt, as for example n-BuLi, NaH, 

KHMDS and t-BuOK, to name a few.105, 106 

Wittig reaction of phosphonium iodide 85 with cyclopentanone was tested with the bases n-BuLi, 

NaH, KHMDS and t-BuOK to generate the ylide in situ (Table 2.10). In each case the phosphonium 

iodide 85 was added in a slight excess (1.3 – 1.5 equivalents), but was completely converted in the 

reaction and not reisolated. When n-BuLi, KHMDS or t-BuOK were used, minor amounts of an 

alkene compound were detected in the 1H NMR spectrum (entries 1, 3 and 4). Isolation via column 

chromatography was not successful and resulted in an undefinable compound mixture. When NaH 

was used, only decomposition was observed (entry 2).  

Table 2.10 Reaction conditions for the Wittig reaction of phosphonium iodide 85 with cyclopentanone. 

 

Entry Base (equiv) 88 (equiv) Solvent Temperature Time [h] Yield 86 [%]a 

1 n-BuLi (1.5) 1.5 THF 0 °C – r.t. 3 traces 

2 NaH (1.5) 1.5 DMSO 0 °C – r.t. 3 – 

3 KHMDS (2.8) 1.3 THF r.t. 7 traces 

4 t-BuOK (3.0) 1.5 THF 0 °C – r.t.  10 traces 
          a Detected by 1H NMR. 
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The formation of the phosphonium ylide was indicated by a color change of the reaction mixture 

to vermilion, a lightening red color. The ylide may undergo intramolecular cyclization reactions with 

the alkyne moiety. To test if such side reactions with the diyne scaffold occur, diyne 85 was stirred 

with three equivalents of tert-butoxide at 0 °C. The reaction was quenched by the addition of water 

and in a separate trial by addition of trimethylsilyl chloride. Unfortunately, except for 

triphenylphosphine, no defined product was isolated and only high mass products were identified 

in the GC-MS.  

 The introduction of an alkene functionality via a Wittig reaction at a later stage of the synthetic 

path was not possible. The alkene moiety should therefore be established at an early stage in the 

synthetic path (Scheme 2.29). Introduction of a good leaving group at alkene building block 87 may 

enable the alkylation with 1,7-octadiyne (23) to give enediyne 74. This synthetic approach would 

still keep all the advantages of a facile and broad variation of the components as described earlier 

for the retrosynthetic plan shown in Scheme 2.25.  

 
Scheme 2.29 Retrosynthetic analysis of the enediyne 74 with an early stage Wittig reaction.  

5-Bromovaleric acid (89) was reacted with triphenylphosphine to give phosphonium 

bromide 90 in quantitative yield (Scheme 2.30).107  

 
Scheme 2.30 Synthesis of trisubstituted alkene 94. 

Several bases were tested in the Wittig reaction of phosphonium bromide 90 to alkene 91 

(Table 2.11). The molar ratio of 90:base had to be at least 1:2, because of the carboxylic acid moiety 

incorporated in 90, which will be deprotonated first. The use of NaH yielded the desired alkene 91 

only in traces, together with mainly unreacted starting material (Table 2.11, entry 1). The use of the 

stronger base n-BuLi gave alkene 91 in 10% yield after reaction at room temperature (Table 2.11, 

entry 2). The use of the sterically more demanding bases t-BuOK and KHMDS provided increased 

yields of the product (Table 2.11, entries 3 and 4). When the reaction mixture was stirred for 22 h 

at 40 °C, the yield of alkene 91 was raised to 71% (entry 5).  
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Table 2.11 Reaction conditions for the Wittig reaction of phosphonium bromide 90 with cyclopentanone. 

 

Entry Base (equiv) 90 (equiv) Solvent Temperature Time [h] Yield 91 [%] 

1 NaH (3.0) 1.5 DMSO r.t. 6 tracesa 

2 n-BuLi (3.0) 1.5 THF 0 °C – r.t. 6 10 

3 t-BuOK (3.0) 1.5 THF 0 °C – r.t. 6 33 

4 KHMDS (2.8) 1.3 THF r.t. 9 47 

5 KHMDS (2.8) 1.3 THF 40 °C 22 71 
      a Detected by 1H NMR. 

Avlonitis et al. published the synthesis of a similar molecule, incorporating a cyclohexane 

substituent instead of a cyclopentane substituent.108 Their target molecule, the corresponding 

alcohol, was equally synthesized starting from bromovaleric acid via a Wittig reaction of the 

corresponding phosphonium bromide with cyclohexanone and a reduction to yield the alcohol. 

They claimed that a reduction of the carboxylic acid to the alcohol with LiAlH4 proceeded only in 

low yields. Reduction of the ester functionality instead, afforded the desired alcohol in quantitative 

yields.   

Based on the results of Avlonitis et al., an esterification of the carboxylic acid 91 was performed. 

Standard Fischer esterification conditions involving catalytic amounts of sulfuric acid in methanol 

yielded ester 92 in 51% yield (Scheme 2.31). A subsequent reduction of the ester functionality with 

lithium aluminum hydride gave alcohol 93 in 91% yield.  

 
Scheme 2.31 Synthesis of alcohol 93. 

Moreover, despite the results published by Avlonitis, a direct reduction of carboxylic acid 91 to 

alcohol 93 was achieved with lithium aluminum hydride within two hours. Alcohol 93 was received 

in 98% yield (Scheme 2.32). Alcohol 93 was transformed to iodide 94 in an Appel reaction with 

triphenylphosphine, iodine and imidazole in dichloromethane. The use of at least two equivalents 

of imidazole were necessary. If less than two equivalents were used, a partial isomerization of the 

exo-double bond to an endo-double bond occurred (94 vs. 94b). During the reaction one equivalent 

of HI is formed, which is trapped by imidazole. If two equivalents are added, the concentration of 

imidazole is high enough to completely suppress a protonation of the double bond of alkene 94 and 

thus inhibit isomerization. 
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Scheme 2.32 Synthesis of cyclization precursor enediyne 74 and isomerization of the double bond of 94. 

Alkynylation of 94 with 1,7-octadiyne yielded enediyne 74 in 75% yield (Scheme 2.32). The 

octadiyne was mono-deprotonated with equimolar amounts of n-BuLi and stirred for an hour to 

achieve an equilibrium. The use of a TMS-mono-protected 1,7-octadiyne, to prevent dialkylation, 

did not lead to an improvement of yield in alkylation, but instead gave enediyne 95 in slightly 

decreased yield of 71% compared to formation of 74 (Scheme 2.33).  

 
Scheme 2.33 Alkynylation of iodide 94 with 1-trimethylsilyl-1,7-octadiyne to afford enediyne 95. 

The synthetic route enabled the synthesis of enediyne 74 in five steps starting from 

commercially available 5-bromovaleric acid (89) in 43% overall yield.  

For the following investigation of the [2+2+2] cycloaddition and the influences of the steric 

demand of the alkene-substituent, two enediynes were synthesized with a lower steric demand 

than enediyne 74. The synthesis of monosubstituted alkene 98 was accomplished in two steps 

starting from 5-hexene-1-ol (96) (Scheme 2.34). Appel reaction of alcohol 96 with 

triphenylphosphine, iodine and imidazole in dichloromethane in accordance to a procedure by 

Baldwin et al., gave iodide 97 in 72% yield.109 1,7-Octadiyne was alkylated with iodide 97 after 

deprotonation with equimolar amounts of n-BuLi in THF at reflux temperature. Enediyne 98 was 

synthesized in 67% yield. In 1984, Sternberg and Vollhardt achieved the synthesis of enediyne 98 

by alkylation with 6-bromo-1-hexene and sodium amide in DMSO at r.t. in 43% yield.13f  
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Scheme 2.34 Synthesis of enediyne 98 in a two-step procedure. 

The disubstituted alkene derivative 102 was synthesized in three steps starting with 

2-hydroxytetrahydropyran (99) (Scheme 2.35). Hemiacetal 99 was converted in a Wittig reaction 

using a procedure of Ohloff et al. with ethyltriphenylphosphonium bromide and sodium hydride in 

66% yield.110 The conversion of alcohol 100 to iodide 101 was achieved following a procedure by 

Grebe and coworkers using standard Appel reaction conditions.111 Monoalkylation of 1,7-octadiyne 

with iodide 101 provided enediyne 102 in 83% yield. 

 
Scheme 2.35 Synthesis of enediyne 102 in a three-step procedure. 
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2.4 Investigation of the Intramolecular [2+2+2] Cycloaddition of (Hetero)-Enediynes 

2.4.1 Intramolecular [2+2+2] Cycloaddition of Iminediynes 

With the iminediynes in hand, the intramolecular [2+2+2] cycloaddition was investigated. To 

achieve an intramolecular cycloaddition high dilution conditions (c(diyne) = 0.01 M) were used. 

Initially, a cobalt catalyst was chosen for the cycloaddition of iminediyne 52 towards polycycle 103 

(Table 2.12). As described in Chapter 1.1.1, Cobalt complexes are highly reactive towards a [2+2+2] 

cycloaddition and have been applied widely in the past.8c Cobalt has strong complexation abilities 

and therefore a catalytic use of the cobalt complex is only known for cyclotrimerization reactions, 

at which reductive elimination and release of an aromatic moiety is energetically favored.13h, 31d, 112 

In other cases the use of stoichiometric amounts of the cobalt complex and decomplexation with, 

for example Fe(NO3)3
113, FeCl316a

 or SiO2
22a, is required. Irradiation with a tungsten lamp and reflux 

conditions are necessary for the activation of the CpCo(CO)2 complex as well as strict exclusion of 

oxygen.13h  

As expected, when iminediyne 52 was reacted with the CpCo(CO)2 complex in catalytic 

amounts  in toluene at reflux temperatures only little consumption of diyne 52 was observed via 

TLC (Table 2.12, entry 1). The use of stoichiometric amounts afforded a complete consumption of 

52. However, when FeCl3 was added to the mixture for decomplexation, no cycloaddition product 

was obtained (Table 2.12, entry 2). The more active Jonas catalyst8c, CpCo(C2H4)2 complex, is 

activated at lower temperatures and does not require irradiation with a tungsten lamp. However, 

use of CpCo(C2H4)2 complex afforded the same results as the CpCo(CO)2 complex and did not form 

the desired spiro compound 103. 

Table 2.12 Test reaction towards a [2+2+2] cycloaddition reaction of iminediyne 52. 

 

Entry Catalyst Solvent Temperature Time [h] Yield 103 

1 CpCo(CO)2 (10 mol%) toluene reflux 5  – 

2 CpCo(CO)2  (1 equiv) toluene reflux 4  –a 

3 CpCo(C2H4)2  (10 mol%) THF 0 °C – r.t. 4  – 

4 CpCo(C2H4)2 (1 equiv) THF 0 °C – r.t. 4  –a 
                              a Decomplexation with FeCl3 at r.t. 

The use of the less steric demanding iminediyne 72 and the use of the very stable iminediyne 73 

with stoichiometric amounts of the bis(ethylene) cobalt complex did not afford the cycloaddition 

products 104 and 105 after decomplexation (Scheme 2.36). As observed for the reaction of 
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iminediyne 52, a complete consumption of the diyne occurred. Furthermore, prior to 

decomplexation a new spot was detected by TLC, which disappeared after addition of the 

decomplexation agent FeCl3. 

 
Scheme 2.36 Test reactions of [2+2+2] cycloaddition reaction with iminediynes 72 and 73. 

It was assumed that a participation of the imine moiety in the reaction process did not occur, due 

to its low electrophilicity. For this reason the intermolecular [2+2+2] cycloaddition of an 1,6-diyne 

and an imine was investigated separately (Chapter 2.5) to identify reaction conditions that would 

lead to a successful cyclization which could then be transferred to the intramolecular 

[2+2+2] cycloaddition of iminediyne 52. 

 

2.4.2 Intramolecular [2+2+2] Cycloaddition of Enediynes 

The intramolecular [2+2+2] cycloaddition of enediynes is literature known.114 The cobalt-

mediated cyclization of enediyne 98 was published by Sternberg and Vollhardt in 198013g and 

198413f (Scheme 2.37). A cyclohexadiene cobalt complex was obtained, which was subjected to 

decomplexation with cer ammonium nitrate (CAN) to yield the desired octahydrophenanthrene.  

 
Scheme 2.37 Cyclization of enediyne 98 with CpCo(CO)2 to a hexadiene cobalt complex and subsequent 
decomplexation. Published by Sternberg and Vollhardt.13f, 13g 

According to the studies of Vollhardt, initial attempts to achieve a [2+2+2] cycloaddition of 

enediyne 74 were carried out using various cobalt complexes (Table 2.13, entries 1 – 3). As 

described for the iminediyne 52 high dilution conditions (c(74) = 0.01 M) were used to suppress 

intermolecular cycloadditions.  

When 1.0 equivalent CpCo(CO)2 was used in toluene at reflux temperatures, followed by 

decomplexation with ferric nitrate (Table 2.13, entry 1), a new TLC spot was observed with a slightly 

different RF-value than the starting material. The isolated compound exhibits four signals at 132.8, 

128.4, 127.6 and 120.5 ppm in the 13C NMR spectrum, which may indicate the formation of a diene. 
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Furthermore, a GC-MS peak, different from the starting material, showed a molpeak at m/z =242.2 

in the mass spectra, which would further support a successful cycloaddition. Unfortunately, after 

purification via column chromatography the NMR spectra showed more impurities in the alkane 

range than signals that would belong to the expected product. Although a complete consumption 

of enediyne 74 was observed via TLC prior to decomplexation, 60% of 74 were reisolated. The use 

of cobalt complex CpCo(C2H4)2 resulted in formation of 10% of homo-coupling product and 

reisolation of starting material 74 but with an endo-double bond, which may be caused by FeCl3 

(Table 2.13, entry 2). Complex CpCo(cod) gave, after decomplexation with FeCl3, only the reisolation 

of 74 and its isomer. 

Table 2.13 Test reaction towards a [2+2+2] cycloaddition reaction of enediyne 74. 

 

Entry Catalyst [mol%] Solvent Temp. Yield Time [h] Comment 

1 CpCo(CO)2 (100)a toluene reflux <5% 6 60% of 74 reisolated 

2 CpCo(C2H4)2 (100)b Et2O r.t. – 24 
10% dimer,  

70% isomer of 74 
3 CpCo(cod) (100)b toluene reflux – 6 80% of 74 and isomer 

4 Cp*Ru(cod)Cl (20) DCE reflux – 24 
5% dimer, 
80% of 74 

5 Pd2(dba)3 (20) toluene reflux – 5 50% of 74 reisolated 

6 Cp2ZrCl2/BiCl3 (100) THF -80 °C – r.t. – 24 reisolation of 74 

7 Rh(PPh3)3Cl (20) toluene reflux – 24 reisolation of 74 

8 
Rh(cod)2OTf (5) 

BINAP(5) 
THF r.t. – reflux – 24 

5% dimer, reisolation 
of 74 and isomer 

9 
Rh(cod)2BF4 (5)  

BINAP (5) 
DCE reflux – 24 

20% dimer, reisolation 
of 74 

a Decomplexation with Fe(NO3)3. b Decomplexation with FeCl3. c 1.05 Equiv of n-BuLi were added to the complex. 

Since a cobalt complex did not lead to a cyclization, various transition metal complexes were 

tested (Table 2.13, entries 4 – 9). Neither a ruthenium- nor a palladium- nor a zirconium-based 

catalytic system proceeded the [2+2+2] cycloaddition of 74 to 106 (entries 4 – 6). The Wilkinson 

catalyst and a cationic rhodium species using THF or DCE as solvent did not lead to cycloaddition 

product 109 either (entries 7 – 9). The use of a cationic rhodium species afforded the isolation of 

the self-coupling dimerization product up to 20% yield (entries 8 and 9).  

The [2+2+2] cycloaddition of enediyne 98, published by Vollhardt13f, was tested using the same 

conditions as presented in the paper (Scheme 2.37). No cycloaddition product was isolated, when 

the same conditions were applied. Instead, mainly the starting material was reisolated. The use of 

toluene as solvent and FeCl3 as decomplexation agent yielded 5% of the polycyclic diene 107 
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(Scheme 2.38). In this case, a complete conversion of the starting material 98 was observed by TLC. 

However, diene 107 decomposed within few days. The low stability may reason the low yield, after 

decomplexation with the strong Lewis acid FeCl3 and purification via column chromatography. 

Enediyne 102 was cyclized under the same conditions, but the formation of cyclohexadiene 108 

was only observed in the NMR spectra. The NMR signals disappeared within ten hours. 

 
Scheme 2.38 Cobalt mediated [2+2+2] cycloaddition of enediynes 98 and 102. 

Due to the low stability of the test substrates 107 and 108 and no proceeding cycloaddition for 

enediyne 74 the project was not further investigated. 

 

2.5  [2+2+2] Cycloaddition of Diynes and Imines 

2.5.1 Synthesis of Cyclization Precursors  

To investigate the [2+2+2] cycloaddition of imines to diynes, the diynes presented in 

Chapter 2.1.1 were chosen. Additionally diyne 113 was synthesized in four steps according to 

literature known procedures (Scheme 2.39). Bromination of o-xylene (109) was carried out under 

Wohl-Ziegler conditions with N-bromosuccinimide as bromide source and benzoyl peroxide as 

radical starter following a procedure by Neamati and coworkers.115 Dibromide 110 was received in 

91% yield and subsequently converted in a Finkelstein reaction with sodium iodide in acetone to 

diiodide 111 in 44% yield.116 Copper transmitted alkynylation of 112 with trimethylsilylacetylene 

following a procedure by RajanBabu and coworkers117 and deprotection of the alkyne 

functionalities with silver nitrate and sodium cyanide118 afforded diyne 113 in 74% yield over two 

steps.  

 
Scheme 2.39 Synthesis of 1,7-diyne 113. 
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The synthesis of imines, bearing aryl and alkyl substituents, is described in the following 

(Scheme 2.40). N-Benzylideneaniline (115) was synthesized in an imine synthesis in 75% yield from 

benzaldehyde and aniline (114) in diethyl ether with magnesium sulfate as water scavenger.119 

N-Benzylidenebutylamine (117) was synthesized from benzaldehyde and n-butylamine (116) in 97% 

yield following a procedure by Hayes et al.120 The alkyl substituted imines 118 and 119 were 

obtained from n-butylamine (116) and acetaldehyde or butyraldehyde in 75% and 64% yield 

respectively, using a procedure by Meuzelaar et al.121  

 
Scheme 2.40 Synthesis of imines 115, and 117 – 119. 

Next to the Schiff bases 115, and 117 – 119, imine amide 122 was synthesized. The 

carboxamide 122 was accessible from benzaldehyde in two steps using a slightly modified 

procedure by Mandel et al. (Scheme 2.41).122 Stirring of benzaldehyde with lithium 

hexamethyldisilazane and addition of trimethylsilyl chloride produced intermediate 121 in the first 

step. An addition/elimination reaction of silanamine 121 to benzoyl chloride in the second step, 

afforded benzamide 122 in 80% yield.  

 

Scheme 2.41 Synthesis of N-benzylidenebenzamide (122).   

Benzoyl activated imine 122 should enable a facile reaction of the imine with the diynes and is 

therefore as well tested in the [2+2+2] cycloaddition. 
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2.5.2 Investigation of the [2+2+2] Cycloaddition of Diynes with Imines 

The studies on this project were carried out contemporaneously with the studies on the 

cycloaddition of oxime ethers to diynes (Chapter 2.2). 

The development of reaction conditions for a [2+2+2] cycloaddition were initially performed 

with diynes 2, 6, 8, 22 and imines 115, 117, 118 and 119 (Figure 2.5).  

 

Figure 2.5 Diynes 2, 6, 8 and 22 and imines 115, 117, 118 and 122 that were used for the investigation of 
the reaction conditions. 

The use of a cobalt-mediated [2+2+2] cycloaddition of iminediyne 52 did not lead to a 

successful formation of spiro compound 103 (Chapter 2.4.1) and a necessary susceptible 

decomplexation step would probably affect the rather labile 1,2-dihydropyridines52. Therefore, 

initially a ruthenium-catalyst was chosen that has already been applied successfully to the 

[2+2+2] cycloaddition of 1,6-diynes with isocyanates as published by Itoh and coworkers.24a  As for 

the cycloaddition of the diyne to the oxime ether, a -hydride elimination may occur resulting in 

formation of a diene imine. A 6-azaelectrocyclization would afford the 1,2-dihydropyridine 

(compare Chapter 2.2.1).  

Table 2.14 Initial investigations for the [2+2+2] cycloaddition of 1,6-diynes and imines. 

 

Entry Diyne Imine (equiv) Catalyst [mol%] Conditionsa Comment 

1 2 115 (4)b Cp*Ru(cod)Cl (5) DCE, reflux homo-coupling of 2 

2 2 115 (4)b Cp*Ru(cod)Cl (5) DCE, reflux homo-coupling of 2 

3 2 117 (4)b Cp*Ru(cod)Cl (5) DCE, reflux homo-coupling of 2 

4 2 119 (4)b Cp*Ru(cod)Cl (5) DCE, reflux homo-coupling of 2 

5 6 119 (4)b Cp*Ru(cod)Cl (5) toluene, reflux homo-coupling of 6 

6 6 119 (1) NiCl2(10)/ 
PPh3(20)/Mn(100) 

DMF, 100 °C homo-coupling of 6 

7 6 119 (2) CpCo(CO)2 (100)c toluene, reflux decomposition 

8 8 115 (4)b Cp*Ru(cod)Cl (5) DCE, reflux homo-coupling of 8 
a The diyne solution was added over a period of 4 hours via a syringe pump. b 2 Equiv imine were added to the catalyst 
solution, 2 equiv were added with the diyne with a syringe pump. c After consumption of the diyne indicated by TLC, FeCl3 
was added for decomplexation. 

Initial test reactions of different combinations of diynes and imines using the catalyst 

Cp*Ru(cod)Cl in refluxing DCE or toluene with slow addition of the diyne solution, yielded only the 
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self-coupling products of the diynes (Table 2.14, entries 1 – 6). This indicates that neither type of 

imine is involved in the reaction process. In 2011, Yoshikai and coworkers reported on a nickel-

catalyzed cycloaddition of two alkynes with an aldimine bearing a 3-methyl-2-pyridyl group at the 

nitrogen yielding 1,2-dihydropyridines.20a The catalyst was generated from NiCl2, PMePh2 and Mn 

powder. As proposed in their mechanism, the pyridyl group on the imine-N-atom is crucial for the 

reaction, as it ensures coordination of the imine-species to the Ni-catalyst and therefore enables a 

participation in the cycloaddition. Nevertheless, the catalytic system was applied to the cyclization 

of diyne 6 and imine 121 yielded in the formation of the self-coupling products as well (Table 2.14, 

entry 7). The use of a cobalt-catalyst led to decomposition after addition of FeCl3 (entry 8).  

Based on the results obtained in the cyclization experiments presented in Table 2.14, an 

activation of the imine moiety is necessary. Lewis acids are known to activate imines by 

coordination to the nitrogen lone pair, decreasing the electron density of the imine double 

bond.123, 124 

For the envisioned dual catalysis strategy, a cooperatively functioning system that would 

activate the imine and catalyze the [2+2+2] cycloaddition needed to be found. Diynes 2 and 6, 

imines 117 and 118 and Cp*Ru(cod)Cl as catalyst were chosen (Table 2.15). The use of the weak 

Lewis acid ZnCl2 in over-stoichiometric amounts afforded only traces of the self-coupling products 

dimer 33 and trimer 34 when using DCE and no conversion of diyne with toluene as solvent 

(Table 2.15, entries 1 and 2). The use of catalytic amounts of Sc(OTf)3 is known to activate imines 

for aza-Diels-Alder reactions.125 When 10 mol% Sc(OTf)3 were added to the reaction, no conversion 

of the diyne was observed at different reaction temperatures in DCE or in toluene at reflux 

temperatures (Table 2.15, entries 3 – 5). When the amount of Sc(OTf)3 was reduced to 3 mol%, self-

coupling of the diyne occurred at reflux and at lower temperatures (entries 6 and 7). The use of 

3 mol% zinc triflate, afforded the self-coupling products as well (entry 8). A change of the imine 

from benzaldehyde based imine 117 to butyraldehyde based imine 118, to control if the steric 

demand of the phenyl substituent inhibits an insertion of the imine moiety, led to deactivation of 

catalyst and therefore no conversion of the diyne (entry 9). 

The formation of traces of benzaldehyde was observed in the 1H NMR of the crude reaction for each 

trial (Table 2.15, entry 1 – 8). 
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Table 2.15 Initial studies towards a cycloaddition of diynes and imines via dual-catalysis. 

 

Entry Diyne 
Imine 

(equiv) 
Lewis Acid 

[mol%]a Conditionsb Time 
[h] 

Comment 

1 2 117 (1.1) ZnCl2 (110) DCE, 50 °C 20 traces of dimer/trimerc,d 

2 2 117 (4)e ZnCl2 (110) toluene, reflux 20 no conversionc,d 

3 2 117 (1.1) Sc(OTf)3 (10) DCE, 50 °C 20 no conversionc,d 

4 2 117 (4)e Sc(OTf)3 (10) DCE, reflux 20 no conversionc,d 

5 2 117 (4)e Sc(OTf)3 (10) toluene, reflux 20 no conversionc,d 

6 2 117 (4)e Sc(OTf)3 (3) DCE, reflux 20 complete conversion to 
dimer/trimerd 

7 6 117 (2) Sc(OTf)3 (3) DCE, -35 °C – r.t. 20 complete conversion to 
dimer/trimerd 

8 6 117 (2) Zn(OTf)2 (3) DCE, -35 °C – r.t. 20 complete conversion to 
dimer/trimerd 

9 6 118 (2) Sc(OTf)3 (3) DCE, r.t. 20 no conversionc 

a Anhydrous Lewis acids were used. b A solution of diyne was added to a solution of catalyst and premixed L.A./imine and 
stirred for the indicated time. c Diyne was reisolated. d The formation of small amounts of benzaldehyde, resulting from 
hydrolysis of the imine was observed via 1H-NMR of the crude mixture. e 2 Equiv imine were added to the catalyst solution, 
2 equiv were added with the diyne. 

1H NMR hydrolysis studies of the imine showed, that even under anhydrous conditions traces 

of amine and aldehyde were produced in presence of a Lewis acid. Furthermore, traces of 

n-butylamine (5 mol%) which were added to a mixture of Cp*Ru(cod)Cl (5 mol%) and diyne, led to 

a poisoning of catalyst since no self-coupling of the diyne occurred. In the cycloaddition attempts 

with imine and Lewis acid, the formed amine, effected a poisoning of catalyst, too, which reasons 

the reisolation of the diyne. To circumvent the catalyst poisoning, other transition metal catalysts 

(Ni(dppp)Cl2, Rh(cod2)BF4, Rh(PPh3)3Cl, Ir(cod)2BARF) were applied to the self-coupling reaction of 

diyne 2 with traces of amine.  

Only the Rh(cod)2-catalyst proved to be stable against traces of amine. This catalytic system 

was applied to the cycloaddition with an imine and concomitant use of Lewis acids (Table 2.16). 

Again only complete transformation of the diyne 2 to the self-coupling compounds 33 and 34 

occurred (Table 2.16, entries 1 and 2). An increase of the ratio of imine/Lewis acid or different 

solvents led to no change in reactivity (Table 2.16, entry 3 – 6). 

The coordination of the Lewis acid to the imine was controlled with 1H NMR spectroscopy. The 

coordination was indicated by a high-field shift of the neighboring proton signals. Best coordination 

results for imine 2b were achieved within 1 h with Zn(OTf)2 in chloroform at room temperature, or 
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with AgBF4 in DCE at room temperature. No coordination to the imine was observed for Zn(OTf)2 in 

DCE when stirring less than an hour, full coordination was achieved after 20 h. 

Table 2.16  Rh-catalyzed cycloaddition with Lewis acid for imine activation. 

 

Entry Diyne 
Imine 

(equiv) 
Lewis Acid 

(equiv)a Conditionsb Time 
(h) 

Comment 

1c 2 117 (1.5) ZnCl2 (1.5) DCM, r.t. 7 
complete conversion to 

dimer/trimerd 

2c 2 117 (1.5) Zn(OTf)2 (1.5) DCM, r.t. 7 
complete conversion to 

dimer/trimerd 

3c 2 117 (3) Zn(OTf)2 (1.0) DCM, r.t. 7 
complete conversion to 

dimer/trimerd 

4c 2 117 (3) Zn(OTf)2 (1.0) toluene, r.t. 7 
complete conversion to 

dimer/trimerd 

5 2 117 (2) ZnCl2 (1.0) DCM, r.t. 7 
complete conversion to 

dimer/trimerd 
6 2 117 (2) AgBF4 (1.0) DCE, 80 °C 4 traces of dimer/trimerd,e 

7f 2 117 (2.5) AgBF4 (1.0) DCE, 50 °C 7 traces of dimer/trimerd,e 

8f 6 117 (2.5) Zn(OTf)2 (1.0) CHCl3, r.t. 8 traces of dimer/trimerd,e 

9f 22 117 (2) Zn(OTf)2 (0.5) CHCl3, 60 °C 7 traces of dimer/trimerd,e 
10f 22 117 (2) AgBF4 (0.5) DCE, 60 °C 4 traces of dimer/trimerd,e 

11f 22 118 (2.5) Zn(OTf)2 (1.0) CHCl3, 50 °C 20 no conversiond 

12f 2 119 (2) Zn(OTf)2  (0.5) CHCl3, 60 °C 7 no conversiond 

13f 22 119 (2) Zn(OTf)2  (0.5) CHCl3, 50 °C 5 no conversiond 

14 6 119 (2.5) – DCE, r.t. 7 no conversiond 
a Anhydrous L.A. were used. b A solution of diyne was added with a syringe pump to a solution of catalyst and premixed 
Lewis acid/imine and stirred for the indicated time. c Rh(cod)2OTf was used  d The formation of small amounts of 
benzaldehyde, resulting from hydrolysis of the imine was observed via 1H-NMR of the crude mixture. e Diyne was 
reisolated. f Imine/L.A. were premixed in the indicated solvent and stirred for an hour at r.t. Coordination was controlled 
by 1H-NMR spectroscopy.  

Table 2.16, entries 7 – 10 show some experiments that involve verified coordinated Lewis acids 

and different imine/Lewis acid ratios. As in the other cases, the imine was not involved in the 

reaction. For further studies a different imine, which incorporates an alkyl-chain at the imine 

C-atom was chosen, to avoid a possible mesomeric stabilization by the phenyl-substituent 

(entries 11 – 13). Nevertheless, the use of 118 and 119 did not lead to any transformation of 

different diynes at all.  

Next to the N-alkyl substituted imines, benzoyl activated imine 122 was tested in the 

[2+2+2] cycloaddition. The catalyst Cp*Ru(cod)Cl was used in DCE at reflux temperatures. Neither 

a dihydropyridine nor a dienone imine species was isolated. Instead, 11% of dienone 35b were 

obtained together with 50% self-coupling products and 10% reisolated diyne 2. Dienone 35b was 
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the hydrolysis product of the expected dienone imine, which has formed during column 

chromatography.  

 
Scheme 2.42 Test reaction towards the [2+2+2] cycloaddition of carboxamide imine 122 and diyne 2. 

The [2+2+2] cycloaddition of N-alkyl substituted imines and 1,6-diynes did not proceed under 

the tested reaction conditions. The addition of a Lewis acid to the imine, afforded a coordination 

as observed in the NMR spectra. However, the resulting activation of the imine, by lowering the 

electron density, did not enable a participation of the imine in the cycloaddition. The electrophilicity 

of N-alkyl substituted imines is slightly increased compared to oxime ethers. Nevertheless, a 

cycloaddition does not proceed. It can be assumed that the O-atom of the oxime ether exhibits a 

directing effect and therefor enables the [2+2+2] cycloaddition of diynes with oxime ethers. The 

work reported by Yoshikai and coworkers20a in 2011 supports this assumption. They describe a 

nickel-catalyzed [2+2+2] cycloaddition of alkynes and imines bearing a directing pyridyl substituent, 

in which the N-atom of the pyridine coordinates to the metal. 

Due to a missing directing effect for the N-alkyl substituted imines, further research towards a 

[2+2+2] cycloaddition with diynes did not seem to be promising. This project and the project 

towards spirocycles were consequently not further investigated.  
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3 Results and Discussion – Total Synthesis  

In this part of the thesis, the investigations towards the total synthesis of the novel alkaloid 

NP1 and the synthesis of the unprecedented skeleton are discussed. In Chapter 3.2 different 

synthetic approaches towards NP1 are explored, developed and refined. In Chapter 3.3 synthetic 

approaches and their results towards the formation of the unsubstituted scaffold are discussed.  

 

3.1 Structural Elucidation of NP1 

Natural product NP1 is a planar N-heterotricycle and incorporates an isoquinoline scaffold and 

an ,-unsaturated carbonyl group (Figure 3.1). The substitution pattern involves methyl groups in 

3-, 6-, and 9-position and an enol in -position to the ketone. A total synthesis of NP1 is challenging 

concerning the introduction of methyl groups at the isoquinoline moiety and the formation of the 

,-unsaturated carbonyl group with its substituents.  

 
Figure 3.1 Structure of natural compound NP1. Isoquinoline scaffold marked in green, -unsaturated 
carbonyl group marked in red.  

 

3.2 Synthetic Strategies to Natural Compound NP1 

3.2.1 Synthetic Approach I – Naphthoquinone Intermediate 

The synthesis of natural compound NP1 was planned starting from naphthalene derivative 127 

(Scheme 3.1). Building block 125 can be either achieved in a Heck reaction from 127 (X = I, Br) and 

a suitable protected enamine 126 or via a Henry condensation reaction (a variation of the 

Knoevenagel condensation) from 127 (X = Ac) and nitromethane with subsequent elimination to 

the nitroalkene and reduction of the nitro group. A protection of the amine for the following 

oxidation is necessary in both cases. An oxidation reaction of the naphthalene derivative 125 would 

afford naphthoquinone derivative 124. Subsequent imine formation leads to tricycle 123. Finally, a 

late stage introduction of the methyl substituent and the hydroxy substituent to the -

unsaturated carbonyl functionality of tricycle 123 would afford NP1.  
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Scheme 3.1 Retrosynthetic analysis of natural compound NP1. 

Although the synthetic approach seems to be convincing in formation of the tricycle 123, the 

Henry reaction may be challenging due to a lower reactivity of the ketone compared to an aldehyde 

functionality, which is commonly used as reaction partner.126 Disadvantage of a Heck reaction at an 

early stage of the synthetic path would be the high amounts of palladium catalyst required for the 

reaction due to large quantities of starting material. For this reason, the synthetic path involving a 

Henry reaction was investigated first. 

Starting from commercially available 1-methyl naphthalene (128), ketone 129 was received in 

a Friedel-Crafts acylation with acetyl chloride and aluminum chloride in 74% yield using a procedure 

by Robinson and coworkers (Scheme 3.2).127  

 
Scheme 3.2 Reaction sequence towards nitroalkene 130. 

Henry reaction of 129 with a consecutive dehydration was tested under various reaction 

conditions (Table 3.1). Initially, conditions reported by List and coworkers128 were tested (Table 3.1, 

entry 1). List published a Henry condensation of phenyl/naphthyl substituted ketones and 

nitromethane with n-butylamine under azeotropic destillative conditions. The boiling point and 

density of nitromethane (101 °C, 1.13 g/cm3)129 and n-butylamine (78 °C, 0.74 g/cm3)130 already 

indicated that Dean-Stark conditions might not lead to the best results, since the base and 

nitromethane would be distilled of and the latter would not return to the reaction mixture. 

Nevertheless, since a couple of nitroalkenes were synthesized with this method, the reaction 

conditions were transferred to the reaction of 129. Unfortunately as expected, after 15 h only traces 

of the nitro-Aldol adduct 131 were formed as observed via GC-MS.  
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Table 3.1 Investigation of the Henry condensation reaction of 129. 

 

Entry Equiv CH3NO2 Base (equiv) Solvent Temp. (°C) Time (h) Product (%) 

1a 4 n-BuNH2 (0.4) toluene reflux   15 traces of 131b 

2 3 DBU (0.4) THF/MeOH 50   24 no conversion 

3 excess NH4OAc (0.56) CH3NO2 reflux   24 traces of 131b 

4a 4 TMEDA (0.3) benzene reflux   18 no conversion 

5 1.1 KOH (1.1) EtOH r.t.   16 no conversion 

6 10 LHMDS (1.0) CH2Cl2 r.t.   20 no conversion 
   a Azeotropic distillation. b Observed via GC-MS.  

When other bases were applied to the reaction of nitromethane with ketone 129, no 

conversion was observed for DBU, TMEDA, KOH and LHMDS (Table 3.1, entries 2, 4 – 6). The use of 

ammonium acetate with excess of nitromethane at reflux conditions afforded formation of 

-nitroalcohol 131 in minor amounts as observed via GC-MS (Table 3.1, entry 3). Although the 

Henry reaction is known to be reversible and examples of Retro-Henry reactions131 are reported in 

literature, the adjacent naphthalene substituent should favor an elimination of water in this case. 

A back reaction to the starting material 129 should then be excluded. For this reason, it is most 

likely that no conversion of ketone 129 occurred.  

The introduction of a nitroalkene moiety can also be accomplished in a Wittig reaction of 

ketone 129 followed by nitration of alkene 132 to give the nitroalkene 130 (Scheme 3.3).  

 
Scheme 3.3 Reaction sequence towards nitroalkene 130. 

The conversion of the carbonyl group of 129 was carried out in a modified procedure by Zhang 

and coworkers132 with methyltriphenylphosphonium iodide and n-BuLi as base to form the ylide. 

Isopropylidene 132 was received in 46% yield (Scheme 3.3). Nitration of alkene 132 using reaction 

conditions reported by the groups of Zhang132 and Ananthan133 (CAN, sodium nitrite in acetic acid, 

sonication) led only to decomposition of the starting material. The use of nitric acid with acetic 

anhydride134  is also common for the nitration of alkenes and afforded complete consumption of 

alkene 132 within 20 min, as observed via TLC. The formation of small amounts of nitroalkene 130 
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were detected via GC-MS. However, after column chromatography no pure 130 was obtained. The 

incorporated styrene moiety seems to be too reactive under these reactions conditions and 

therefore evokes polymerization reactions of the material. 

Due to the problematic synthesis and stability of nitro olefin 130, the synthetic route via a 

Henry condensation was consequently not further investigated. Instead, as mentioned earlier, the 

formation of the enamine building block via Heck reaction was tested.  

For this purpose, literature known enamine 135 was synthesized in two steps starting from 

N-succinimide (133) in a SN2’ reaction with allyl bromide to give allyl-substituted imide 134 in 93% 

yield (Scheme 3.4).135 Migration of the double bond was performed with a ruthenium hydride 

catalyst136 via a hydride addition-elimination process to afford 135 in 48% yield.137  

 
Scheme 3.4 Synthesis of enamine derivative 135 and iodide 136.  

1-Methylnaphthalene was iodinated in 4-position using potassium iodate under acidic 

conditions in 54% yield following a procedure of Sathiyapriya and Karunakaran.138 The Heck 

coupling139 of iodide 136 and alkene 135 was tested under standard conditions with Pd(PPh3)4 and 

NEt3 in toluene at 100 °C. However, after 24 h mainly the starting materials were recovered from 

the reaction mixture (Scheme 3.4). 

To prove that enamine 135 undergoes a Heck reaction, the same conditions were used for the 

coupling of phenyl iodide 138 and alkene 135. Here, coupling product 139 was isolated in 48% yield.  

 
Scheme 3.5 Heck coupling of iodide 138 and alkene 135. 

Due to the fact that the Heck reaction of naphthalene derivative 136 did not proceed, but 

instead, phenyl iodide 138 reacted with alkene 135 in moderate yields, the initial synthetic path 

was reconsidered giving rise to a different synthetic approach, which will be discussed in the 

following. 
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3.2.2 Synthetic Approach II – Diels-Alder Reaction as Key Step 

The first synthetic approach for the synthesis of NP1 via a naphthoquinone derivative included the 

envisioned formation of an enamine naphthalene derivative 125. The synthesis of naphthalene 

derivative 125 was not accomplished either in a Henry condensation reaction or in a Heck coupling 

reaction. Instead, the synthesis of an N-styryl imide 139 was achieved, which gave reason to a 

different synthetic approach. 

The synthesis of the tricycle 140 could be achieved in an intramolecular Diels-Alder reaction 

via the in situ formation of an aryne functionality of building block 141 (Scheme 3.6).  

 
Scheme 3.6 Retrosynthetic approach of NP1 via an intramolecular Diels-Alder reaction. 

To enable an aryne formation, two different approaches were chosen (Scheme 3.7). An 

aromatic halide would require a strong, non-nucleophilic base to deprotonate in ortho-position and 

generate the aryne by leaving of the bromide.140 This aryne formation can be challenging due to a 

missing activating electron donating group, e.g. methoxy group, in meta-position to the bromide. 

On the other hand, the synthesis of a mono-brominated derivative is synthetically less demanding 

than the synthesis of an ortho-halotriflate. This structural motif is the second approach for aryne 

formation. The use of n-BuLi would enable a facile metal-halogen exchange and subsequent aryne 

formation via elimination.140 The synthesis of this structural motif is more challenging due to the 

required 1,4-dialkyl substitution of the aromatic moiety.  
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Scheme 3.7 Structural motifs required for aryne formation and Diels-Alder reaction thereof. 

The synthesis of the phenyl bromide 146 is described in the following (Scheme 3.8). For 

substitution in ortho-position to the methyl group, 4-methyl acetophenone (144) was chosen as 

starting material. Furthermore, the acetyl group could easily be converted to introduce an amine 

diene moiety that is needed for the intramolecular Diels-Alder reaction. The electrophilic aromatic 

substitution of 144 to bromide 145 is literature known and was carried out with bromine and 

aluminum chloride within 2 h at room temperature.141 Bromide 145 was received in 47% yield and 

directly subjected to a Wittig reaction using methyltriphenylphosphonium iodide and n-BuLi. 

Alkene 146 was isolated in 73% yield.  

 
Scheme 3.8 Synthesis of bromide substituted phenyl derivative 146.  

The introduction of an amine functionality to the alkene substituent can be realized by 

nucleophilic addition to an epoxide.142 The resulting amino alcohol could undergo dehydration to 

obtain the enamine at a later stage.  

The oxidation of alkenes to epoxides is literature known and can be achieved with various 

methods.143 The use of peracids is a common method for the epoxidation of an alkene functionality 

and refers to the Prilezhaev reaction.143d When the standard reagent mCPBA144 was used for the 

epoxidation of alkene 146, epoxide 147 was received in 72% yield (Scheme 3.9).  

 
Scheme 3.9 Synthesis of epoxide 147. 
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Aside from an epoxidation of styrene 146, the Corey-Chaykovsky145 reaction would enable a 

direct transformation of ketone 145 to epoxide 147 by the reaction of a sulfur ylide with the 

carbonyl group. Trimethylsulfonium iodide and sodium hydride were reacted with ketone 145 to 

afford epoxide 147 in 75% yield. Comparing both reactions, a Corey-Chaykovsky reaction is favored, 

as it saves one reaction step and provides epoxide 147 in higher yields. 

To accomplish the in situ aryne formation, the synthesis of an o-halotriflate was also intended. 

For an epoxide formation as in the above case, an acyl group is needed in 4-position to the methyl 

group. Acetophenone derivative 150 was synthesized in two steps following a synthetic procedure 

published by Kong and coworkers.146 Esterification of acetic anhydride with m-cresol (148) followed 

by an aluminum chloride induced Fries rearrangement yielded phenol derivative 150 in 80% yield 

over two steps (Scheme 3.10).  

 
Scheme 3.10 Synthesis of o-bromophenol 151.  

Monobromination of phenol 150 would afford the bromide in para-position to the hydroxy 

group as the main product. A dibromination would also introduce the bromide in ortho-position to 

the hydroxy group. The second bromide could be cleaved in a hydrodebromination reaction at a 

later stage of the synthetic path.147  

Dibromination of phenyl 150 was accomplished following a procedure by Birsa in glacial acetic 

acid with excess of bromine.148 Dibromide 151 was isolated from the reaction in 70% yield. 

The reaction of phenol 151 with triflic anhydride in presence of triethylamine did not afford 

triflate 152 (Scheme 3.11). Nevertheless, tosylation of the hydroxy group with tosyl chloride in a 

dichloromethane/pyridine solvent mixture yielded tosylate 153 in 80% yield. A bromotosylate may 

also lead to an aryne formation, as the tosylate is a good leaving group as well.140, 149 

 
Scheme 3.11 Reaction towards triflate and tosylate transformation of phenol 151. 

Epoxidation of 153 was tested under the same reaction conditions that were successfully 

applied to epoxidation of ketone 145. However, in this case, the reaction conditions led only to 

decomposition and deprotection of the hydroxy group (Scheme 3.12). When the phenol derivative 

151 was subjected to the same conditions, no reaction occurred. The synthesis of epoxide 154 was 
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therefore not further investigated in this work and the synthetic path was continued with 

bromide 147. 

 
Scheme 3.12 Test reaction towards a Corey-Chaykovsky epoxidation of 153. 

Next, the tethering of epoxide 147 with a suitable diene amine was explored. For this reason, 

furan 156 was chosen, as the use of furan derivatives in the Diels-Alder reaction with arynes is 

common in literature140 (Scheme 3.13). Furthermore, the furan scaffold exerts a higher stability 

compared to linear dienes. The two step procedure towards furan 156 is literature known and 

involves the formation of a carboxylic azide from the corresponding acyl chloride 155 with sodium 

azide under aqueous conditions.150 The following Curtius rearrangement is performed in tert-

butanol at reflux temperatures and enables an addition of tert-butanol to the isocyanate 

intermediate to give the Boc-protected amide 156 in 81% yield over 2 steps. 

 
Scheme 3.13 Synthesis of furan derivative 156. 

Additionally to diene 156, the syntheses of two enamine-based dienes with different N-protecting 

groups were also planned. The scaffold is shown in Figure 3.2. A proceeding Diels-Alder reaction 

with this type of diene would allow introduction of the methyl group at C9-position of NP1 and a 

protected hydroxy group at C8-position, and would therefore avoid late stage functionalization. 

 
Figure 3.2 Diene scaffold for the Diels-Alder reaction. 

First, the synthesis of N-Boc-protected diene 160 was examined (Scheme 3.14, a). Enamine 158 

was synthesized in two steps from allyl amine (157).151 Boc-protection of ally amine (157) was 

conducted with di-tert butyl dicarbonate in acetonitrile within 3 h. Migration of the double bond 

with a ruthenium-hydride catalyst gave enamine 162 in 80% yield over two steps. 

 In general, enamines can be acylated with acid halides.152 When enamine 158 was subjected 

to methoxyacetyl chloride in presence of one equivalent of triethylamine for ketene generation, no 

transformation of the starting material 158 was observed by NMR spectroscopy. 
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Scheme 3.14 Investigation of amine diene synthesis.  

For the reaction sequence towards diene 165 (Scheme 3.14, b), piperidine (161) and 

propionaldehyde were reacted under basic conditions following a procedure by Wu and coworkers 

to form enamine 162.153 Enamine 162 was then reacted with methoxyacetyl chloride in presence 

of triethylamine to give ketone 163. Unfortunately, isolated ketone 163 was impure, but the yield 

was determined to 41% by 1H NMR spectroscopy. Attempts to convert ketone 163 to diene 165 via 

enolate formation and O-alkylation led only to deprotected aldehyde 164, which showed impurities 

even after purification attempts. Further reaction of aldehyde 164 with piperidine towards enamine 

165 was not carried out.  

The synthesis of linear dienes 160 and 165 was not successful and the investigations were 

continued with furan 156. As mentioned earlier, the desired Diels-Alder reaction can either proceed 

inter- or intramolecularly. The intramolecular Diels-Alder reaction is favored in this case. For this 

reason, the diene has to be tethered to the aromatic system. Furan 156 can be introduced to the 

system by nucleophilic epoxide opening of derivative 147 which should occur at the less hindered 

carbon.142 Therefore, amide 156 was deprotonated with one equivalent sodium hydride. After gas 

evolution had ceased, epoxide 157 was added and stirred at 100 °C for 18 h. After aqueous work 

up, instead of amino alcohol 167, oxazolidinone 166 was identified as reaction product (Scheme 

3.15). 

 
Scheme 3.15 Test reaction for the nucleophilic epoxide opening. 
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Formation of 166 can be explained by an intramolecular attack of the alkoxide at the Boc-carbonyl 

group and cleavage of tert-butoxide. To prevent this reaction, amide 156 needs to be deprotected 

in advance. Since the free 2-furanamine (168) is not stable, the deprotection needs to be performed 

in situ. In general, deprotection of a Boc-protected amine is realized under anhydrous acidic 

conditions.154 Carbamate 160 was treated with boron trifluoride diethyletherate at 0 °C 

(Scheme 3.16). Gas evolution occurred. Epoxide 151 was added to the vessel and the reaction 

mixture was stirred for 3 h until the epoxide was consumed (TLC). Nevertheless, after aqueous work 

up, only decomposition of the starting materials was identified by 1H NMR. The same was observed 

when the reaction was carried out with trifluoroacetic acid for Boc deprotection.  

 
Scheme 3.16 Epoxide opening with in situ Boc-deprotection of the amine. 

Moreover, the use of an aldehyde should also circumvent the formation of a reactive alkoxide, 

which is formed after epoxide opening. Epoxide 147 was transformed to aldehyde 170 in a 

Meinwald rearrangement155 using boron trifluoride diethyletherate at 0 °C over 30 min in 88% yield.  

 
Scheme 3.17 Synthesis of aldehyde 170 in a Meinwald rearrangement. 

In situ Boc-deprotection of 156 with one equivalent of boron trifluoride and following addition 

of aldehyde 170 led to no conversion of the aldehyde, due to decomposition of the furan derivative 

(Table 3.2, entry 1). The use of p-toluenesulfonic acid with 156 and 170 afforded a signal in the NMR 

spectra that would indicate an imine formation, but no corresponding furan signals were detected 

(entries 2 and 3). Furthermore, purification attempts of the compound led to its decomposition. 

Table 3.2 Reaction of aldehyde 170 with carbamate 156. 

 
Entry Boc-Deprotection Reaction Conditions Product Comment 

1 BF3
.Et2O (1.0 equiv) Et2O, 0 °C, 3 h – decomposition of  156 

2 p-TsOH (0.1 equiv) toluene, 100 °C, 5 h – imine signals in NMR spectra 

3 p-TsOH (1.0 equiv) toluene, 100 °C, 5 h –  imine signals in NMR spectra 
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The use of a Diels-Alder reaction as key step did not seem to be a suitable choice after the 

presented initial investigations. Due to the 1,4-alkyl substitution pattern of the phenyl ring and the 

attached epoxide or aldehyde functionality the introduction of adequate substituents for later 

aryne formation is hindered. The strong basic conditions needed for the aryne formation of 

bromophenyl derivative would also interfere with other functional groups of the molecule, which 

makes an intermolecular Diels-Alder reaction path unfavorable as well.  

 

3.2.3 Synthetic Approach III – Bischler-Napieralski Reaction as Key Step 

As described earlier, an isoquinoline scaffold is incorporated in alkaloid NP1. An introduction 

of the desired substituents directly to isoquinoline is not possible, but instead, the generation of 

the (dihydro)isoquinoline scaffold in a Bischler-Napieralski or Pictet-Gams reaction seems to be an 

interesting approach. During this reaction substituents in 1-, 4- and 7-position of the resulting 

isoquinoline could be set up at once (Scheme 3.18).  

Starting from 1,4-dialkylated phenyl building block 175, a following introduction of the amide 

would enable the methyl-groups in the desired positions after ring closure to isoquinoline 173. The 

stability of the aromatic isoquinoline scaffold should enable a late stage acylation for the formation 

of the tricycle.  

 
Scheme 3.18 Retrosynthetic analysis of NP1 with isoquinoline scaffold formation. 

4-Methylacetophenone (144) serves as starting material for this synthetic path. To accomplish 

a connection of 1,4-dioxo residue 176 to phenyl derivative 175, as presented in the retrosynthetic 

analysis, epoxide 177 and aldehyde 178 were synthesized (Scheme 3.19). Epoxide 177 was 

accessible in a Corey-Chaykovsky reaction with trimethylsulfonium iodide and sodium hydride in 

89% yield. Treatment of 177 with boron trifluoride diethyletherate afforded aldehyde 178 in 64% 

yield via a Meinwald rearrangement.  
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Scheme 3.19 Synthesis of epoxide 177 and aldehyde 178. 

Epoxide 177 has to be converted to an amino alcohol with the hydroxy group being at the 

tertiary carbon atom. This structural motif can be accomplished by attack of an azide and 

concomitant epoxide opening and a following reduction to the amino group. The applied reaction 

conditions, excess of sodium azide, ammonium chloride in MeOH at reflux temperatures, did not 

yield the desired azido alcohol 179 (Scheme 3.20). Instead, epoxide opening occurred at the higher 

substituted carbon giving azide 180 in 31% yield. Additionally ether 181 was isolated. Side 

product 181 was formed in an opening of the epoxide by methanol and was received in 33% yield. 

Yield of 180 was increased by a change of solvent from methanol to isopropanol. In this case, 

addition of isopropoxide as side reaction did not proceed. 

 
Scheme 3.20 Epoxide opening by sodium azide. 

The actual regiochemistry of the reaction product, 179 vs. 180, was identified after reduction 

of the azide group with Pd/C as catalyst under hydrogen atmosphere (Scheme 3.21). The amino 

alcohol 182 was isolated in 89% yield. NMR spectroscopic analysis of the amino alcohol showed 

doublets for the methylene protons at 3.65 ppm and 3.58 ppm, which were nearly the same shifts 

as observed for the methylene protons of the azido alcohol, exhibiting doublets at 3.70 ppm and 

3.61 ppm. Instead, a "highfield" shift is expected for the methylene protons with an amino group 

attached at the same C-atom compared to the azide. This indicated that the hydroxy group was 

located at the primary C-atom giving rise to structures 180 and 182. 

 
Scheme 3.21 Reduction of azide 180 to amino alcohol 182. 



Synthetic Strategies to Natural Compound NP1 

78 
 

1,2-Amino alcohols can be prepared in many different ways besides the opening of epoxides.156 

Fleming and Woolias published the formation of 1,2-amino alcohols in two steps by cyanation of a 

carbonyl functionality and consecutive reduction of the nitrile.157 This synthetic sequence was also 

reported by Malkov et al. for the conversion of acetophenone.158 The reaction of ketone 148 to 

cyanohydrin trimethylsilyl ether 183 was carried out with catalytic amounts of zinc iodide in neat 

trimethylsilyl cyanide at 60 °C and proceeded quantitatively. Cyanohydrin 183 was reduced with 

lithium aluminum hydride to give amino alcohol 184 in 81% yield (Scheme 3.22). The resonance 

shifts of the methylene protons for 184 at 3.08 and 2.01 ppm prove that amino alcohol 182, which 

resulted out of the epoxide opening and reduction of azide, was a different regioisomer.  

 

Scheme 3.22 Two-step synthesis of amino alcohol 184. 

To obtain the starting material for the cyclodehydration reaction, a succinic acid substituent 

was attached to the amino group via amide formation (Scheme 3.23). The amide synthesis of the 

methyl ester protected substituent was carried out with succinic acid monomethylester chloride 

and triethylamine, to neutralize formed HCl. The reaction proceeded smoothly and amide 185 was 

isolated in 81% yield. To receive carboxylic acid 186, amino alcohol was reacted with succinic 

anhydride. The reaction proceeded neat as well and amide 186 was isolated in 90% yield. The 

formation of succinimide was not observed in any amide preparation. 

 
Scheme 3.23 Amide formation with succinic acid derivatives.  

The Bischler-Napieralski reaction is a convenient method for the synthesis of 

3,4-dihydroisoquinolines by cyclodehydration of -phenethylamides.159 A modification thereof, the 

Pictet-Gams reaction, enables the formation of isoquinolines from 2-hydroxy phenethyl-

amides.159b, 160 The Pictet-Gams reaction requires a dehydration reagent, e.g. phosphoryl trichloride 

or phosphorus pentoxide. 2-Hydroxy phenethylamide 185 was subjected to Pictet-Gams reaction 

conditions (Scheme 3.24). Neither the use of phosphorus pentoxide in xylene at reflux 

temperatures nor the use of phosphoryl trichloride in acetonitrile afforded the expected 
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isoquinoline 187. In addition to undefined decomposition compounds, succinimide isomers 139 and 

139b were isolated in low yields (20 – 40%).  

 
Scheme 3.24 Reaction of amide 185 under Pictet-Gams reaction conditions. 

Amide 186 was also subjected to phosphorous pentoxide in decalin at reflux temperatures and 

was consumed within 2 h (Scheme 3.25). In this case, the formation of succinimide 139 was not 

observed. Still, isoquinoline 188 was only obtained in traces.  

 
Scheme 3.25 Reaction of amide 186 under Pictet-Gams reaction conditions. 

To investigate whether the carboxylic acid moiety inhibits a successful cyclodehydration 

reaction towards the isoquinoline, N-acetamide 189 was synthesized from amino alcohol 184 with 

acetic anhydride in 56% yield (Scheme 3.26). Amide 189 was heated to reflux in decalin and 

phosphorus pentoxide was added. Basic aqueous work up and extraction yielded a residue that 

showed mainly decomposition compounds in the NMR spectra. Resonances that indicate the 

presence of isoquinoline 190 were only identified as minor integrals. Isoquinoline 190 could not be 

isolated from the compound mixture via column chromatography.  

 
Scheme 3.26 Synthesis of N-acetamide 189 and test reaction towards cyclodehydration to isoquinoline 190. 

Reported mechanistic proposals of the Pictet-Gams reaction describe the formation of an 

oxazoline-derivative, which is then converted to the isoquinoline scaffold.161 The formed oxazoline 

is stable and can be isolated, but was not observed in these cases. Furthermore, it is described that 
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the side-chain dehydration occurs prior to the cyclization, since unsaturated amides were isolated 

before. Moreover, almost all accessible examples of Pictet-Gams reactions incorporate a secondary 

carbinol. An additional methyl-group and thereby a tertiary carbinol, as in compounds 185, 186 and 

189, probably slows down the reaction rate, due to a higher stabilization of the cation. This may 

favor the occurrence of different side reactions leading to decomposition of the starting material.  

To circumvent the non-proceeding Pictet-Gams reaction and to examine, if the formation of a 

benzylic cation during the dehydration reaction of the alkyl side chain explains the unsuccessful 

reaction, a Bischler-Napieralski was envisioned with a following oxidation to the isoquinoline 

scaffold. Therefore, amide 194 was synthesized in three steps starting from p-toluene acetonitrile 

(191) (Scheme 3.27). Compound 191 has acidic protons in -position to the cyanide. The synthesis 

of monosubstituted nitrile 192 was carried out by deprotonation with sodium hydride and addition 

of methyl iodide following a procedure by McLeod and coworkers.162 The monosubstituted product 

was received in 66% yield. 

 
Scheme 3.27 Synthesis of amides 194 and 195 as starting materials for the Bischler-Napieralski reaction.  

Reduction of the nitrile group with lithium aluminum hydride yielded amine 193 in 95% yield. 

Analogously to the synthesis of amide 186, amide 194 was synthesized by reaction of amine 193 

with succinic anhydride. Amide 194 was received in 95% yield. Fischer esterification with catalytic 

amounts of concentrated sulfuric acid in methanol afforded a conversion of carboxylic acid 194 to 

methyl ester 195 within 26 h in 91% yield. 

Both amides, 194 and 195, were tested in a Bischler-Napieralski reaction with excess of 

phosphoryl chloride in acetonitrile at reflux temperatures (Scheme 3.28). Whereas the compound 

that incorporates a carboxylic acid moiety did not afford the dihydroisoquinoline 196 in various 

attempts, a methyl ester protection enabled the synthesis of dihydroisoquinoline 197 in 97% yield 

within 2 h. Protection as carboxylic acid ester is therefore essential. The successful Bischler-

Napieralski reaction of amide 195 supports the assumption that a methyl group in -position to the 

amide functionality mechanistically disfavors a Pictet-Gams reaction of amides 185 and 189.  
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Scheme 3.28 Bischler-Napieralski reaction of amides 194 and 195. 

The cyclization of dihydroisoquinoline 197 to the tricycle 198 was tested under different acidic 

conditions to achieve a direct acylation of the aromatic system (Scheme 3.29). After use of 

trifluoromethanesulfonic acid in excess at r.t., starting material 197 was mainly reisolated (60%). 

Formation of tricycle 198 was not observed. Stirring of 197 in 65% sulfuric acid at 100 °C afforded 

decomposition of the starting material within 1.5 h. Polyphosphoric acid at 100 °C afforded after 

aqueous work up the isolation of the carboxylic acid 194. 

 
Scheme 3.29 Cyclization attempts to tricycle 198. 

Carboxylic acid methyl ester 197 was deprotected to carboxylic acid 196 with concentrated 

hydrochloric acid at reflux temperatures in quantitative yield (Scheme 3.30). The following 

cyclization attempt with trifluoromethanesulfonic acid led to decomposition. Transformation of the 

carboxylic acid moiety to a carboxylic acid chloride and subsequent Friedel-Crafts acylation resulted 

in decomposition of the starting material as well. 

 
Scheme 3.30 Deprotection of carboxylic acid methyl ester 197 and cyclization attempt. 

The high decomposition rate of 196 under various conditions may be reasoned by the rather 

labile imine moiety of the dihydroisoquinoline. Therefore, dehydrogenation to isoquinoline 199 was 

tested with different oxidizing agents and reaction conditions (Table 3.3). However, the standard 
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oxidizing agents Pd(0) or DDQ led rather to decomposition of the starting material, then product 

formation (Table 3.3, entries 2 – 4). Reaction of dihydroisoquinoline 197 and sulfur at 165 °C was 

also investigated (entry 5). After one hour, the reaction mixture was cooled to r.t., diluted with 

dichloromethane, filtered and concentrated. A 1H NMR spectrum of the residue showed minor 

signals characteristic for a C1 and C4 substituted isoquinoline scaffold (s at 8.1 ppm) and, 

additionally, signals that indicated a decomposition of the material. The use of a Cu(II)-species did 

not affect dihydroisoquinoline 197, which was reisolated (entry 6). Manganese dioxide afforded 

solely decomposition of the starting material (entry 7).  

Table 3.3 Dehydrogenation of dihydroisoquinoline 197.  

 

Entry Oxidizing Agent (equiv) Reaction Conditions Comment 

1 – MeOH, r.t., 48 h reisolation 197 

2 Pd/C (0.1) o-xylene, reflux, 3 h decomposition 

3 Pd/C (0.2) 130 °C, 1 h decomposition 

4 DDQ (1.0) dioxane, reflux, 4 h decomposition 

5 S8 (0.5) 165 °C, 1 h traces 199, decomposition 197 

6 Cu(OAc)2 (2.0) NEt3 (1.0 equiv), CH2Cl2 reisolation 197 

7 MnO2 (5.5) Na2SO4, toluene, reflux, 24 h decomposition 

 

Isoquinoline 199 was not accomplished in several dehydrogenation attempts of 

dihydroisoquinoline 197. Therefore, an acylation of the C8-position could not be investigated with 

this compound. The synthetic path was therefore reconsidered bringing up a different order of the 

transformations as discussed in the following. 
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3.2.4 Synthetic Approach IV – Macrolactamization as Key Step 

To avoid a substitution at the C8-position of the dihydroisoquinoline 197, a reverse order of 

reaction steps, meaning first acylation followed by a Bischler-Napieralski reaction to form the 

tricycle, would be advantageous. In 2008, Larghi and Kaufman published a combined Ring-Closing 

Metathesis/Bischler-Napieralski strategy towards the synthesis of the carbon skeleton of 

excentricine (Scheme 3.31).163  

 
Scheme 3.31 Combined Ring-Closing Metathesis/Bischler-Napieralski strategy published by Larghi and 
Kaufman.163 

During the Ring-Closing Metathesis a 14-membered macrocyclic lactam was formed, which was 

then transformed to a tricycle under standard Bischler-Napieralski reaction conditions.  

 If the approach published by Larghi and Kaufman is transferred to this project a 10-memberred 

macrocyclic lactam is required, which will be, due to the meta-substitution pattern of the 

incorporated phenyl ring, more challenging to synthesize (Scheme 3.32). The formation of the 

macrolactam via a Ring-Closing Metathesis can be excluded, as possible C-C-bond formations would 

require the starting materials 201 and 202. Both alkene moieties of diene 201 would be electron 

deficient. For this reason, an olefin metathesis between those two alkenes would not proceed. In 

comparison, styrene derivative 202 would probably undergo olefin metathesis, but instead 

preparation of the diene will be challenging. Styrene moieties are prone to polymerize, which 

complicates the introduction of the dioxo-substituent and amide formation.  

Besides a metathesis reaction, lactam 200 could be generated in a macrolactamization 

reaction. Macrolactamization is a standard process in the synthesis of macrocycles and is mostly 

used for the synthesis of cyclic peptides.164   
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Scheme 3.32 Required macrocyclic lactam 200 for the synthesis of tricycle 198. 

Substituted phenyl-derivative 203 incorporates the scaffold of amine 193, which was synthesized 

from nitrile 191. Nitrile 191 was used to develop reaction conditions for the Friedel-Crafts acylation 

with succinic anhydride (Table 3.4). Due to steric reasons, substitution was expected to occur in 

ortho-position to the methyl group. Aluminum chloride was chosen as Lewis acid. The use of two 

equivalents of aluminum chloride did not provide a conversion and the starting material 191 was 

completely reisolated (Table 3.4, entry 1). In a different trial, the temperature was raised to reflux, 

but the starting material 191 was again reisolated. A possible reason for this can be a complexation 

of the nitrile functionality by two molecules of aluminum chloride.165 Succinic anhydride may not 

be activated for reaction. 

Table 3.4 Friedel-Crafts acylation of p-tolylacetonitrile (191). 

 

Entry AlCl3 (equiv) Reaction Conditions Yield 204 (%) 

1 2 DCE, r.t., 20 h –a 

2 2 DCE, reflux, 20 h –a 

3 4 CH2Cl2, r.t., 20 h 76 

4 4 DCE, reflux, 20 h 50 
              a Starting material 191 reisolated.  
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Addition of four equivalents of aluminum chloride to the starting materials in dichloromethane at 

r.t. provided ketone 204 in 76% yield (entry 3). An increase of temperature with constant 

equivalents of aluminum chloride reduced the yield of 204 to 50% (entry 4).  

The reaction conditions were transferred to nitrile 192 (Scheme 3.33). Reaction of phenyl 

derivative 192 with succinic anhydride and four equivalents of aluminum chloride at room 

temperature yielded ketone 205 in 72% yield. Moreover, the use of four equivalents aluminum 

chloride seemed to be crucial. A decrease to three equivalents reduced the yield of 205 and, 

additionally, afforded reisolation of starting material 192 up to 70%. The ketone functionality of 

205 was protected as dimethyl ketal in refluxing trimethyl orthoformate and with catalytic amounts 

of para-toluenesulfonic acid. After 6 h, solely methyl ester 206 was isolated in 90% yield. With a 

reaction time of 36 h, ester and acetal protection were achieved. Ketal 207 was isolated in 48% 

yield. The moderate yield is explained with the low stability of the acetal as it easily hydrolyzed. 

 

Scheme 3.33 Friedel-Crafts acylation of 192 with succinic anhydride and acetal/ester protection.  

To test if an additional acetal protection step can be omitted, reduction of the nitrile group was 

initially tested with the unprotected compound 205 (Table 3.5) Use of sodium borohydride with 

nickel chloride decomposed the starting material (Table 3.5, entry 1). Reaction of 205 in a Parr-

hydrogenator at 40 psi hydrogen pressure and catalytic amounts of Pd/C afforded an inseparable 

compound mixture after removal of solvent (entry 2). Here, esterification products were identified 

in the NMR spectra, resulting from a reaction in hydrochloric ethanol. When the solvent mixture 

was changed to MeOH/water, a mixture of amine 208 and defunctionalized compound 209 

together with starting material were isolated (entry 3). The Adams’ catalyst (PtO2) afforded the 

defunctionalized product 209 in 50% yield. Formation of desired product 208 was not detected 

(Table 3.5, entry 4). 
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Table 3.5 Reduction of nitrile 205. 

 

Entry Reducing Agent (equiv) Reaction Conditions Comment 

1 NiCl2 (0.5)/NaBH4 (7.0) MeOH, 0 °C, 1 h –a 

2b Pd/C (0.05) H2 (40 psi), HCl, EtOH, r.t.,  22 h 
inseparable 

compound mixturec 

3b Pd/C (0.05) H2 (50 psi), MeOH/H2O, r.t., 10 h 
reisolation 205 (60%), 

product mixture 
4b PtO2 (0.05) H2 (50 psi), MeOH/H2O, r.t., 17 h 209 (50%)d 

          a Decomposition of 205. b Reaction was carried out under hydrogen pressure with a Parr-hydrogenator. c Esterification      
occurred. d Impure, determined by 1H NMR.  

Because of a defunctionalization of ketone 205, the use of ketal protected 206 was necessary for a 

reduction of the nitrile functionality (Table 3.6). Use of Raney-Nickel catalyst with a solution of 

nitrile 206 in NH3/EtOH in a Parr-apparatus at 50 psi hydrogen pressure, afforded amine 210 in 30% 

yield (Table 3.6, entry 1). A change of catalyst to the Adams’ catalyst reduced the yield of amine 

210 to 20% (Table 3.6, entry 2). When the catalyst loading was raised from 5 mol% to 20 mol% and 

the reaction time was extended to 19 h, the yield of amine 210 was raised to 50% (entry 3).  

Table 3.6 Reduction of nitrile 206. 

 
Entry Reducing Agent (equiv) Reaction Conditions Product (yield) 

1a Ra-Ni (5) H2 (50 psi), NH3/EtOH, r.t., 25 h 210 (30%)b 

2a PtO2 (0.05) H2 (60 psi), MeOH/H2O, r.t., 10 h 210 (20%)b 

3a PtO2 (0.2) H2 (60 psi), MeOH/H2O, r.t., 19 h 210 (50%)c 

      a Reaction was carried out under hydrogen pressure with a Parr-hydrogenator.  
      b Impure. Yield determined by 1H NMR.  

Amine 210 was not obtained in pure form and only in moderate to low yields. For this reason, the 

synthetic route was not convenient enough and a protection of the amine-functionality of 193 

seemed to be desirable, as it would omit the nitrile reduction in presence of an ester- and ketone-

functionality (Scheme 3.34). 

Amine 193 was acetyl protected by stirring with one equivalent acetic anhydride in toluene. 

Hence, amide 211 was isolated in 99% yield. Friedel-Crafts acylation in ortho-position to the methyl 

group using three equivalents aluminum chloride and equimolar amounts of succinic anhydride 
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yielded ketone 212 in 85% yield. Deprotection of the amine was carried out in refluxing aqueous 

hydrochloric acid to afford aminium chloride 213 in 85% yield. 

 
Scheme 3.34 Synthesis of the primary aminium chloride 213 in three steps from amine 193. 

Aminium chloride 213 was subjected to macrocyclization (Table 3.7). DCC, HOBT and one 

equivalent triethylamine, for deprotonation of the aminium group, were mixed with 213 in 

dichloromethane (c = 0.2 M) (Table 3.7, entry 1). The solution turned blue within few minutes, but 

stirring was continued for 24 h. No substrate spot was observed with TLC even in polar solvents, 

aside from a spot at the start line. After aqueous work up and removal of the solvent, a blue solid 

was received, of which 2D HMBC NMR spectra showed cross peaks, indicating an amide formation. 

Nevertheless, the 1H NMR signals were broad and not defined. It can be assumed that an 

intermolecular amide formation and therefore polymerization occurred. The use of EDC with 

pyridine as solvent (c = 0.05 M) at r.t., afforded a red solid after removal of the solvent (Table 3.7, 

entry 2). Again, no defined signals were visible in the NMR spectra, the TLC showed only a spot at 

the starting point, and no product mass was identified via GC-MS. When high dilution conditions 

were applied to the reaction, no change of color occurred, but still no product was isolated after 

work up and column chromatography (Table 3.7, entries 3 and 4). 

Table 3.7 Macrolactamization of amino acid 213. 

 

Entry Reagents (equiv) Reaction Conditions Comment 

1 DCC (1.2), HOBT (1.0), NEt3 (1.0) CH2Cl2 (0.2 M), r.t., 24 h polymerization 

2 EDCxHCl (1.5), pyridine (excess) r.t., 20 h polymerization  

3 EDCxHCl (2.0), HOBT (2.0), NEt3 (1.0) DMF (0.01 M), r.t., 22 h no reaction 

4 EDCxHCl (1.0), 4-DMAP (0.2), NEt3 (12) CH2Cl2 (0.01 M), r.t., 20 h no reaction 
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The formation of the desired macrolactam was not achieved. Either polymerization occurred 

or, under high dilution conditions, no reaction proceeded. This indicates that the meta-substitution 

pattern at the phenyl ring disfavors a vicinity of both functional groups for a successful reaction. 

The synthetic route was therefore not further investigated and the focus was put on the synthesis 

of the skeleton of the natural alkaloid. 

 

3.3 Synthetic Approaches to the 7H-Benzo[de]quinolin-7-one Scaffold 

Besides the synthesis of the natural alkaloid NP1, the synthesis of its unprecedented skeleton 

S1 was also planned.  

The synthetic route should enable the formation of the 7H-benzo[de]quinolin-7-one skeleton 

(S1), but also, by use of substituted starting materials, the synthesis of the alkaloid NP1 or unnatural 

derivatives thereof. Since a total synthesis of the alkaloid NP1 remains incomplete.  

The 7H-benzo[de]quinolin-7-one scaffold may be generated from isoquinoline (215) and 

acrylate 216 in a coupling reaction to afford substituted isoquinoline 214. Acylation would generate 

benzoquinolinone scaffold S1 (Scheme 3.35). In general, electrophilic aromatic substitutions of 

isoquinolines occur rather at the benzene ring in C6- and C8-position than at its incorporated 

pyridine ring, which is less reactive.  

 
Scheme 3.35 Retrosynthetic analysis of the 7H-benzo[de]quinolin-7-one scaffold (S1). 

The synthesis of building block 214 can be achieved in a Pd-catalyzed coupling reaction via C-H 

activation. Wen et al. published a ligand-free palladium-catalyzed C2-selective oxidative coupling 

reaction of pyridines with olefins with Pd(OAc)2 as catalyst, Ag2CO3 as oxidizing agent and pivalic 

acid.166 Furthermore, they reported the olefination of isoquinoline with n-butyl acrylate in 64% 

yield. The olefination occurred in a 5:1 ratio in C1- and C3-position. When this reaction was carried 

out following the procedure by Wen et al.166, C1-alkenylated isoquinoline 217 was repetitively 

received in 10% yield together with the C3-alkenylated coupling product 218 in 10% yield 

(Scheme 3.36). 
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Scheme 3.36 Palladium catalyzed olefination reaction of isoquinoline (215) with butyl acrylate. 

In 2009, Wu et al. described a palladium catalyzed cross-coupling reaction of quinoline- and 

isoquinoline-N-oxides.167 The introduction of the functional group occurs in ortho-position to the 

nitrogen atom. Herein the N-oxide exerts an inducing and oxidizing function, so no external oxidant 

is needed. For the coupling of isoquinoline an excess of ethyl acrylate and Pd(OAc)2 as catalyst in 

NMP is used at 110 °C under aerobic conditions. Wu et al. received the C1-alkenylated product in 

67% yield.167     

Oxidation of isoquinoline (215) was carried out with mCPBA in 79% yield following a procedure 

by Lakshman and coworkers (Scheme 3.37).168 The cross-coupling reaction of N-oxide 219 with 

n-butyl acrylate was carried out using the reaction conditions published by Wu et al.167 However, 

the yield of 16% for 217 deviated repetitively from the literature yield to over 50%. The reaction 

was repeated with ethyl acrylate, as reported by Wu, but again coupling product 217b was received 

in 13% yield.  

 
Scheme 3.37 Synthesis of alkenylated isoquinoline 217. 

Saponification of butyl ester 217 with potassium hydroxide in methanol afforded carboxylic 

acid 220 in 92% yield (Scheme 3.38).  

 
Scheme 3.38 Saponification of carboxylic acid butyl ester 217 to carboxylic acid 220. 
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In general, acylation reactions with carboxylic acids can be achieved under strong acidic 

conditions. When isoquinoline 220 was stirred in polyphosphoric acid at 120 °C for 24 h, no 

conversion of the starting material occurred (Table 3.8, entry 1). The starting material was also 

completely reisolated after stirring in methanesulfonic acid at 60 °C (entry 2). Transformation of 

the carboxylic acid 220 to an anhydride and subsequent addition of aluminum chloride afforded as 

well reisolation of the starting material. 220 is stable under strong acidic conditions, but a 

cyclization did not proceed.  

Table 3.8 Acylation of isoquinoline 220. 

 

Entry  Reaction Conditions Comment 

1  PPA, 120 °C, 24 h reisolation 220 

2  MsOH, 60 °C, 5 h reisolation 220 

3  
1.) AcCl, r.t., 2 h 

2.) AlCl3, DCE, r.t., 24 h 
reisolation 220  

 

Since no isomerized (Z)-alkene was observed after work up of the acylation attempts it was 

investigated whether the (E)-configuration of the alkene moiety prevents an acylation. Therefore, 

the (Z)-alkene had to be synthesized. Selective formation of the (Z)-isomer can be accomplished by 

reduction of an alkyne under Lindlar conditions with Pd/CaCO3.  

To synthesize the desired alkynylated isoquinoline, N-oxide 219 was chlorinated in C1-position 

with excess of phosphoryl chloride in accordance to a procedure published by Cortright and 

Johnston.169 Chloride 221 was received in 62% yield and converted to iodide 222 in 76% yield. The 

halogen displacement was carried out with in situ generated trimethylsilyl iodide in refluxing 

propionitrile following a procedure by Schlosser and Cottet.170 

 
Scheme 3.39  Synthesis of chloride 221 and iodide 222.  

Alkynylation of the halogenated isoquinoline was performed in a Sonogashira coupling reaction 

(Table 3.9). The coupling reaction of propargylic alcohol with iodide 222 and a Pd(PPh3)2Cl2/CuI 

catalytic system in toluene afforded alkyne 223 in 10% yield (Table 3.9, entry 1). The use of chloride 

220 under the same reaction conditions afforded 223 in 20% yield (entry 2). When triethylamine 

was used in excess without additional solvent, the yield was increased to 40% (Table 3.9, entry 3).  
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Table 3.9 Sonogashira coupling reaction of halogenated isoquinoline and propargylic alcohol. 

 

Entry R  
Alkyne 
(equiv) 

Catalytic System 
[mol%] 

Base (equiv) Reaction Conditions 
Yield 

223 [%] 

1 I 1.2 
Pd(PPh3)2Cl2 (2) 

CuI (5) 
Hünig’s base 

(1.5) 
toluene, 80 °C, 24 h 10 

2 Cl 1.2 
Pd(PPh3)2Cl2 (2) 

CuI (5) 
Hünig’s base 

(1.5) 
toluene, 80 °C, 24 h 20 

3 Cl 1.2 
Pd(PPh3)2Cl2 (2) 

CuI (5) 
NEt3 (11.0) 80 °C, 20 h 40 

4 Cl 1.5 
Pd/C (3), PPh3 (20), 

CuI (5) 
NEt3 (2.0) H2O, 80 °C, 20 h 52 

5 Cl 1.5 
Pd/C (3), PPh3 (15), 

CuI (5) 
NEt3 (2.0) 

TBAB (0.5 equiv), 
H2O, 70 °C, 9 h 

70 

 

Reddy et al. published a Pd/C-CuI-PPh3 catalyzed Sonogashira coupling reaction of 

2-chloroquinolines with terminal alkynes in water.171 The reaction conditions were applied to the 

reaction of propargylic alcohol and chloride 221, alkyne 223 was isolated in 52% yield (Table 3.9, 

entry 4). When phase transfer catalyst TBAB was additionally added to the reaction mixture, the 

yield was raised to 70% (entry 5).  

Alkyne 223 was hydrogenated in presence of Lindlar catalyst (Pd/CaCO3), without additional 

use of quinoline for further deactivation of the catalyst (Scheme 3.40). After 19 h under hydrogen 

atmosphere, (Z)-alkene 224 was isolated in 50% yield.  

 
Scheme 3.40 Hydrogenation of alkyne 223 and oxidation of the primary alcohol 224. 

Oxidation of alcohol 224 to carboxylic acid 220b was performed with the Jones Reagent within 3 h 

at 0 °C. (Z)-isomer 220b was received in 65% yield.  

Carboxylic acid 220b was subjected to polyphosphoric acid at 120 °C, but no acylation occurred 

(Scheme 3.41). Reaction with methanesulfonic acid afforded no acylation as well. An attempt to 

convert carboxylic acid 220b to acid chloride 225 by use of oxalyl chloride and catalytic amounts of 

DMF afforded decomposition of the isoquinoline scaffold as observed in the NMR spectra. 
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Scheme 3.41 Acylation attempts of carboxylic acid (Z)-alkene 220b. 

In a last synthetic attempt, synthesis of carboxylic acid 220b with a saturated side chain was 

planned to exclude side reactions during the acetyl chloride formation with the -unsaturated 

moiety. For this purpose, phenethylamine (226) was acetylated with acetyl chloride in presence of 

triethylamine.172 Amide 227 was received in 92% yield and cyclized in a Bischler-Napieralski reaction 

by stirring in polyphosphoric acid at 180 °C to dihydroisoquinoline 228 in 83% yield. The reaction 

temperature of 180 °C was essential for the reaction. Already at 160 °C reaction temperature, no 

conversion of the amide occurred even at reaction times above 8 h.172 

 
Scheme 3.42 Synthesis of dihydroisoquinoline 228. 

Dihydroisoquinoline 228 was oxidized to the isoquinoline, prior to alkylation of the methyl group 

(Table 3.10). Dehydrogenation of dihydroisoquinoline with DDQ in xylene at reflux temperatures 

led to decomposition of the starting material (Table 3.10, entry 1). A slurry of 228 and Pd/C at 130 °C 

afforded literature known isoquinoline 229173, and tetrahydroisoquinoline 230 in 29% yield 

(entry 2). Finally, pure isoquinoline 229 was obtained in 96% yield from the reaction with diphenyl 

disulfide in tetralin at 200 °C (Table 3.10, entry 3).  

Table 3.10 Dehydrogenation of dihydroisoquinoline 228. 

 

Entry Oxidizing Agent (equiv) Reaction Conditions Yield 229 [%] Yield 230 [%] 

1 DDQ (5) toluene, reflux, 4 h – – 

2 Pd/C (0.1) 130 °C, 1 h  62 29 

3 Ph2S2 (1.2) tetralin, 200 °C, 20 h 96 – 
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The methyl group has acidic protons, which can be deprotonated with a strong base. 

Deprotonation and a substitution reaction with a -halogenated acetic acid derivative would afford 

isoquinoline 231. Reaction of 229 was tested with two equivalents of LDA as non-nucleophilic base. 

The electrophiles bromoacetic acid and bromoacetic acid methyl ester were used (not shown). 

Whereas no product formation occurred for the methyl ester, carboxylic acid 231 was obtained in 

20% from reaction with bromoacetic acid. Deprotonation of bromoacetic acid with lithium hydride 

prior to addition to the nucleophile raised the yield to 74% (Scheme 3.43).  

 
Scheme 3.43 Side chain extension of 229 to carboxylic acid 231.  

With carboxylic acid 231 in hand, the acylation was tested under known conditions (Table 3.11). 

Stirring in polyphosphoric acid at 120 °C, brought no conversion of 231 (Table 3.11, entry 1). For 

this reason, the isoquinoline carboxylic acid 231 was stirred for 10 h at 200 °C in polyphosphoric 

acid. Nevertheless, the starting material was isolated to 60% after basic aqueous work up (entry 2). 

Thorough extraction did not afford any material indicating the formation of tricycle 232. The use of 

an AlCl3/POCl3-mixture was published as an efficient acylating agent.174 When the reaction 

conditions were transferred to the reaction of 231, mainly starting material 231 together with 

decomposition material were isolated, as detected in the NMR spectra (entry 3). 

Table 3.11 Acylation attempts of carboxylic acid 231. 

 

Entry Reagent Reaction Conditions Comment 

1 PPA 120 °C, 1 h reisolation 231 (80%) 

2 PPA 200 °C, 10 h reisolation 231 (60%) 

3 
POCl3 (16.0 equiv) 
AlCl3 (3.0 equiv) 

r.t., 6 h 
reisolation 231 (70%) 

decomposition compounds 

4 POCl3 (16.0 equiv) 
AlCl3 (3.0 equiv) 

reflux, 6 h 
 reisolation 231 (50%) 

decomposition compounds 

5 1.) SOCl2 
2.) PPA 

1.) r.t., 2 h 
2.) 80 °C, 2 h 

decomposition 

6 SOCl2 r.t., 2 h decomposition  

 

The same reaction conditions at reflux temperatures afforded a decrease in reisolated starting 

material, but no product formation was observed (Table 3.11, entry 4). Formation of the acid 
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chloride was conducted with thionyl chloride at r.t. Excess of thionyl chloride was evaporated after 

2 h and the crude directly mixed with polyphosphoric acid and stirred for 2 h at 80 °C. After work 

up, only resonances indicating a decomposition of the substrate were identified in the NMR spectra 

(Table 3.11, entry 5). The acid chloride formation was repeated. After evaporation of thionyl 

chloride, the decomposition of the starting material was determined (Table 3.11, entry 6).  

A direct ring closure to generate a tricyclic scaffold of either isoquinoline carboxylic acid 220 or 

carboxylic acid 231 was not achieved. Due to the instability of the scaffold during acid chloride 

formation out of carboxylic acids 220 and 231, the corresponding acid chloride was not obtained, 

and a subsequent ring closure to tricycle 232 via a Friedel-Crafts reaction could not be tested. 

Comparing all tested synthetic approached towards alkaloid NP1 and its skeleton S1, the synthetic 

route involving the formation of the isoquinoline scaffold via a Bischler-Napieralski reaction still 

seems to be the most promising, especially for the introduction of the methyl groups. However, 

because of unforeseen difficulties in the ring closing acylation reaction, the tricycle was not 

achieved under the so far tested reaction conditions. Due to time reasons the project could not be 

further investigated.    
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4 Summary  

The investigation of new synthetic methods is essential for the discovery of novel substrate 

classes. Additionally, the continuing isolation of natural products and their total syntheses enables 

also access to unprecedented compound families. The compounds may possess new biological 

modes of action and with this give rise to novel pharmacophores.  

This thesis consists of two independent parts. The methodology part includes investigations 

concerning the [2+2+2] cycloaddition reaction. The total synthesis part involves investigations of 

the first synthetic route towards a novel benzoisoquinolinone-based natural compound.  

 

4.1 [2+2+2] Cycloaddition 

4.1.1 Synthesis of Precursors 

In this part, the [2+2+2] cycloaddition of (hetero)-enediynes towards spirocyclic heterocycles was 

investigated. Precursors for the envisioned spirocyclic compounds 103 and 106 were identified 

(Scheme 4.1) and synthetic routes were developed. The synthesis of (hetero)-enediynes was 

accomplished in few steps starting from commercially available, inexpensive compounds. 

 
Scheme 4.1 Spirocyclic compounds accessible via [2+2+2] cycloaddition of (hetero)-enediynes 52 and 74.  

Iminediyne 52 was synthesized starting from tetrahydrofurfuryl chloride (57) (Scheme 4.2). 

Elimination reaction, protection of the terminal alkyne and substitution of the hydroxy group 

afforded iodide 60. Alkyne 62 was alkylated with 60 to generate diyne 67. Deprotection and 

transformation to the amine 53 and subsequent reaction with cyclopentanone afforded 

iminediyne 52. Synthesis of iminediyne 52 was achieved in 29% overall yield with a longest linear 

sequence of 10 steps. Furthermore, two differently substituted iminediynes were synthesized. 
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Scheme 4.2 Synthesis of iminediyne 52 from tetrahydrofurfuryl chloride (57) in 29% yield over 10 steps. 
Conditions: 1.) a) n-BuLi (3.1 equiv), THF, -78 °C – r.t., 7 h, 93%; b) n-BuLi (2.1 equiv), TMSCl (3.0 equiv), THF, 
-78 °C – r.t., 15 h; 1 M HCl, r.t., 30 min, 91%; c) PPh3 (2.0 equiv), I2 (2.0 equiv), imidazole (3.0 equiv), CH2Cl2, 
10 °C – r.t., 3 h, 81%. 2.) d) 2,3-DHP (1.2 equiv), p-TsOH (0.1 equiv), CH2Cl2, r.t., 5 h, 79%. 3.) e) n-BuLi (1.05 
equiv), THF, -78 °C – reflux, 24 h, 73%; f) H2SO4 (cat.), MeOH, r.t., 2 h, 98%; g) K2CO3 (2.0 equiv), MeOH, r.t., 4 
h, 98%; h) MsCl (1.4 equiv), NEt3 (1.6 equiv), CH2Cl2, 0 °C – r.t., 3 h, quant.; i) NaN3 (2.0 equiv), DMF, 60 °C, 2 
h, 93 %; j) PPh3 (1.2 equiv), H2O (1.2 equiv), THF, r.t., 6 h, 83%; k) cyclopentanone (1.0 equiv), CH2Cl2, MS, r.t., 
22 h, 79%. 

The synthesis of enediyne 74 was accomplished in five steps starting from 5-bromovaleric acid 

(89) (Scheme 4.3). Synthesis of phosphonium bromide 90 followed by a Wittig reaction afforded 

alkene 91. Reduction and Appel reaction yielded iodide 94. Monoalkylation of 1,7-octadiyne with 

iodide 94 gave enediyne 74 in 43% overall yield over five steps. Besides enediyne 74, two more 

enediynes were synthesized. 

 
Scheme 4.3 Synthesis of enediyne 74 from bromovaleric acid (89) in 43% yield over five steps. Conditions: 
a) PPh3 (1.0 equiv), CH3CN, reflux, 22 h, quant.; b) cyclopentanone (1.0 equiv), KHMDS (2.8 equiv), THF, 40 °C, 
22 h, 71%; c) LiAlH4 (2.0 equiv), THF, 0 °C – r.t., 2 h, 98%; d) PPh3 (1.3 equiv), I2 (1.3 equiv), imidazole (2.0 
equiv), CH2Cl2, 0 °C – r.t., 6 h, 83%; e) 1,7-octadiyne (1.2 equiv), n-BuLi (1.2 equiv), THF, -78 °C – reflux, 25 h, 
75%. 

The chosen synthetic routes towards the (hetero)-enediynes allow a variation of the chain 

lengths and additionally, an introduction of different substituents to the alkyl chain.  
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4.1.2 Transition Metal-Catalyzed [2+2+2] Cycloaddition of Oxime Ethers and Diynes 

In this part of the thesis, a transition metal-catalyzed [2+2+2] cycloaddition of imine derivatives 

to diynes was investigated.  

The cycloaddition of oxime ethers to diynes is unprecedented and allows the formation of dienone 

oxime ethers when terminal and internal diynes are applied. The accessible scaffold is a versatile 

and important intermediate in synthetic organic or medicinal chemistry.  

The reaction conditions for the cycloaddition were thoroughly investigated with a model 

system consisting of 1,6-diyne 2 and oxime ether 26. Initially, several transition metal complexes 

were applied and the cationic Rh(cod)2BF4-complex achieved the best results in the cycloaddition. 

Thereupon different ligands were tested for the catalytic system. The reaction parameters solvent 

and temperature were optimized. Additionally, a prolonged addition time of the diyne and the use 

of oxime ether in excess turned out to be essential to suppress the side reaction, the self-coupling 

of the diyne and therefore enable high yields of the hetero-cycloaddition product. After 

identification of the optimized reaction conditions, the scope of the [2+2+2] cycloaddition was 

investigated (Scheme 4.4). 

 
Scheme 4.4 Scope of the [2+2+2] cycloaddition of oxime ethers and diynes.  

Different substituted diynes and oxime ethers were applied, affording the cycloaddition products 

in yields ranging from 10 – 88%. Terminal and internal diynes resulted in a dienone oxime ether 

scaffold, due to -hydride elimination. A 6-azaelectrocyclization did not proceed to form the 

dihydropyridine scaffold.  

Unexpectedly, the scope of this reaction turned out to be very limited. In several cases, only little 

to no yields were obtained due to the very reactive diene functionality in the cycloaddition product 

leading to subsequent self-reaction. Furthermore, a deactivation of catalyst occurred in various 

reactions due to minor amounts of these decomposition products.  

Additionally to the [2+2+2] cycloaddition of oxime ethers, the intramolecular [2+2+2] cycloaddition 

of the (hetero)-enediynes and the [2+2+2] cycloaddition of diynes with N-alkyl substituted imines 

was examined. Although the electrophilicity of N-alkyl substituted imines is slightly increased 

compared to oxime ethers, the cycloaddition of N-alkyl substituted imines with diynes did not 

proceed under any tested reaction condition. A missing directing effect of a neighboring 
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heteroatom probably accounts for that. The same was observed for the [2+2+2] cycloaddition of 

the iminediynes. 

 

4.2 Total Synthesis  

For this part of the thesis, a recently isolated natural alkaloid was chosen that is the first member 

of a novel substrate family (Figure 4.1). In initial investigations by Yu and coworkers, who also 

isolated the molecule from the roots of Alangium chinense, this compound showed activities 

against antioxidant activities against Fe2+-cysteine-induced rat liver microsomal lipid peroxidation.64 

However, due to its unprecedented scaffold, its biologic potential is nearly unexplored.  

 
Figure 4.1 Natural product and its unsubstituted 7H-benzo[de]quinolin-7-one skeleton. 

Synthetic routes towards a total synthesis of the alkaloid NP1 and the unsubstituted scaffold S1 

were investigated. 

 

4.2.1 7H-Benzo[de]quinolin-7-one Skeleton 

The retrosynthetic analysis for the synthesis of the skeleton S1 revealed an acylation reaction of 

the 1-substituted isoquinoline scaffold as most convenient method. Several synthetic pathways 

were investigated. Carboxylic acid 220 was synthesized from isoquinoline (215). Formation of the 

N-oxide, Pd-catalyzed olefination with butyl acrylate and saponification afforded 220 as (E)-isomer 

in 12% overall yield (Scheme 4.5). Ring closure of the (E)-isomer to tricycle S1 was not successful.  

 
Scheme 4.5 Synthetic routes towards skeleton S1. Conditions: a) mCPBA (1.0 equiv), CHCl3, reflux, 2 h, 79%; 
b) butyl acrylate (5.0 equiv), Pd(OAc)2 (5 mol%), NMP, 110 °C, 41 h, 16%; c) KOH (3.0 equiv), MeOH, H2O, r.t., 
7 h, 92%; d) POCl3 (3.0 equiv), CHCl3, reflux, 2 h, 62%; e) propargylic alcohol (1.5 equiv), Pd/C (3 mol%), PPh3 
(15 mol%), CuI (5 mol%), TBAB (0.5 equiv), H2O, 70 °C, 9 h, 70%; f) Pd/CaCO3 (5 mol%), H2, EtOH, r.t., 19 h, 
50%; g) CrO3 (1.2 equiv), conc. H2SO4, acetone, 0 °C, 3 h, 65%.  

The selective synthesis of (Z)-isomer 220 was accomplished from isoquinoline in five steps in 11% 

overall yield. Introduction of chloride in 1-position of isoquinoline, Sonogashira reaction, and 



Summary 

99 
 

selective hydrogenation to the cis-alkene afforded allylic alcohol 224, which was oxidized to 

carboxylic acid 220. However, even with (Z)-isomer 220 no cyclization to the alkaloid skeleton S1 

proceeded. 

Moreover, carboxylic acid 231 was synthesized from phenethylamine (226) via a Bischler-

Napieralski reaction in three steps in 57% overall yield (Scheme 4.6). Advantage of this synthetic 

path is the possibility of facile introduction of substituents at the desired positions. Acylation to the 

tricycle and subsequent oxidation would generate skeleton S1. Nevertheless, transformation to the 

tricycle was not successful. Plain acylation of carboxylic acid 231 afforded no reaction or partial 

decomposition. Formation of the acid chloride resulted in successive decomposition of the starting 

material. It was assumed that the neighboring N-atom evokes side reactions and therefor 

decomposition. 

 
Scheme 4.6 Synthetic route towards skeleton S1. Conditions: a) AcCl (1.0 equiv), NEt3 (1.5 equiv), CH2Cl2, 
0 °C – r.t., 20 h, 92%; b) PPA, 180 °C, 6 h, 83%; c) lithium bromoacetate (1.2 equiv), LDA (1.1 equiv), 
THF, -78 °C  – r.t., 20 h, 74%. 

 

4.2.2 Synthetic Approaches Towards the Natural Alkaloid  

The total synthesis of the natural compound NP1 was attempted in different synthetic approaches. 

Approaches involving a naphthoquinone intermediate or a Diels-Alder reaction as key step were 

not suitable. Instead, the approach including a Bischler-Napieralski or a Pictet-Gams reaction 

seemed to be promising to set up the isoquinoline scaffold with the substituents in the desired 

positions (Scheme 4.7). Amide formation comes along with introduction of the 1,4-dioxo 

substituent. The methyl substituent and the hydroxy species could be already introduced with this 

substituent and therefore avoid late stage functionalization.  

 
Scheme 4.7 Retrosynthetic analysis of the natural compound. Synthetic approach via Bischler-Napieralski 
or a Pictet-Gams reaction. 
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Starting material 186 for the Pictet-Gams reaction was accessible in three steps in 73% overall yield. 

Unfortunately, the isoquinoline scaffold 188 was only obtained in traces, due to occurring side 

reactions. Based on these results, amide 195 was synthesized and subjected to Bischler-Napieralski 

reaction conditions giving dihydroisoquinoline 197 in 53% yield over five steps. The following 

oxidation to isoquinoline 199 was only achieved in traces. The remaining steps towards the natural 

product would include the formation of the tricycle, oxidation, introduction of the methyl and the 

hydroxy group (Scheme 4.8).   

 
Scheme 4.8 Synthesis of isoquinoline derivatives 188 and 199 via a Pictet-Gams or a Bischler-Napieralski 
reaction respectively as key step in the synthetic path. The remaining transformations towards the natural 
product are shown in green. Conditions: 1.) a) TMSCN (1.0 equiv), ZnI2 (cat.), 60 °C, 7 h, quant.; b) LiAlH4 (1.2 
equiv), THF, 0 – 50 °C, 2 h, 81%; c) succinic anhydride (1.01 equiv), CH2Cl2, r.t., 22 h, 90%; d) P2O5 (10 equiv), 
decalin, reflux, 2 h, traces. 2.) e) NaH (1.1 equiv), MeI (1.1 equiv), DMF, 0 °C – r.t., 23 h, 66%; f) LiAlH4 (1.2 
equiv), Et2O, reflux, 4 h, 95%; g) succinic anhydride (1.01 equiv), THF, r.t., 20 h, 95%; h) H2SO4 (cat.), MeOH, 
r.t., 26 h, 91%; i) POCl3 (3.3 equiv), CH3CN, reflux, 2 h, 97% j) S8 (0.5 equiv), 165 °C, 1 h, traces.       

Although the Bischler-Napieralksi reaction provided good results, the low yields in the oxidation of 

the dihydroisoquinoline 197 disfavored this synthetic path. Furthermore, the observations gained 

in acylation to the tricycle towards the 7H-benzo[de]quinolin-7-one skeleton showed a late 

substitution to be problematic at this position of the aromatic system. A synthetic path involving 

the formation of macrolactam 200 and following tricycle formation via Bischler-Napieralski reaction 

was investigated (Scheme 4.9). 

 
Scheme 4.9 Retrosynthetic analysis with a macrolactam as key intermediate. 
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Aminium chloride 213 was synthesized in five steps in 42% overall yield. Several attempts to achieve 

a macrocyclization did not lead to formation of the macrolactam. Remaining steps after a successful 

macrolactamization would be ring closure via Bischler-Napieralski reaction, oxidation of the 

scaffold, introduction of the methyl and hydroxy group (Scheme 4.10).  

 
Scheme 4.10 Synthetic path with macrolactamization as key step. Conditions: a) NaH (1.1 equiv), MeI (1.1 
equiv), DMF, 0 °C – r.t., 23 h, 66%; b) LiAlH4 (1.2 equiv), Et2O, reflux, 4 h, 95%; c) Ac2O (1.0 equiv), toluene, 
r.t., 4 h, 99%; d) succinic anhydride (1.0 equiv), AlCl3 (3.0 equiv), CH2Cl2, r.t., 21 h, 79%; e) HCl, reflux, 6 h, 
85%.  
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5 Outlook 

5.1 [2+2+2] Cycloaddition 

Although the scope is rather limited, the rhodium-catalyzed [2+2+2] cycloaddition can be further 

investigated, may be leading to a one pot [2+2+2] cycloaddition/Diels-Alder reaction or at least a 

Diels-Alder reaction of the cycloaddition products to achieve more complex compounds and a 

certain stability of them.   

 

5.2 Total Synthesis 

The total synthesis of the natural compound is desirable. A synthetic path involving a Bischler-

Napieralski reaction still seems promising. Nevertheless, either the oxidation problem or the 

macrolactamization have to be overcome. Introduction of a substituted 1,4-dioxo moiety would 

avoid a late stage functionalization an exemplified in Scheme 5.1. 

 
Scheme 5.1 Possible synthetic path via macrolactamization with a modified 1,4-dioxo moiety.  

Once the total synthesis is completed, the compound can be investigated concerning its bioactivity. 

Furthermore, modifications of the natural alkaloid, as for example substitution of the methyl groups 

with electron donating or electron withdrawing groups or substitution of the hydroxy group with 

an amino or thiol group would be interesting to investigate (Figure 5.1) 

 

Figure 5.1 Possible modifications of the natural product.  
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6 Zusammenfassung 

Die Untersuchung neuer synthetischer Methoden stellt einen wichtigen und notwendigen 

Bestandteil zur Entdeckung neuer Substanzklassen dar. Des Weiteren ermöglichen die fortlaufende 

Isolierung von Naturstoffen und die folgenden Totalsynthesen jener, Zugang zu bisher unbekannten 

Substanzfamilien. Diese Substanzen können neue biologische Wirkweisen besitzen und damit 

Zugang zu neuen Pharmakophoren ermöglichen.  

Diese Dissertation besteht aus zwei voneinander unabhängigen Teilen. Der Methodik-Teil 

dieser Arbeit beschäftigt sich mit den Untersuchungen zur [2+2+2]-Cycloaddition. Der 

Totalsynthesen-Teil dieser Arbeit beinhaltet die Untersuchungen hinsichtlich möglicher 

synthetischer Wege, um einen neuen Benzoisochinolinon-basierten Naturstoff erstmals zu 

synthetisieren. 

  

6.1 [2+2+2]-Cycloaddition 

6.1.1 Synthese von Präkursoren 

In diesem Teil der Arbeit wurde die [2+2+2]-Cycloaddition von (Hetero)-Endiinen zur Synthese von 

spirocyclischen Heterocyclen untersucht. Präkursoren für die angestrebten spircyclischen 

Substanzen 103 und 106 wurden identifiziert (Schema 6.1) und Synthesewege entwickelt.   

Die Synthese der (Hetero)-Endiine wurde in wenigen Stufen, ausgehend von günstigen, kommerziell 

erhältlichen Substanzen, erreicht. 

 
Schema 6.1 Spirocyclen 103  und 106, die aus den (Hetero)-Endiinen 52 und 74 über eine [2+2+2]-
Cycloaddition zugänglich wären.  

Imindiin 52 wurde ausgehend von Tetrahydrofurfurylchlorid (57) synthetisiert (Schema 6.2). 

Eliminierungsreaktion, Schützen des gebildeten Alkins und Substitution der Hydroxygruppe 

ergaben Iodid 60. Diin 64 wurde durch Alkylierung von Alkin 62 mit Iodid 60 erhalten. Entschützung 

und Umsetzung zum Amin 53 ergaben durch anschließende Reaktion mit Cyclopentanon, 

Imindiin 52. Die Synthese des Imindiins 52 wurde in 29% Gesamtausbeute mit einer längsten 
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Synthesesequenz von 10 Stufen erreicht. Zusätzlich zu Imindiin 52 wurden noch zwei weitere 

Imindiine synthetisiert.  

 
Schema 6.2 Synthese des Imindiins 52 ausgehend von Tetrahydrofurfurylchlorid (57) in 29% 
Gesamtausbeute über 10 Stufen. Reaktionsbedingungen: 1.) a) n-BuLi (3,1 Äq), THF, -78 °C – RT, 7 h, 93%; b) 
n-BuLi (2,1 Äq), TMSCl (3,0 Äq), THF, -78 °C – RT, 15 h; 1 M HCl, r.t., 30 min, 91%; c) PPh3 (2,0 Äq), I2 (2,0 Äq), 
Imidazol (3,0 Äq), CH2Cl2, 10 °C – RT, 3 h, 81%. 2.) d) 2,3-DHP (1,2 Äq), p-TsOH (0,1 Äq), CH2Cl2, RT, 5 h, 79%. 
3.) e) n-BuLi (1,05 Äq), THF, -78 °C – Reflux, 24 h, 73%; f) H2SO4 (kat.), MeOH, r.t., 2 h, 98%; g) K2CO3 (2,0 Äq), 
MeOH, RT, 4 h, 98%; h) MsCl (1,4 Äq), NEt3 (1,6 Äq), CH2Cl2, 0 °C – RT, 3 h, quant; i) NaN3 (2,0 Äq), DMF, 60 
°C, 2 h, 93 %; j) PPh3 (1,2 Äq), H2O (1,2 Äq), THF, RT, 6 h, 83%; k) Cyclopentanon (1,0 Äq), CH2Cl2, MS, RT, 22 
h, 79%. 

Die Synthese von Endiin 74 wurde ausgehend von 5-Bromvaleriansäure (89) erreicht 

(Schema 6.3). Die Umsetzung zum Phosphoniumbromid 90 mit anschließender Wittig-Reaktion 

ergab Alken 91. Dieses wurde durch Reduktion und eine anschließende Appel-Reaktion in das 

Iodid 94 überführt. 1,7-Octadiin wurde mit 94 monoalkyliert und ergab Endiin 74 in einer 

Gesamtausbeute von 43% über fünf Stufen. Neben Endiin 74 wurden noch zwei weitere Endiine 

synthetisiert. 

 
Schema 6.3 Synthese des Endiins 74 ausgehend von 5-Bromvaleriansäure (89) in 43% Gesamtausbeute über 
fünf Stufen. Reaktionsbedingungen: a) PPh3 (1,0 Äq), CH3CN, Reflux, 22 h, quant.; b) Cyclopentanon (1,0 Äq), 
KHMDS (2,8 Äq), THF, 40 °C, 22 h, 71%; c) LiAlH4 (2,0 Äq), THF, 0 °C – RT, 2 h, 98%; d) PPh3 (1.3 Äq), I2 (1.3 Äq), 
Imidazol (2.0 Äq), CH2Cl2, 0 °C – RT, 6 h, 83%; e) 1,7-Octadiin (1.2 Äq), n-BuLi (1.2 Äq), THF, -78 °C – Reflux, 25 
h, 75%. 
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Die gewählten Synthesewege zur Darstellung der (Hetero)-Endiine ermöglichen eine 

synthetisch einfache Veränderung der Kettenlänge und zusätzlich eine Einführung verschiedener 

Substituenten an die Alkylkette.  

 

6.1.2 Übergangsmetall-Katalysierte [2+2+2]-Cycloaddition von Oximethern und Diinen  

In diesem Teil der Arbeit, wurde eine Übergangsmetall-katalysierte [2+2+2]-Cycloaddition von 

Iminderivaten an Diine untersucht. 

Die Cycloaddition von Oximethern an Diine ist bisher unbekannt. Sie ermöglicht die Bildung von 

Dienon-oximethern bei der Verwendung von terminalen und internen Alkinen. Das zugängliche 

Grundgerüst ist vielfältig einsetzbar und ein wichtiges Zwischenprodukt in der organisch 

synthetischen oder medizinischen Chemie. 

Die Reaktionsbedingungen für die Cycloaddition wurden ausführlich am Modelsystem, 

bestehend aus 1,6-Diin 2 und Oximether 26, untersucht. Anfangs wurden verschiedene 

Übergangsmetalkomplexe auf ihre Fähigkeit die Cycloaddition zu katalysieren, überprüft. Der 

kationische Rh(cod)2BF4-Komplex führte dabei zu den besten Ergebnissen. Anschließend wurden 

verschiedene Liganden in Kombination mit dem Rh-Komplex getestet. Des Weiteren wurden 

Reaktionsparameter wie Temperatur und Lösungsmittel optimiert. Zusätzlich stellte sich heraus, 

dass die Zugabe des Diins und eine überstöchiometrische Verwendung des Oximethers notwendig 

waren, um die Nebenreaktion, die Selbstkupplung des Diins, zu unterdrücken, um dadurch hohe 

Ausbeuten des Hetero-Cycloadditionsproduktes zu erzielen.  

Nach dem Auffinden der geeignetsten Reaktionsbedingungen, wurde die Einsatzbreite der 

[2+2+2]-Cycloaddition untersucht (Schema 6.4) 

 
Schema 6.4 Einsatzbreite der [2+2+2] Cycloaddition von Oximethern an Diine.  

Unterschiedlich substituierte Diine und Oximether wurden verwendet und ergaben die 

Cycloadditionsprodukte in Ausbeuten zwischen 10 – 88%. Terminale und interne Diine ergaben ein 

Dienon-oximether Grundgerüst, was auf eine -Hydrid-Eliminierung im Reaktionsverlauf 

zurückzuführen ist. Eine 6-Azaelektrocyclisierung, die zur Bildung der Dihydropyridine führen 

würde, lief für diese Substrate nicht ab.  
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Die Einsatzbreite der Reaktion erwies sich als unerwartet begrenzt. In mehreren Fällen wurden nur 

geringe oder gar keine Mengen an Produkt isoliert. Dies kann mit einer erhöhten Reaktivität der 

enthaltenen Dien-Einheit begründet werden, die zu ablaufenden Folgereaktion der Diene führt. Des 

Weiteren wurde vermehrt eine Deaktivierung des Katalysators beobachtet, die durch die 

Zersetzung geringster Mengen an Cycloadditionsprodukt hervorgerufen wurde. 

Zusätzlich zu der [2+2+2]-Cycloaddition von Oximethern wurde die intramolekulare Cycloaddition 

der (Hetero)-Endiine und die [2+2+2]-Cycloaddition von Diinen mit N-alkyl substituierten Iminen 

untersucht. Obwohl die N-alkyl substituierten Imine eine gering höhere Elektrophilie aufweisen als 

die Oximether, verlief unter den getesteten Reaktionsbedingungen keine Cycloaddition zwischen 

den N-alkyl substituierten Iminen und Diinen. Dies könnte u.a. auf einen fehlenden dirigierenden 

Effekt durch benachbarte Heteroatome zurückgeführt werden. Das Gleiche wurde für die 

[2+2+2]-Cycloaddition der Imindiine festgestellt.   

 

6.2 Totalsynthese  

Für diesen Teil der Doktorarbeit wurde ein kürzlich isoliertes Alkaloid ausgewählt, welches zugleich 

das erste Mitglied einer neuen Substratfamilie darstellt (Abbildung 6.1). Yu und Mitarbeiter 

isolierten den Naturstoff aus den Wurzeln des Alangium chinense. Die Substanz zeigt in 

anfänglichen Untersuchungen antioxidative Aktivitäten gegen Fe2+-Cystein-induzierte mikrosomale 

Fettperoxidierung der Rattenleber.64 Durch sein bisher unbekanntes Grundgerüst ist das 

biologische Potential dieses Stoffes und der Substanzklasse jedoch wenig untersucht. 

 
Abbildung 6.1 Naturstoff und sein unsubstituiertes 7H-Benzo[de]chinolin-7-on Grundgerüst. 

Um die Totalsynthese des Alkaloids NP1 und des unsubstituierten Grundgerüsts S1 zu 

ermöglichen wurden verschiedene Syntheserouten untersucht. 

 

6.2.1 7H-Benzo[de]chinolin-7-on Grundgerüst  

Die retrosynthetische Analyse des Grundgerüstes S1 zeigte eine Acylierungsreaktion des 

Isochinolinderivats 215 als die am geeignetste Methode. Hierfür wurden mehrere Synthesewege 

untersucht. Carbonsäure 220 wurde ausgehend von Isochinolin (215) synthetisiert. Bildung des 

N-Oxids, gefolgt von einer Pd-katalysierten Olefinierungsreaktion mit Butylacrylat und 
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anschließender Verseifung ergab 220 als (E)-Isomer in 12% Gesamtausbeute (Schema 6.5). Der 

Ringschluss des (E)-Isomers 220 zum Tricyclus S1 wurde nicht erreicht. 

 
Schema 6.5 Syntheseweg zum Grundgerüst S1. Reaktionsbedingungen: a) mCPBA (1,0 Äq), CHCl3, Reflux, 2 
h, 79%; b) Butylacrylat (5,0 Äq), Pd(OAc)2 (5 mol%), NMP, 110 °C, 41 h, 16%; c) KOH (3,0 Äq), MeOH, H2O, RT, 
7 h, 92%; d) POCl3 (3,0 Äq), CHCl3, Reflux, 2 h, 62%; e) Propargylalkohol (1,5 Äq), Pd/C (3 mol%), PPh3 (15 
mol%), CuI (5 mol%), TBAB (0,5 Äq), H2O, 70 °C, 9 h, 70%; f) Pd/CaCO3 (5 mol%), H2, EtOH, RT, 19 h, 50%; g) 
CrO3 (1,2 Äq), konz. H2SO4, Aceton, 0 °C, 3 h, 65%.  

Die selektive Synthese des (Z)-Isomers wurde ausgehend von Isochinolin (215) in fünf Stufen mit 

11% Gesamtausbeute erreicht. Chlorierung in 1-Position, Sonogashira Reaktion  und anschließende 

selektive Hydrierung zum cis-Alken ergaben Allylalkohol 224, welcher zur Carbonsäure 220 oxidiert 

wurde.  Nichtsdestotrotz wurde auch mit dem (Z)-Isomer keine Cyclisierung zum Tricyclus S1 

erreicht. Des Weiteren wurde Carbonsäure 231 aus Phenethylamin (226) in drei Stufen über eine 

Bischler-Napieralski in 57% Gesamtausbeute synthetisiert (Schema 6.6). Vorteil dieser 

Syntheseroute ist die Möglichkeit zur unkomplizierten Einführung von Substituenten an den 

gewünschten Positionen. Acylierung und anschließende Oxidation würden zum Grundgerüst S1 

führen. Die Umsetzung zum Tricyclus S1 war auch in diesem Fall nicht erfolgreich. 

Acylierungsversuche von Isochinolinderivat 231 über die freie Carbonsäure erbrachten keine 

Umsetzung oder Zersetzung. Versuche das Säurechlorid zu bilden, führten zur sofortigen, 

kompletten Zersetzung des Eduktes. Hierbei wurde angenommen, dass durch das benachbarte 

N-Atom Nebenreaktionen hervorgerufen wurden, die zur Zersetzung führten.    

 
Schema 6.6 Syntheseweg zum Grundgerüst S1. Reaktionsbedingungen: a) AcCl (1,0 Äq), NEt3 (1,5 Äq), 
CH2Cl2, 0 °C – RT, 20 h, 92%; b) PPA, 180 °C, 6 h, 83%; c) Lithiumbromacetat (1,2 Äq), LDA (1,1 Äq), THF, -78 
°C – RT, 20 h, 74%. 
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6.2.2 Strategien zur Synthese des Naturstoffs 

Eine mögliche Totalsynthese des Naturstoffs wurde über verschiede Synthesewege untersucht. 

Ansätze die eine Naphthochinon-Zwischenstufe oder eine Diels-Alder Reaktion als Schlüsselschritt 

beinhalteten, erwiesen sich als ungeeignet. Der Zugang über eine Bischler-Napieralski oder eine 

Pictet-Gams Reaktion war vielversprechender, um das Isochinolin-Grundgerüst mit dem 

entsprechenden Substitutionsmuster aufzubauen (Schema 6.7). Die Amidbildung geht einher mit 

der Einführung eines 1,4-Dioxosubstituenten. Die Methyl- und die Hydroxygruppe könnten somit 

mit diesem 1,4-Dioxosubstituenten eingeführt werden, um dadurch eine späte Funktionalisierung 

zu vermeiden.  

 
Schema 6.7 Retrosynthetische Analyse des Naturstoffs. Syntheseweg über eine Bischler-Napieralski/Pictet-
Gams Reaktion.   

Die Ausgangssubstanz für die Pictet-Gams Reaktion, Amid 186, war in drei Stufen in einer 

Gesamtausbeute von 73% zugänglich. Auf Grund von ablaufenden Nebenreaktionen wurde das 

Isochinolinderivat 188 in der nachfolgenden Reaktion jedoch nur in Spuren erhalten (Schema 6.8). 

Ausgehend von diesen Ergebnissen wurde das Amid 195 synthetisiert und in einer Bischler-

Napieralski Reaktion umgesetzt. Dihydroisochinolin 197 wurde in 53% Gesamtausbeute über fünf 

Stufen erhalten (Schema 6.8). Die anschließende Oxidation zum Isochinolin 199 wurde nur in 

geringsten Mengen des Produktes ermöglicht. Die verbleibenden Stufen hin zum Naturstoff würden 

in dem Fall die Bildung des Tricyclus, Oxidation und eine Einführung der Methyl- und der 

Hydroxygruppe beinhalten. 
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Schema 6.8 Synthese der Isochinolinderivate 188 und 199 über jeweils eine Pictet-Gams oder Bischler-
Napieralski Reaktion als Schlüsselschritt im Syntheseweg. Die verbleibenden Umsetzungen zum Naturstoff 
werden in grün gezeigt. Reaktionsbedingungen: 1.) a) TMSCN (1,0 Äq), ZnI2 (kat.), 60 °C, 7 h, quant.; b) LiAlH4 
(1,2 Äq), THF, 0 – 50 °C, 2 h, 81%; c) Bernsteinsäureanhydrid (1,01 Äq), CH2Cl2, RT, 22 h, 90%; d) P2O5 (10 Äq), 
Decalin, Reflux, 2 h, Spuren. 2.) e) NaH (1,1 Äq), MeI (1,1 Äq), DMF, 0 °C – RT, 23 h, 66%; f) LiAlH4 (1,2 Äq), 
Et2O, Reflux, 4 h, 95%; g) Bernsteinsäureanhydrid (1,01 Äq), THF, RT, 20 h, 95%; h) H2SO4 (kat.), MeOH, RT, 26 
h, 91%; i) POCl3 (3,3 Äq), CH3CN, Reflux, 2 h, 97% j) S8 (0,5 Äq), 165 °C, 1 h, Spuren.       

Obwohl die Bischler-Napieralksi Reaktion gute Ergebnisse lieferte, wurde der Syntheseweg durch 

die geringen Ausbeuten in der anschließenden Oxidation des Dihydroisochinolin 197 nicht weiter 

verfolgt. Zusammen mit den Beobachtungen hinsichtlich der Acylierung in der Synthese des 

7H-Benzo[de]chinolin-7-on-Grundgerüst, die eine späte Substitution in dieser Position des 

aromatischen Systems als problematisch zeigten, wurde ein weiterer Syntheseweg entwickelt. 

Dieser beinhaltet die Bildung des Makrolactams 200 mit anschließender Bildung des Tricyclus über 

die Bischler-Napieralski Reaktion (Schema 6.9) 

 
Schema 6.9 Retrosynthetische Analyse mit Makrolactam 200 als Schlüsselzwischenstufe. 

Aminiumchlorid 213 wurde in fünf Stufen in 42% Gesamtausbeute synthetisiert (Schema 6.10). 

Verschiedene Ansätze die Bildung des Makrolactams zu erreichen waren nicht erfolgreich. 

Verbleibende Stufen nach einer erfolgreichen Makrolactamisierung wären der Ringschluss und 

Bildung des Tricyclus über die Bischler-Napieralksi Reaktion, Oxidation des Grundgerüstes und die 

Einführung der Methyl- und Hydroxy-Gruppe. 
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Schema 6.10 Syntheseroute mit einer Makrolactamisierung als Schlüsselschritt. Reaktionsbedingungen: a) 
NaH (1,1 Äq), MeI (1,1 Äq), DMF, 0 °C – RT, 23 h, 66%; b) LiAlH4 (1,2 Äq), Et2O, Reflux, 4 h, 95%; c) Ac2O (1,0 
Äq), Toluol, RT, 4 h, 99%; d) Bernsteinsäureanhydrid (1,0 Äq), AlCl3 (3,0 Äq), CH2Cl2, RT, 21 h, 79%; e) HCl, 
Reflux, 6 h, 85%.  
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7 Experimental Part 

7.1 General Information 

General Remarks  

All moisture- and/or air-sensitive reactions were carried out under an inert gas atmosphere (N2) 

using standard Schlenk-techniques. The solvents were distilled prior to use from commonly used 

drying agents: CH2Cl2 (CaH2), DCE (CaH2), Et2O (Na/K alloy), THF (Na/K alloy), toluene (Na), EtOH 

(Na), DMF (P2O5). DMSO was dried over molecular sieves (4 Å) prior to use. Triethylamine, 

diisopropylamine and diisopropylethylamine were dried over CaH2. Air- and/or moisture-sensitive 

catalysts and ligands were stored and weighted in a nitrogen-filled glove box. The room 

temperature (r.t.) corresponds to 20 – 25 °C. Unless stated otherwise, all commercially available 

chemicals were used without further purification. The order of compounds in the experimental part 

is in accordance with the order of appearance and discussion in the Results and Discussion chapter. 

Chromatography 

Thin-layer chromatography (TLC) was performed with Macherey-Nagel Polygram SIL G/UV254 pre-

coated plastic sheets or Merck pre-coated Aluminum Oxide 60 F254 aluminum sheets with 

fluorescence indicator. UV-active substances were detected under 254 nm light. UV-inactive 

substances were stained with a basic aqueous KMnO4-solution.  

Flash column chromatography was performed with Macherey-Nagel silica gel 60 M (40 – 63 µm) or 

on aluminum oxide type 507 C neutral (100 – 125 mesh) by Fluka and distilled solvents. Petroleum 

ether (PE) that was used had a boiling point range of 35 – 80 °C. 

Melting points 

Melting points were measured on a Gallenkamp Melting point apparatus and are uncorrected.  

NMR-Spectroscopy 

The chemical shifts are given in units of the δ-scale and are referenced to the residual non-

deuterated solvent. 1H NMR spectra were obtained either on a JEOL Eclipse 400 (400 MHz) or on a 

Bruker Avance III 400 (400 MHz) spectrometer. For the observed resonance multiplicities, the 

following abbreviations are used: bs (broad signal), s (singlet), d (doublet), t (triplet), q (quartet), 

quin (quintet), sext (sextet), m (multiplet), dt (doublet of triplet), td (triplet of doublet). The coupling 

constants (J) are given in Hertz (Hz). 13C NMR spectra were obtained either on a JEOL Eclipse 400 

(100 MHz) or on a Bruker Avance III 400 (100 MHz) spectrometer. 13C NMR spectra are measured 

broadband proton decoupled. 
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IR Spectrometry  

IR spectra were recorded on a Perkin-Elmer 100 Series FTIR spectrometer equipped with an ATR 

sampling unit. The substances were measured as pure oils or solids. Characteristic absorption bands 

are given in the analyses in cm-1. 

Mass Spectrometry  

High resolution mass spectra were recorded on a Bruker Daltronics micrOTOF‐Q II ESI‐Qq‐TOF in 

positive or negative mode. Samples were diluted to 10‐200 μg/mL with MeCN and processed by 

HPLC (column: Chromolith FastGradient RP‐18e 50‐2 (Merck), linear gradient MeCN/H2O 2 – 100%) 

before. 

FAB-MS and EI-MS were obtained from a Finnigan MAT 8200 instrument at the University of 

Konstanz mass spectra lab.  

LC-MS was performed on a Shimadzu LC-MS2020 instrument (high pressure pumps LC-20 AD, 

autosampler SIL-20AT HAT, column furnance CT0-20AC, UV-vis detector SPD-20A, controller CBM-

20, ESI detector and LC-MS data analysis software) equipped with a 124 x 4 mm Machery-Nagel 

Nucleodur 100-3-C18ec column. The samples were eluted with a gradient of A: H2O + 0.1% HCOOH 

and B: acetonitrile + 0.1% HCOOH. All used solvents were LC-MS grade. 

Elemental analysis 

The elemental analyses were performed by the micro analytical laboratory of the University of 

Konstanz. 
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7.2 Precursors for the [2+2+2] Cycloaddition of Oxime Ethers and Diynes 

7.2.1 Synthesis of Diynes 

Dimethyl 2,2-di(prop-2-yn-1-yl)malonate (2)74  

 

Dimethyl malonate (2.61 ml, 3.00 g, 22.7 mmol) was dissolved in Et2O (50 ml) and cooled to 0 °C. 

NaH (60% in mineral oil, 1.82 g, 45.4 mmol) was added in three portions. The suspension was stirred 

for 1 h, before propargyl bromide (3.92 ml, 5.40 g, 45.4 mmol) was added at r.t. The mixture was 

stirred for 21 h. Water (50 ml) was added, followed by extraction with EtOAc (3 x 50 ml) and drying 

with Na2SO4. The solvent was removed and the crude purified by flash column chromatography 

(SiO2, petroleum ether/ethyl acetate 5:1). Diyne 2 (1.22 g, 26%) was isolated as colorless powder.  

1H NMR (400 MHz, CDCl3): δ (ppm) 3.77 (s, 6H, -C(O)OCH3), 3.00 (d, J = 2.5, 4H, HC≡C-CH2-), 2.04 

(t, J = 2.4, 2H, HC≡C-CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 169.1, 78.4, 71.9, 56.5, 53.3, 22.8. 

5,5-Dimethyl-2,2-di(prop-2-yn-1-yl)cyclohexane-1,3-dione (4)21a  

 

Dimedon (920 mg, 6.56 mmol), propargyl bromide (1.50 ml, 2.00 g, 13.4 mmol) and K2CO3 (1.86 g, 

13.4 mmol) were mixed and suspended in acetone (19 ml). The temperature was raised to reflux 

for 6 h. The mixture was filtrated and the solvent removed in vacuo. The residue was purified via 

flash column chromatography (SiO2, Petroleum ether/ethyl acetate 10:1) to yield diyne 4 (900 mg, 

63%) as colorless crystals.  

1H NMR (400 MHz, CDCl3): δ (ppm) 2.69 (s, 4H, -C(O)CH2-), 2.67 (d, J = 2.8, 4H, HC≡C-CH2-), 2.07 (t, 

J = 2.7, 2H, HC≡C-CH2-), 1.07 (s, 6H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 206.1, 79.0, 72.5, 

65.9, 52.2, 30.8, 28.9, 24.3. 

Dipropargyl ether (6)75  

 

Propargyl alcohol (4.12 ml, 4.00 g, 71.3 mmol) and propargyl bromide (6.15 ml, 8.48 g, 71.3 mmol) 

were added to KOH (4.80 g, 85.6 mmol) in water (25 ml) and heated to reflux for 4 h. After cooling 
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to r.t., the water phase was extracted with Et2O (2 x 100 ml). The organic phase was washed with 

2 M NaOH solution and water (each 100 ml) and dried with Na2SO4. The solvent was removed under 

reduced pressure. Purification via flash column chromatography (SiO2, petroleum ether/diethyl 

ether 5:1) afforded diyne 6 (3.6 g, 54%) as colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 4.28 (d, J = 2.4, 4H, HC≡C-CH2-), 2.45 (t, J = 2.4, 2H, HC≡C-CH2-). 

13C NMR (100 MHz, CDCl3): δ (ppm) 78.8, 75.2, 56.6. 

4-Methyl-N,N-di(prop-2-yn-1-yl)benzenesulfonamide (8)74  

 

p-Toluenesulfonamide (3.00 g, 17.5 mmol) was dissolved in acetone (76 ml). Propargyl bromide 

(4.53 ml, 6.25 g, 52.5 mmol) and K2CO3 (7.26 g, 52.5 mmol) were added and the mixture was stirred 

for 22 h. Concentration in vacuo resulted a residue that was taken up in water and CH2Cl2 (each 

100 ml). The water phase was extracted with CH2Cl2 (2 x 100 ml). The combined organic phases 

were dried with Na2SO4 and concentrated. Purification by flash column chromatography (SiO2, 

petroleum ether/ethyl acetate 5:1) afforded diyne 8 (2.1 g, 49%) as colorless crystals.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.72 (d, J = 8.3, 2H, Ar), 7.30 (d, J = 8.3, 2H, Ar), 4.16 (d, J = 2.4, 

4H, HC≡C-CH2-), 2.43 (s, 3H, -CH3), 2.15 (t, J = 2.4, 2H, HC≡C-CH2-). 13C NMR (100 MHz, CDCl3): δ 

(ppm) 144.1, 135.2, 129.7, 128.0, 76.2, 74.2, 74.1, 36.3. 

Prop-2-yn-1-yl propiolate (10)76  

 

Propiolic acid (300 mg, 4.28 mmol), propargylic alcohol (240 mg, 4.28 mmol) and 

4-dimethylaminopyridine (31.4 mg, 257 µmol) were dissolved in abs. CH2Cl2 (40 ml) and cooled to 

0 °C. A solution of N,N-dicyclohexylcarbodiimide (972 mg, 4.71 mmol) in abs. CH2Cl2 (45 ml) was 

added and the resulting suspension was stirred for 22 h. The reaction mixture was filtrated and the 

filtrate washed with 0.25 M HCl solution (3 x 30 ml) and sat. NaHCO3 solution (30 ml). The organic 

phase was dried with MgSO4 and the solvent removed under reduced pressure. Ester 10 (400 mg, 

86%) was received as colorless oil and used without further purification. 

1H NMR (400 MHz, CDCl3): δ (ppm) 4.78 (d, J = 2.5, 2H, -OCH2-C≡C-), 2.95 (s, 1H, -C(O)-C≡CH), 2.53 

(t, J = 2.5, 1H, -C≡CH). 

 



Experimental Part 

115 
 

But-3-yn-1-yl propiolate (11)76  

 

Propiolic acid (300 mg, 4.28 mmol), but-3-yn-1-ol (300 mg, 4.28 mmol) and 

4-dimethylaminopyridine (31.4 mg, 257 µmol) were dissolved in abs. CH2Cl2 (40 ml) and cooled to 

0 °C. A solution of N,N-dicyclohexylcarbodiimide (972 mg, 4.71 mmol) in abs. CH2Cl2 (45 ml) was 

added and the resulting suspension was stirred for 22 h. The reaction mixture was filtrated and the 

filtrate washed with 0.25 M HCl solution (2 x 40 ml) and sat. NaHCO3 solution (30 ml). The organic 

phase was dried with MgSO4 und the solvent removed under reduced pressure. Ester 11 (350 mg, 

67%) was received as colorless oil, and used without further purification. 

1H NMR (400 MHz, CDCl3): δ (ppm) 4.30 (t, J = 6.9, 2H, -OCH2-CH2-C≡C-), 2.91 (s, 1H, -C(O)-C≡CH), 

2.58 (td, J = 6.9, 2.5, 2H, -OCH2-CH2-C≡C-), 2.03 (t, J = 2.5, 1H, -C≡CH). 

2-((Trimethylsilyl)ethynyl)phenol (13)77  

 

2-Iodophenol (2.00 g, 9.10 mmol), CuI (86.6 mg, 454 µmol), (PPh3)2PdCl2 (128 mg, 182 µmol), 

N,N-diisopropylethylamine (1.54 ml, 1.17 g, 9.10 mmol) and trimethylsilylacetylene (1.30 ml, 

892 mg, 9.10 mmol) were added to abs. degassed toluene (21 ml). The mixture was stirred for 30 h 

and then concentrated in vacuo. The residue was subjected to flash column chromatography (SiO2, 

petroleum ether/ethyl acetate 30:1) to afford alkyne 13 (1.59 g, 92%) as orange oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.34 (dd, J = 7.6, 1.6, 1H, Ar), 7.26 – 7.22 (m, 1H, Ar), 6.93 (d, 

J = 8.2, 1H, Ar), 6.85 (td, J = 7.6, 1.3, 1H, Ar), 5.82 (s, 1H, -OH), 0.28 (s, 9H, -Si(CH3)3).  

2-((Trimethylsilyl)ethynyl)phenol78  

 

Alcohol 13 (750 mg, 3.94 mmol) and K2CO3 (1.63 g, 11.8 mmol) were added to dry DMF and cooled 

to 0 °C. Trimethylsilyl propargyl bromide (1.05 g, 5.51 mmol) in dry DMF (3 ml) was added dropwise 

over 10 min. After 15 h, the mixture was poured into water/Et2O (150 ml, 1:1) and the aqueous 
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phase was extracted with Et2O (3 x 50 ml). The combined organic layers were successively washed 

with water, sat. NaHCO3 solution and brine (each 75 ml) and dried with MgSO4. The solvent was 

removed and the residue purified via filtration over a SiO2-plug (n-pentane/diethyl ether 3:1). 

2-((Trimethylsilyl)ethynyl)phenol (1.2 g, quant.) was received as reddish oil. 

 1H NMR (400 MHz, CDCl3): δ (ppm) 7.43 (dd, J = 7.6, 1.6, 1H, Ar), 7.29 – 7.24 (m, 1H, Ar), 7.00 (d, 

J = 8.2, 1H, Ar), 6.93 (t, J = 7.3, 1H, Ar), 4.74 (s, 2H, -CH2-), 0.26 (s, 9H, -Si(CH3)3), 0.16 (s, 9H, -Si(CH3)3).  

1-Ethynyl-2-(prop-2-yn-1-yloxy)benzene (14)78  

 

2-((Trimethylsilyl)ethynyl)phenol (1.20 g, 3.90 mmol) was dissolved in THF (50 ml) and cooled to 

0 °C. Tetrabutylammonium fluoride (TBAF ·3 H2O, 2.46 g, 7.80 mmol) in THF (20 ml) was added 

dropwise. Sat. NH4Cl solution (100 ml) was added after 8 h and the aqueous phase was extracted 

with Et2O (150 ml). The organic phase was washed with 0.1 M HCl solution (2 x 50 ml) and brine 

(50 ml), and dried with MgSO4. Purification via flash column chromatography (SiO2, 

n-pentane/diethyl ether 10:1) yielded diyne 14 (350 mg, 57%) as orange oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.48 (dd, J = 7.6, 1.6, 1H, Ar), 7.33 (td, J = 6.8, 1.6, 1H, Ar), 7.06 

(d, J = 8.3, 1H, Ar), 6.97 (t, J = 7.5, 1H, Ar), 4.80 (d, J = 4.8, 2H, -CH2-), 3.30 (s, Ar-C≡CH), 2.52 (t, 

J = 2.5, 1H, -C≡CH). 

2-(But-2-yn-1-yloxy)tetrahydro-2H-pyran21b  

 

THP-propargyl ether (10.0 g, 71.3 mmol) was diluted with abs. THF (140 ml) and cooled to -78 °C. 

n-BuLi (2.5 M in hexanes, 29.9 ml, 74.9 mmol) was added dropwise over 5 min. The mixture was 

stirred at -78 °C for 30 min, before the temperature was raised to 0 °C and methyl iodide (4.90 ml, 

11.1 g, 78.4 mmol) was added. After stirring 21 h at r.t., sat. NH4Cl solution (100 ml) was added, 

followed by extraction with CH2Cl2 (150 ml) and drying with MgSO4. The solvent was removed and 

the residue purified via flash column chromatography (SiO2, petroleum ether/ethyl acetate 40:1) to 

afford 2-(but-2-yn-1-yloxy)tetrahydro-2H-pyran (7.78 g, 71%) as pale yellow oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 4.79 (t, J = 3.4, 1H, -O-CH-O), 4.29 – 4.14 (m, 2H, -OCH2-C≡C-), 

3.87 – 3.81 (m, 1H, -OCH2-), 3.55 – 3.50 (m, 1H, -OCH2-), 1.85 (t, J = 2.3, 3H, -CH3), 1.83 – 1.79 (m, 

1H, -CH2-), 1.77 – 1.70 (m, 1H, -CH2-), 1.66 – 1.52 (m, 4H, -CH2-). 
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But-2-yn-1-ol (15)21b 

 

2-(But-2-yn-1-yloxy)tetrahydro-2H-pyran (7.78 g, 50.4 mmol) was dissolved in MeOH (80 ml) and 

p-toluenesulfonic acid (1.23 g, 7.13 mmol) was added. The mixture was stirred for 2 h and solid 

K2CO3 (985 mg, 7.13 mmol) was added. Filtering, concentration in vacuo and purification via flash 

column chromatography (SiO2, petroleum ether/ethyl acetate 5:1) yielded alcohol 16 (2.5 g, 71%) 

as colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 4.20 (q, J = 2.3, 2H, HOCH2-C≡C-), 1.84 (t, J = 2.4, 3H, -CH3), 

1.68 (bs, 1H, -OH). 

1-Bromobut-2-yne (17)79  

 

To alkyne 16 (2.50 g, 35.7 mmol) in abs. Et2O (25 ml) was added pyridine (0.25 ml) and the mixture 

was cooled to -10 °C. PBr3 (1.20 ml, 3.45 g, 12.7 mmol) was added dropwise over 20 min. The 

mixture was slowly warmed to r.t. and was then refluxed for 1.5 h. Subsequently it was poured into 

brine (50 ml) at 0 °C, extracted with Et2O (50 ml) and dried with MgSO4. The filtered solution was 

directly put on a SiO2-plug and the solvent was concentrated in vacuo affording bromide 17 (3.8 g, 

80%) as 80% in Et2O due to its volatility.  

1H NMR (400 MHz, CDCl3): δ (ppm) 3.90 (q, J = 2.5, 2H, BrCH2-C≡C-), 1.88 (t, J = 2.6, 3H, -CH3). 

Dimethyl 2,2-di(but-2-yn-1-yl)malonate (18)38  

 

At 0 °C, dimethyl malonate (0.940 ml, 1.08 g, 8.20 mmol) was added to a suspension of NaH (60% 

in mineral oil, 820 mg, 20.5 mmol) in abs. THF (35 ml) and stirred for 1 h at this temperature. 

Bromide 17 (2.40 g, 18.0 mmol) was added at 0 °C and the mixture was slowly warmed to r.t. After 

23 h, sat. NH4Cl solution (40 ml) was added and the aqueous phase extracted with Et2O (2 x 40 ml). 

The Et2O-phase was dried with MgSO4 and concentrated in vacuo. Purification via flash column 

chromatography (SiO2, petroleum ether/ethyl acetate 5:1) followed by recrystallization from 

CH2Cl2/petroleum ether yielded diyne 18 (1.5 g, 77%) as colorless powder.  
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1H NMR (400 MHz, CDCl3): δ (ppm) 3.74 (s, 6H, -C(O)OCH3), 2.90 (d, J = 2.5, 4H, HC≡C-CH2-), 1.75 

(t, J = 2.4, 6H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 169.8, 79.1, 73.2, 57.2, 53.0, 23.1, 3.6. 

1-(But-2-yn-1-yloxy)but-2-yne (19)38  

 

To a solution of alcohol 16 (780 mg, 11.1 mmol) in abs THF (17 ml) at 5 °C was added NaH (60% in 

mineral oil, 979 mg, 24.5 mmol) and stirred for 1 h. Bromide 17 (1.48 g, 11.1 mmol) was added and 

the mixture stirred for 4 h. Sat. NH4Cl solution (20 ml) was added and the aqueous phase extracted 

with Et2O (40 ml). The Et2O-phase was dried with MgSO4 and concentrated in vacuo. Purification 

via flash column chromatography (SiO2, n-pentane/ethyl acetate 5:1) yielded diyne 19 (1.23 g, 91%) 

as pale yellow oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 4.18 (q, J = 2.3, 4H, -OCH2-), 1.85 (t, J = 2.3, 6H, -C≡C-CH3). 13C 

NMR (100 MHz, CDCl3): δ (ppm) 82.9, 74.6, 57.1, 3.7. 

N,N-Di(but-2-yn-1-yl)-4-methylbenzenesulfonamide (20)81  

 

To p-toluenesulfonamide (500 mg, 2.92 mmol) in DMF (15 ml) was added K2CO3 (1.61 g, 11.7 mmol). 

After 2 h, bromide 17 (894 mg, 6.72 mmol) was added and the suspension was stirred at r.t. for 21 

h. The mixture was diluted with water (50 ml) and extracted with Et2O (2 x 50 ml). The organic 

phases were combined, washed successively with water (2 x 30 ml) and brine (30 ml) and dried with 

MgSO4. The solvent was removed and the residue purified over an Al2O3 plug affording diyne 20 

(610 mg, 76%) as pale yellow solid.   

1H NMR (400 MHz, CDCl3): δ (ppm) 7.21 (d, J = 8.2, 2H, Ar), 7.29 (d, J = 8.2, 2H, Ar), 4.07 (q, J = 2.4, 

4H, -CH2-), 2.42 (s, 3H, -CH3 (Ts)), 1.65 (t, J = 2.3, 6H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 

143.5, 135.7, 129.4, 129.3, 128.1, 128.0, 81.7, 71.8, 36.7, 21.6, 3.5, 3.4. 

But-2-yn-1-yl but-2-ynoate (22)76  

 

2-Butynoic acid (420 mg, 4.99 mmol), but-2-yn-1-ol (350 mg, 4.99 mmol) and 

4-dimethylaminopyridine (30.5 mg, 250 µmol) were dissolved in abs. CH2Cl2 (15 ml) and cooled to 

0 °C. A solution of N,N-dicyclohexylcarbodiimide (1.13 g, 5.49 mmol) in abs. CH2Cl2 (10 ml) was 
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added and the resulting suspension was stirred for 21 h. The reaction mixture was filtrated over 

celite and concentrated in vacuo. Purification via flash column chromatography (SiO2, 

n-pentane/diethyl ether 10:1) afforded ester 22 (440 mg, 65%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 4.70 (q, J = 2.4, 2H, -OCH2-C≡C-), 1.99 (s, 3H, -CH3), 1.85 (s, 3H,  

-CH3).  

Deca-2,8-diyne (24)38  

 

n-BuLi (2.5 M in hexanes, 3.96 ml, 9.89 mmol) was added dropwise to a solution of 1,7-octadiyne 

(500 mg, 4.71 mmol) in abs. THF (20 ml) at -78 °C. The mixture was stirred at -78 °C for 1 h, followed 

by the addition of methyl iodide (0.618 ml, 1.40 g, 9.89 mmol) and further stirring for 20 h at r.t. 

Sat. NH4Cl solution (25 ml) was added and the aqueous phase extracted with n-pentane (2 x 30 ml). 

After drying with MgSO4 and concentration under reduced pressure, the crude was purified by flash 

column chromatography (SiO2, n-pentane) to yield diyne 24 (550 mg, 87%) as colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 2.12 – 2.11 (m, 4H, -C≡C-CH2-), 1.78 (t, J = 2.4, 6H, -CH3), 1.58 – 

1.55 (m, 4H, -CH2-CH2-CH2-CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 79.0, 75.7, 28.3, 18.4, 3.6. 

 

7.2.2 Synthesis of Oxime Ethers 

Acetaldehyde O-benzyl oxime (26)23c 

 

To benzene (10 ml) and MgSO4 (0.5 g) at 0 °C were added O-benzylhydroxylamine (2.35 ml, 2.50 g, 

20.0 mmol) and acetaldehyde (2.25 ml, 1.80 g, 40.0 mmol). The mixture was stirred at r.t. for 24 h. 

After filtration over celite, benzene was removed in vacuo and the residue purified via flash column 

chromatography (SiO2, petroleum ether/ethyl acetate 30:1) giving oxime ether 26 (2.5 g, 84%, E/Z 

1:1) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.49 (q, J = 7.5, 0.5H (E), -CH=N-), 7.38 – 7.29 (m, 5H, Ar), 6.70 

(q, 7.3, 0.5H (Z), -CH=N-), 5.13 (s, 1H, -CH2-Ph), 5.06 (s, 1H, -CH2-Ph), 1.88 + 1.85 (d, J = 5.5, 

3H, -CH3). 
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(E)-Benzaldehyde O-benzyl oxime (27)82 

 

Benzaldehyde (1.50 ml, 1.44 g, 13.6 mmol), O-benzylhydroxylamine hydrochloride (2.40 g, 

15.0 mmol), pyridine (1.31 ml, 1.30 g, 16.3 mmol) and abs. EtOH (25 ml) were mixed and heated to 

reflux for 18 h. The solvent was removed in vacuo, the residue dissolved in CH2Cl2 (50 ml) and 

washed with water (30 ml). The organic phase was dried with MgSO4. The solution was 

concentrated and the crude purified via flash column chromatography (SiO2, petroleum ether/ethyl 

acetate 50:1) to afford oxime ether 27 (2.63 g, 92%, E/Z 100:0) as colorless crystals.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.49 (q, J = 7.5, 0.5H (E), -CH=N-), 7.38 – 7.29 (m, 5H, Ar), 6.70 

(q, 7.3, 0.5H (Z), -CH=N-), 5.13 (s, 1H, -CH2-Ph), 5.06 (s, 1H, -CH2-Ph), 1.88 + 1.85 (d, J = 5.5, 3H, -CH3). 

Acetaldehyde O-ethyl oxime (29)175 

 

Acetaldehyde (1.34 ml, 1.05 g, 23.9 mmol), ethoxyamine hydrochloride (1.17 g, 12.0 mmol) and 

NaOAc (1.96 g, 23.9 mmol) were dissolved in MeOH/water (60 ml, 1:5) at 5 °C and stirred for 6 h. 

The mixture was extracted with CH2Cl2 (3 x 50 ml) and dried with MgSO4. The solvent was removed 

and the residue was Kugelrohr-distilled (80 °C, 600 mbar) to give oxime ether 29 (1.3 g, 62%, E/Z 1:1) 

as colorless liquid.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.40 (q, J = 7.0, 0.5H (E), -CH=N-), 6.74 (q, 7.0, 0.5H (Z), -CH=N-), 

4.12 + 4.06 (q, J = 7.0, 2H, -OCH2-CH3), 1.84 (t, J = 5.0, 3H, -OCH2-CH3),1.25(dt, J = 8.9, 7.0, 

3H, -N=CH-CH3). 

Propan-2-one O-methyl oxime (31)84 

 

Acetone oxime (2.00 g, 27.4 mmol) was diluted with abs. toluene (20 ml) and cooled to 0 °C. NaH 

(60% in mineral oil, 1.10 g, 27.4 mmol) was added. After gas evolution had ceased, methyl iodide 

(1.71 ml, 3.88 g, 27.4 mmol) in abs. toluene (6 ml) was added dropwise at 0 °C. The suspension was 

stirred at r.t. for 18 h, water (30 ml) was added and the layers separated. The solvent was removed 

and the crude was distilled twice (Vigreux) to give oxime ether 31 (2.0 g, 84%) as colorless liquid.  
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1H NMR (400 MHz, CDCl3): δ (ppm) 3.83 (s, 3H, -OCH3), 1.87 (s, 3H, -CH3), 1.85 (s, 3H, -CH3). 

 

7.3  [2+2+2] Cycloaddition of Oxime Ethers and Diynes  

7.3.1  Cycloaddition Products 

GP1 - General Procedure for the [2+2+2] cycloaddition of oxime ethers to diynes 

Under nitrogen, Rh(cod)2BF4 (5.10 mg, 12.5 µmol, 5 mol%) and TolBINAP (8.50 mg, 12.5 µmol, 

5 mol%) were added to DCE (0.6 ml) and stirred for 20 min. Oxime ether (0.750 mmol) was added 

and the mixture was heated to 60 °C. Diyne (0.250 mmol), dissolved in 2.5 ml DCE, was added over 

7 h via a syringe pump. After the addition of diyne was completed, the mixture was stirred for 

30 min (complete consumption of diyne indicated via TLC) and filtered through a plug of silica gel 

or neutral Alox. After evaporation of solvent, the residue was purified by column chromatography 

(SiO2 or neutral Al2O3, n-pentane/ethyl acetate 20:1). 

Dimethyl (Z)-3-((E)-2-((benzyloxy)imino)propylidene)-4-methylenecyclopentane-1,1- 
dicarboxylate (32) 

 

According to GP1, Rh(cod)2BF4 (5.10 mg, 12.5 µmol), TolBINAP (8.50 mg, 12.5 µmol), oxime ether 

26 (0.111 g, 0.750 mmol) and diyne 2 (52.0 mg, 0.250 mmol) were reacted at 60 °C for 8 h. Flash 

column chromatography (SiO2, n-pentane/ethyl acetate 20:1) yielded 32 (78.0 mg, 87%) as colorless 

oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.32 – 7.24 (m, 5H, Ar), 6.06 (s, 1H, =CH-), 5.21 (s, 1H, =CH2), 

5.17 (s, 1H, =CH2), 5.09 (s, 2H, -OCH2Ph), 3.72 (s, 6H, -CO2CH3), 3.10 (s, 2H, -CH2-), 3.05 (s, 2H, -CH2-), 

1.98 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 171.6, 153.8, 142.8, 140.3, 138.3, 128.4, 

127.9, 127.7, 117.2, 113.6, 75.8, 57.3, 53.0, 42.2, 41.8, 18.0. IR (ATR, cm-1): 2954, 1732, 1434, 1368, 

1287, 1250, 1200, 1158, 1050, 906, 879, 733, 698. HRMS (ESI+): m/z [M+H]+ calc. for C20H23NO5: 

358.1651; found: 358.1649.  

Dimethyl 4-methylene-3-(2-oxo-2-phenylethyl)cyclopent-2-ene-1,1-dicarboxylate (35) 

 

Was isolated as side product in the [2+2+2] cycloaddition of diyne 2 with oxime ether 26 at reflux 

temperatures.  
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According to GP1, Rh(cod)2BF4 (5.10 mg, 12.5 µmol), TolBINAP (8.50 mg, 12.5 µmol), oxime ether 

26 (0.111 g, 0.750 mmol) and diyne 2 (52.0 mg, 0.250 mmol) were reacted at reflux for 8 h. Flash 

column chromatography (SiO2, n-pentane/ethyl acetate 20:1) yielded ketone 35 (10 mg, 13%) as 

colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93 (d, J = 7.3, 2H, Ar), 7.57 (t, J = 7.3, 1H, Ar), 7.46 (t, J = 7.3, 

2H, Ar), 6.07 (s, 1H, =CH-), 4.99 (s, 1H, =CH2), 4.95 (s, 1H, =CH2), 3.85 (s, 2H, -CH2-C(O)Ph), 3.70 (s, 

6H, -CO2CH3), 3.24 (s, 2H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 196.5, 170.7, 149.8, 141.7, 

136.5, 134.1, 133.4, 128.7, 128.6, 104.6, 63.8, 53.0, 38.0, 37.4. IR (ATR, cm-1): 2954, 1731, 1684, 

1433, 1250, 1057, 690. HRMS (ESI+): m/z [M+H]+ calc. for C18H18O5: 315.1227; found: 315.1218.  

Dimethyl (Z)-3-((Z)-2-((benzyloxy)imino)-2-phenylethylidene)-4-methylenecyclopentane-1,1-di-
car-boxylate (36) 

 

According to GP1, Rh(cod)2BF4 (5.10 mg, 12.5 µmol), TolBINAP (8.50 mg, 12.5 µmol), oxime ether 

27 (0.159 g, 0.750 mmol) and diyne 2 (52.0 mg, 0.250 mmol) were reacted at 60 °C for 8 h. Flash 

column chromatography (neutr. Al2O3, n-pentane/ethyl acetate 20:1) yielded 36 (40.0 mg, 38%) as 

colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.59 – 7.57 (m, 2H, Ar), 7.40 – 7.29 (m, 8H, Ar), 6.24 (s, 1H, =CH-), 

5.25 (s, 2H, -OCH2Ph), 4.95 (s, 1H, =CH2), 4.89 (s, 1H, =CH2), 3.75 (s, 6H, -CO2CH3), 3.22 (s, 2H, -CH2-), 

2.99 (s, 2H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 171.6, 154.8, 142.0, 141.8, 129.3, 128.6, 

128.4, 128.2, 127.9, 127.8, 127.1, 115.2, 114.3, 77.3, 57.4, 53.0, 42.8, 41.9. IR (ATR, cm-1): 2952, 

1731, 1495, 1434, 1251, 1199, 1163, 1051, 1012, 980, 735, 695. HRMS (ESI+): m/z [M+H]+ calc. for 

C25H25NO5: 420.1805; found: 420.1795.  

Dimethyl (Z)-3-((E)-2-(ethoxyimino)propylidene)-4-methylenecyclopentane-1,1- 
dicarboxylate (37) 

 

According to GP1, Rh(cod)2BF4 (5.10 mg, 12.5 µmol), TolBINAP (8.50 mg, 12.5 µmol), oxime ether 

26 (65.0 mg, 0.750 mmol) and diyne 2 (52.0 mg, 0.250 mmol) were reacted at 60 °C for 8 h. Flash 

column chromatography (neutr. Al2O3, n-pentane/ethyl acetate 20:1) yielded 37 (20.0 mg, 27%) as 

colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 6.03 (s, 1H, =CH-), 5.24 (s, 1H, =CH2), 5.19 (s, 1H, =CH2), 4.08 (q, 

J = 6.7, 2H, -OCH2CH3), 3.73 (s, 6H, -CO2CH3), 3.10 (s, 2H, -CH2-), 3.05 (s, 2H, -CH2-), 1.99 (s, 3H, -CH3), 
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1.24 (t, J = 7.2, 3H, -OCH2CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 171.6, 152.7, 142.8, 140.4, 117.1, 

113.5, 69.4, 57.2, 53.0, 42.2, 41.8, 18.0, 14.8. IR (ATR, cm-1): 2954, 1732, 1434, 1378, 1250, 1201, 

1160, 1050, 947, 896. HRMS (ESI+): m/z [M+H]+ calc. for C15H21NO5: 296.1492; found: 296.1496.  

 (Z)-2-((E)-2-((Benzyloxy)imino)propylidene)-8,8-dimethyl-3-methylenespiro[4.5]decane-6,10-
dione (40) 

 

According to GP1, Rh(cod)2BF4 (5.10 mg, 12.5 µmol), TolBINAP (8.50 mg, 12.5 µmol), oxime ether 

26 (0.111 g, 0.750 mmol) and diyne 4 (54.0 mg, 0.250 mmol) were reacted at 60 °C for 8 h. Flash 

column chromatography (SiO2, n-pentane/ethyl acetate 10:1) yielded dienone oxime 40 (78.0 mg, 

87%) as colorless oil.  

1H NMR (400 MHz, DMSO-d6): δ (ppm) 7.35 – 7.28 (m, 5H, Ar), 6.04 (s, 1H, =CH-), 5.13 (s, 1H, =CH2), 

5.02 (m, 3H, -OCH2Ar, =CH2), 2.92 (d, J = 2.2, 2H, -CH2-), 2.88 (bs, 2H, -CH2-), 2.67 (s, 4H, -CH2-), 1.98 

(s, 3H, -CH3), 0.91 (s, 3H, -CH3), 0.90 (s, 3H, -CH3). 13C NMR (100 MHz, DMSO-d6): δ (ppm) δ 206.9, 

152.9, 143.5, 140.9, 138.2, 128.2, 127.6, 127.4, 116.3, 112.4, 74.7, 67.4, 50.6, 40.7, 39.2, 30.4, 27.7, 

17.4. IR (ATR, cm-1): 2954, 2873, 1727, 1693, 1423, 1371, 1325, 1211, 1079, 1045, 1014, 911, 736, 

698. HRMS (ESI+): m/z [M+H]+ calc. for C23H27NO3: 366.2064; found: 366.2058.  

(1E,2E)-1-(4-Methylenedihydrofuran-3(2H)-ylidene)propan-2-one O-benzyl oxime (41) 

 

According to GP1, Rh(cod)2BF4 (5.10 mg, 12.5 µmol), TolBINAP (8.50 mg, 12.5 µmol), oxime ether 

26 (0.111 g, 0.750 mmol) and diyne 6 (23.5 mg, 0.250 mmol) were reacted at 60 °C for 8 h. Flash 

column chromatography (SiO2, n-pentane/ethyl acetate 20:1) yielded 41 (52.0 mg, 86%) as colorless 

oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.37 – 7.28 (m, 5H, Ar), 6.03 (s, 1H, =CH-), 5.30 (s, 1H, =CH2), 

5.18 (s, 1H, =CH2), 5.10 (s, 2H, -OCH2Ph), 4.49 (d, J = 1.9, 2H, -OCH2-), 4.47 (t, J = 2.5, -OCH2-), 2.04 

(s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 153.0, 142.3, 139.1, 138.2, 128.4, 128.0, 127.8, 

114.4, 110.3, 75.9, 73.7, 18.0. IR (ATR, cm-1): 2920, 2839, 1454, 1366, 1209, 1068, 1042, 1014, 928, 

905, 880, 804, 734, 696. HRMS (ESI+): m/z [M+H]+ calc. for C15H17NO2: 244.1332; found: 244.1328.  
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(1E,2E)-1-(4-Methylene-1-tosylpyrrolidin-3-ylidene)propan-2-one O-benzyl oxime (42) 

 

According to GP1, Rh(cod)2BF4 (5.10 mg, 12.5 µmol), TolBINAP (8.50 mg, 12.5 µmol), oxime ether 

26 (0.111 g, 0.750 mmol) and diyne 8 (62.0 mg, 0.250 mmol) were reacted at 60 °C for 8 h. Flash 

column chromatography (SiO2, n-pentane/ethyl acetate 20:1) yielded 42 (20.0 mg, 21%) as colorless 

oil, which decomposed within few hours.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.69 (d, J = 8.2, 2H, -Ts), 7.33 – 7.24 (m, 7H, Ar), 5.99 (s, 1H, 

=CH-), 5.22 (s, 1H, =CH2), 5.13 (s, 1H, =CH2), 5.04 (s, 2H, -OCH2Ph), 4.00 – 3.96 (m, 4H, -CH2-), 2.42 

(s, 3H, -CH3 (Ts)), 1.90 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 152.5, 144.0, 139.3, 138.0, 

136.0, 129.9, 128.4, 128.0, 127.8, 126.8, 117.4, 113.1, 76.0, 54.1, 53.8, 21.6, 17.7. IR (ATR, cm-1): 

3030, 2920, 1344, 1160, 1093, 1043, 814, 751, 662. HRMS (ESI+): m/z [M+H]+ calc. for C22H24N2O3S: 

397.1580; found: 397.1584. 

Dimethyl (3Z,4E)-3-((-3-((benzyloxy)imino)butan-2-ylidene)-4-ethylidenecyclopentane-1,1-
dicarboxylate (47) 

 

According to GP1, Rh(cod)2BF4 (5.10 mg, 12.5 µmol), TolBINAP (8.50 mg, 12.5 µmol), oxime ether 

26 (0.111 g, 0.750 mmol) and diyne 18 (52.0 mg, 0.250 mmol) were reacted at 60 °C for 8 h. Flash 

column chromatography (SiO2, n-pentane/EtOAc 20:1) yielded 47 (85.0 mg, 88%) as colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.34 – 7.28 (m, 5H, Ar), 5.66 – 5.57 (m, 1H, =CH-CH3), 5.05 (s, 

2H, -OCH2Ph), 3.73 (s, 6H, -CO2CH3), 2.97 (m, 4H, -CH2-), 1.86 (s, 3H, -CH3), 1.79 (s, 3H, -CH3), 1.62 

(d, J = 7.0, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 172.0, 159.3, 138.7, 136.0, 132.7, 128.3, 

128.0, 127.5, 124.4, 120.4, 75.5, 57.0, 52.9, 38.9, 37.8, 18.2, 17.9, 15.5. IR (ATR, cm-1): 2959, 2916, 

2849, 1735, 1434, 1368, 1257, 1202, 1164, 1257, 1013, 876, 790, 737, 699. HRMS (ESI+): m/z [M+H]+ 

calc. for C22H27NO5: 386.1961; found: 386.1962.  
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(2E,3E)-3-((Z)-4-Ethylidene-1-tosylpyrrolidin-3-ylidene)butan-2-one O-benzyl oxime (49) 

 

According to GP1, Rh(cod)2BF4 (5.10 mg, 12.5 µmol), TolBINAP (8.50 mg, 12.5 µmol), oxime ether 

26 (0.111 g, 0.750 mmol) and diyne 20 (69.0 mg, 0.250 mmol) were reacted at 60 °C for 8 h. Flash 

column chromatography (neutr. Al2O3, n-pentane/ethyl acetate 20:1) yielded 49 (10.0 mg, 10%) as 

colorless oil, which decomposed within several hours.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.73 (d, J = 8.1, 2H, -Ts), 7.34 – 7.25 (m, 7H, Ar), 5.60 – 5.56 (m, 

1H, =CHCH3), 5.00 (s, 2H, -OCH2Ph), 4.10 – 3.90 (m, 4H, -CH2-), 2.43 (s, 3H, -CH3 (Ts)), 1.98 (s, 

3H, -CH3), 1.72 (s, 3H, -CH3), 1.55 (d, J = 7.2, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 157.8, 

143.8, 138.4, 133.1, 132.7, 129.8, 128.6, 128.3, 128.0, 127.9, 127.7, 127.6, 125.0, 120.5, 75.7, 51.9, 

51.3, 21.6, 18.2, 17.4, 15.5. IR (ATR, cm-1): 3031, 2921, 2869, 1722, 1344, 1162, 1017, 908, 814, 733. 

HRMS (ESI+): m/z [M+H]+ calc. for C24H28N2O3S: 425.1893; found: 425.1881. 

 

7.4 Synthesis of (Hetero)-Enediyne Precursor  

7.4.1 Synthesis of Iminediyne 52 

Pent-4-yn-1-ol (58) 

 

n-BuLi (1.6 M in hexanes, 900 mmol, 560 ml) in THF (800 ml) was cooled to -78 °C. 

2-(Chloromethyl)tetrahydropyran (31.5 ml, 35.0 g, 290 mmol) was added dropwise at this 

temperature. After completion of addition the reaction mixture was slowly warmed to r.t. and 

stirred for 7 h. Sat. NH4Cl solution (650 ml) was added and the aqueous phase was extracted with 

Et2O (2 x 400 ml). The organic phase was washed with brine (500 ml) and dried with Na2SO4. The 

solvent was removed in vacuo and the crude distilled (65 °C/50 mbar) to give pentynol 58 as yellow 

liquid (21.2 g, 87%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.77 – 3.75 (m, 2H, -CH2OH), 2.32 (td, J = 6.8, 2.9, 2H, -CH2-C≡CH), 

1.97 (t, J = 2.6, 1H, -C≡CH), 1.78 (quin, J = 6.4, 2H, -CH2-). 
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5-(Trimethylsilyl)pent-4-yn-1-ol (59)95   

 

To 4-pentyn-1-ol (25.0 g, 297 mmol) in abs. THF (600 ml) was added n-BuLi (1.6 M in hexanes, 

445 ml, 713 mmol) at -78 °C. After 10 min trimethylsilyl chloride (83.6 ml, 71.0 g, 654 mol) was 

added dropwise. The mixture was slowly warmed to r.t. and stirred for 15 h. 1 M HCl solution 

(450 ml) was added and the mixture was vigorously stirred for 30 min. The phases were separated 

and the aqueous phase extracted with Et2O (2 x 400 ml). The organic phases were combined, dried 

with Na2SO4 and concentrated in vacuo. Purification via flash column chromatography (SiO2, 

n-pentane/diethyl ether 20:1) yielded the TMS-protected alkyne 62 (42 g, 91%) as pale yellow oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 3.76 (t, J = 6.1, 2H, -CH2OH), 2.35 (t, J = 6.9, 2H,  

-CH2-C≡C-Si(CH3)3), 1.77 (quin, J = 6.6, 2H, -CH2-), 0.14 (s, 9H, -Si(CH3)3). 

(5-Iodopent-1-yn-1-yl)trimethylsilane (60)96 

 

Imidazole (1.30 g, 19.2 mmol) was dissolved in abs. CH2Cl2 (60 ml), alcohol 59 (1.00 g, 6.39 mmol) 

was added and the solution cooled to 10 °C. PPh3 (3.36 g, 12.8 mmol) and I2 (3.24 g, 12.8 mmol) 

were added and the mixture was stirred at r.t. for 3 h. The mixture was washed with sat. Na2SO3 

solution (15 ml), the aqueous phase extracted with Et2O (2 x 30 ml) and dried with Na2SO4. 

Concentration in vacuo and purification via flash column chromatography (SiO2, n-pentane) yielded 

iodide 60 (1.5 g, 88%) as yellow oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.29 (t, J = 6.9, 2H, -CH2I), 2.36 (t, J = 6.8, 2H, -CH2-C≡C-Si(CH3)3), 

2.00 (quin, J = 6.4, 2H, -CH2-), 0.15 (s, 9H, -Si(CH3)3). 

Pent-4-yn-1-yl methylbenzenesulfonate (61)97 

 

To 4-pentyn-1-ol (2.00 g, 23.8 mmol) in abs. CH2Cl2 (20 ml) at 0 °C were added pyridine (3.84 ml, 

3.76 g, 47.6 mmol) and p-TsCl (6.80 g, 35.7 mmol). The mixture was stirred at r.t. for 20 h. Water 

(20 ml) was added and the aqueous phase was extracted with Et2O (3 x 50 ml). The combined 

organic phases were successively washed with 1 M HCl solution, sat. NaHCO3 solution, H2O, and 

brine (each 30 ml) and dried with Na2SO4. Evaporation of the solvent and purification via flash 
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column chromatography (SiO2, petroleum ether/ethyl acetate 20:1 -> 3:1) gave tosylate 61 (3.6 g, 

63%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.80 (d, J = 8.3, 2H, -Ts), 7.35 (d, J = 8.3, 2H, -Ts), 4.15 (t, J = 6.6, 

2H, -CH2OTs ), 2.45 (s, 3H, -CH3), 2.39 (td, J = 6.9, 2.9, 2H, -CH2-C≡CH), 1.89 – 1.82 (m, 3H, -C≡CH, -

CH2-). 

2-(Pent-4-yn-1-yloxy)tetrahydro-2H-pyran (62)98 

 

Dihydropyran (2.60 ml, 2.40 g, 28.5 mmol) was added to a solution of 4-pentyn-1-ol (2.00 g, 23.8 

mmol) in CH2Cl2 (20 ml) followed by the addition of p-TsOH x H2O (452 mg, 2.38 mmol). After 5 h at 

r.t., water (50 ml) was added and the aqueous phase was extracted with Et2O (3 x 40 ml). The 

organic layers were combined, dried with Na2SO4 and the solvent was removed under reduced 

pressure. Flash column chromatography (SiO2, n-pentane/Et2O 10:1) gave alkyne 62 (3.16 g, 79%) 

as pale yellow oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 4.59 (t, J = 2.7, 1H, -O-CH-O), 3.89 – 3.80 (m, 2H, -OCH2-), 3.53 

– 3.45 (m, 2H, -OCH2-), 2.35 – 2.29 (m, 2H, -CH2-C≡CH), 1.94 (t, J = 2.9, 1H, -C≡CH), 1.82 (quin, J = 7.0, 

2H, -CH2-), 1.74 – 1.64 (m, 2H, -CH2- ), 1.63 – 1.49 (m, 4H, -CH2-). 

Trimethyl(10-((tetrahydro-2H-pyran-2-yl)oxy)deca-1,6-diyn-1-yl)silane (64)  

 

n-BuLi (1.6 M in hexanes, 28.3 ml, 48.7 mmol) was added dropwise to THP-ether 62 (5.85 g, 

34.8 mmol) in abs. THF (150 ml) at -78 °C. The solution was stirred at this temperature for 1 h and 

at r.t. for 1 h. Iodide 63 (12.96 g, 48.7 mmol) in THF (15 ml) was added and the mixture was heated 

to reflux for 24  h. Water (300 ml) was added and the aqueous layer extracted with Et2O (2 x 200 ml). 

The organic phase was washed with brine (30 ml), dried with Na2SO4 and the solvent removed in 

vacuo. Purification by flash column chromatography (SiO2, Petroleum ether/ethyl acetate 100:1) 

gave diyne 64 (7.75 g, 73%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 4.59 (t, J = 2.7, 1H, -O-CH-O), 3.90 – 3.78 (m, 2H, -OCH2-), 3.53 

– 3.44 (m, 2H, -OCH2-), 2.32 (t, J = 7.1, 2H, -CH2-C≡CH), 2.28 – 2.23 (m, 4H, -C≡C-CH2-), 1.86 – 1.65 

(m, 6H, -CH2-), 1.63 – 1.50  (m, 4H, -CH2-), 0.14 (s, 9H, -Si(CH3)3). 13C NMR (100 MHz, CDCl3): δ (ppm) 

106.7, 98.9, 85.0, 80.3, 79.5, 66.1, 62.3, 30.8, 29.4, 28.3, 25.6, 19.6, 19.2, 18.1, 15.8, 0.30. IR (ATR, 
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cm-1): 2942, 2870, 2174, 1737, 1433, 1323, 1248, 1199, 1136, 1119, 1061, 1033, 989, 989, 838, 759, 

698. MS (EI): m/z = 306.0 [M+]. Elemental analysis: calc. for C18H30O2Si: C 70.53%, H 9.97%; found: 

C 70.75%, H  9.75%. 

10-(Trimethylsilyl)deca-4,9-diyn-1-ol (65)  

 

Diyne 64 (7.35 g, 24.0 mmol) was dissolved in MeOH (100 ml) and a catalytic amount of conc. H2SO4 

(1 ml) was added. The mixture was stirred at r.t. for 2 h and then diluted with EtO2 (20 ml). The 

organic layer was washed with sat. NaHCO3 solution, H2O, brine (each 200 ml), dried with Na2SO4 

and concentrated in vacuo. Purification by flash column chromatography (SiO2, petroleum 

ether/ethyl acetate 5:1) gave diyne 65 (5.22 g, 98%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.75 (t, J = 6.2, 2H, -CH2OH), 2.33 – 2.23 (m, 6H, -C≡C-CH2-), 1.77 

– 1.65 (m, 4H, -CH2-), 0.14 (s, 9H, -Si(CH3)3). 13C NMR (100 MHz, CDCl3): δ (ppm) 106.6, 85.1, 80.1, 

80.0, 62.1, 31.7, 28.2, 19.2, 18.0, 15.5, 0.2. IR (ATR, cm-1): 3368, 2956, 2174, 1723, 1677, 1432, 1331, 

1248, 1168, 1045, 917, 838, 759, 698. MS (EI): m/z = 221.3 [M+-H]. Elemental analysis: calc. for 

C13H22OSi: C 70.21%, H 9.97%; found: C 70.39%, H 9.94%. 

10-(trimethylsilyl)deca-4,9-diyn-1-yl methanesulfonate (66) 

 

NEt3 (0.530 ml, 348 mg, 3.80 mmol) was added to alcohol 65 (650 mg, 2.92 mmol) in CH2Cl2 (15 ml) 

at 0 °C, followed by addition of MsCl (0.271 ml, 0.401 mg, 3.51 mmol). The resulting suspension was 

warmed to r.t. and stirred for 5 h. After completion of reaction, the mixture was poured into ice 

water (20 ml) and extracted with Et2O (20 ml). The organic layer was successively washed with 1 

M HCl solution, sat. NaHCO3 solution, H2O, and brine (each 20 ml) and dried with Na2SO4. The solvent 

was removed in vacuo giving mesylate 66 (720 mg, 82%) as colorless oil, which was used without 

further purification. 

1H NMR (400 MHz, CDCl3): δ (ppm) 4.34 (t, J = 5.7, 2H, -CH2-OSO2CH3), 3.02 (s, 3H, -OSO2CH3), 2.32 

(t, J = 7.2, 2H, (CH3)3Si-C≡C-CH2-), 2.28 – 2.23  (m, 4H, -C≡C-CH2-), 1.91 (quin, J = 6.7, 2H, -CH2-), 1.69 

(quin, J = 6.8, 2H, -CH2-), 0.14 (s, 9H, -Si(CH3)3). 13C NMR (100 MHz, CDCl3): δ (ppm) 106.4, 85.2, 80.9, 

78.50, 68.7, 37.4, 28.5, 28.1, 19.1, 17.9, 15.1, 0.2. IR (ATR, cm-1): 2914, 2848, 1730, 1471, 1176, 841. 

HRMS (ESI+): m/z [M+H]+ calc. for C14H24O3SSi: 301.1288; found: 301.1282.  



Experimental Part 

129 
 

(10-Azidodeca-1,6-diyn-1-yl)trimethylsilane (67) 

 

To mesylate 66 (700 mg, 2.32 mmol) in DMF (10 ml) was added NaN3 (303 mg, 4.66 mmol) and the 

mixture was stirred at r.t. for 2 h and at 60 °C for 3 h. The mixture was poured into ice water (20 ml), 

extracted with Et2O (3 x 20 ml) and dried with Na2SO4. The solvent was removed under reduced 

pressure giving azide 67 (570 mg, quant) as colorless oil, which contained little amount of DMF, but 

was used without further purification in the next step. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.39 (t, J = 6.6, 2H, -CH2N3), 2.32 (t, J = 7.2, 2H, (CH3)3Si-C≡C-CH2-), 

2.28 – 2.23 (m, 4H, -C≡C-CH2-), 1.77 – 1.65 (m, 4H, -CH2-), 0.14 (s, 9H, -Si(CH3)3). 13C NMR (100 MHz, 

CDCl3): δ (ppm) 106.5, 85.1, 80.5, 79.0, 50.4, 28.3, 28.2, 19.1, 18.0, 16.2, 0.2. IR (ATR, cm-1): 3304, 

2916, 2850, 1730, 1179, 839. HRMS (ESI+): m/z [M+H]+ calc. for C13H21N3Si: 248.1578; found: 

248.1569.  

Deca-4,9-diyn-1-ol JL144 (69) 

 

Diyne 65 (1.00 g, 4.50 mmol) and K2CO3 (1.24 g, 9.00 mmol) were suspended in MeOH (20 ml) and 

stirred at r.t. for 4 h. Water (30 ml) was added and the solution extracted with Et2O (2 x 100 ml). 

The organic layer was washed with brine (50 ml) and dried with Na2SO4. Purification via flash column 

chromatography (SiO2, petroleum ether/ethyl acetate 8:1) gave deprotected diyne 69 (660 mg, 

98%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.75 (t, J = 6.2, 2H, -CH2OH), 2.33 – 2.26 (m, 6H, -C≡C-CH2-), 1.95 

(t, J = 2.3, 1H, -C≡CH), 1.77 – 1.65 (m, 4H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 83.8, 80.2, 

79.8, 68.8, 62.1, 31.7, 28.0, 17.9, 17.6, 15.5. IR (ATR, cm-1): 3294, 2939, 2117, 1724, 1433, 1345, 

1176, 1054, 929, 907. HRMS (ESI+): m/z [M+H]+ calc. for C10H14O: 151.1117; found: 151.1119.  

Deca-4,9-diyn-1-yl methanesulfonate (70) 

 

NEt3 (4.13 ml, 3.02 g, 29.8 mmol) was added to alcohol 69 (2.80 g, 18.7 mmol) in CH2Cl2 (75 ml) at 

0 °C, followed by addition of MsCl (2.02 ml, 2.99 g, 26.1 mmol). The resulting suspension was 

warmed to r.t. and stirred for 3 h. After completion of reaction, the mixture was poured into water 
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(20 ml) and extracted with Et2O (30 ml). The organic layer was successively washed with 1 M HCl 

solution, sat. NaHCO3 solution, H2O, and brine (each 20 ml) and dried with Na2SO4. The solvent was 

removed in vacuo giving mesylate 70 (4.3 g, quant) as colorless oil, which was used without further 

purification. 

1H NMR (400 MHz, CDCl3): δ (ppm) 4.34 (t, J = 6.2, 2H, -CH2-OSO2CH3), 3.02 (s, 3H, -OSO2CH3), 2.32 

– 2.23 (m, 2H, -C≡C-CH2-),  2.32  (t, J = 2.3, 2H, -C≡CH), 1.91 (quin, J = 6.7, 2H, -CH2-), 1.70 (quin, 

J = 6.9, 2H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 83.6, 80.7, 78.6, 68.9, 68.7, 37.4, 28.5, 27.8, 

17.8, 17.6, 15.1. IR (ATR, cm-1): 3291, 3022, 2937, 1707, 1434, 1347, 1169, 971, 925, 833. HRMS 

(ESI+): m/z [M+H]+ calc. for C11H16O3S: 229.0893; found: 229.0890.  

10-Azidodeca-1,6-diyne (71)  

 

To mesylate 70 (0.780 g, 3.42 mmol) in DMF (12 ml) was added NaN3 (0.444 g, 6.83 mmol) and the 

mixture was heated at 60 °C for 2 h. The mixture was poured into ice water (25 ml), extracted with 

Et2O (3 x 25 ml) and dried with Na2SO4. The solvent was removed under reduced pressure and the 

residue purified through a SiO2-plug (n-pentane/diethyl ether 10:1) giving azide 71 (520 mg, 93%) 

as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.40 (t, J = 6.8, 2H, -CH2N3), 2.28 – 2.23 (m, 6H, -C≡C-CH2-), 1.96 

(t, J = 2.4, 1H, -C≡CH), 1.77 – 1.65 (m, 4H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 83.7, 80.3, 

79.1, 68.8, 50.4, 28.3, 27.9, 17.9, 17.6, 16.2. IR (ATR, cm-1): 2935, 2097, 1550, 1432, 1331, 1233, 

1125, 1048, 974, 819. HRMS (ESI+): m/z [M+H]+ calc. for C10H13N3: 176.1182; found: 176.1172.  

Deca-4,9-diyn-1-amine (53) 

 

Azide 71 (2.50 g, 14.3 mmol) and PPh3 (4.49 g, 17.1 mmol) were dissolved in THF (25 ml) and stirred 

until completion of gas evolution. Water (0.32 ml) was added and the mixture stirred for 6 h. The 

solvent was removed in vacuo and the residue was extracted with n-pentane (60 ml), filtered and 

concentrated. The extraction was repeated three times, the remaining solid was discarded 

afterwards. The organic phase was concentrated again and the received residue was dissolved in 

Et2O (30 ml) and extracted with 2 M HCl solution (3 x 30 ml). The acidic aqueous phase was made 

alkaline (pH ~ 12) with 2 M KOH solution. Extraction with Et2O (4 x 50 ml), drying with Na2SO4 and 

evaporation of the solvent yielded amine 53 (1.58 g, 74%) as colorless oil. 
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1H NMR (400 MHz, CDCl3): δ (ppm) 3.78 (t, J = 6.3, 2H, -CH2-NH2), 2.31 – 2.19 (m, 6H, -C≡C-CH2-), 

1.94 (t, J = 2.5, 1H, -C≡CH), 1.69 (quin, J = 7.1, 2H, -CH2-), 1.61 (quin, J = 7.1, 2H, -CH2-). 13C NMR 

(100 MHz, CDCl3): δ (ppm) 83.8, 80.4, 79.4, 68.7, 41.4, 32.8, 28.0, 18.0, 17.6, 16.3. IR (ATR, cm-1): 

3294, 2935, 2862, 2114, 1662, 1591, 1434, 1329, 1192, 1119, 1057, 877, 820, 721. HRMS (ESI+): m/z 

[M+H]+ calc. for C10H15N: 150.1277; found: 150.1272.  

N-(Deca-4,9-diyn-1-yl)cyclopentanimine (52)  

 

Amine 53 (300 mg, 2.00 mmol) and cyclopentanone (178 µl, 169 mg, 2.00 mmol) in abs. CH2Cl2 

(5 ml) and 0.5 g molsieves were stirred at r.t. for 22 h and then filtered over Celite. The solvent was 

evaporated and the resulting residue Kugelrohr-distilled (110 °C/1 mbar) yielding imine 52 (280 mg, 

65%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.28 (t, J = 7.0, 2H, -CH2-N=), 2.34 – 2.18 (m, 10H), 1.94 (t, J = 2.5, 

1H, -C≡CH), 1.86 – 1.79 (m, 4H), 1.77 – 1.66 (m, 4H). 13C NMR (100 MHz, CDCl3): δ (ppm) 180.9, 83.9, 

80.8, 79.2, 68.7, 52.4, 36.5, 30.2, 29.1, 28.1, 25.1, 24.4, 18.0, 17.6, 16.8. IR (ATR, cm-1): 3294, 2936, 

2865, 2116, 1640, 1580, 1432, 1343, 1052. HRMS (ESI+): m/z [M+H]+ calc. for C15H21N: 216.1747; 

found: 216.1743.  

 

7.4.2 Synthesis of Iminediynes 72 and 73 

N-(Deca-4,9-diyn-1-yl)propan-2-imine (72) 

 

Amine 53 (280 mg, 1.88 mmol) and acetone (140 µl, 109 mg, 1.88 mmol) in abs. CH2Cl2 (4 ml) and 

0.5 g molsieves were stirred at r.t. for 24 h and then filtered over Celite. The solvent was evaporated 

and the resulting residue Kugelrohr-distilled (120 °C/5 mbar) giving imine 72 (200 mg, 56%) as 

colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.29 (t, J = 7.0, 2H, -CH2-N=), 2.32 – 2.28 (m, 6H, -C≡C-CH2-), 2.01 

(s, 3H, -CH3), 1.95 (t, J = 2.5, 1H, -C≡CH), 1.85 (s, 3H, -CH3), 1.80 (quin, J = 7.0, 2H, -CH2-), 1.69 (quin, 

J = 7.0, 2H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 167.7, 83.9, 80.7, 79.2, 68.7, 50.3, 32.9, 30.2, 

28.0, 18.6, 18.0, 17.6, 16.7. IR (ATR, cm-1): 3284, 2925, 2181, 1582, 1446, 1406, 1322, 11023, 8181, 

751. HRMS (ESI+): m/z [M+H]+ calc. for C13H19N: 190.1590; found: 190.1585.  
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N-(Deca-4,9-diyn-1-yl)-9H-fluoren-9-imine (73) 

 

Amine 53 (200 mg, 1.34 mmol) and fluorenone (241 mg, 1.34 mmol) in abs. toluene (3 ml) and 

p-TsOH (51.0 mg, 270 µmol) were stirred at reflux for 8 h and then at r.t. for 30 h. NaHCO3 (300 mg) 

was added and the suspension filtered over Celite. The solvent was evaporated and the residue 

purified via column chromatography (SiO2, petroleum ether/ethyl acetate 100:1) yielding imine 73 

(260 mg, 62%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.93 (d, J = 7.8, 1H, Ar), 7.80 (d, J = 7.9, 1H, Ar), 7.69 – 7.65 (m, 

1H, Ar), 7.58 (d, J = 7.25, 1H, Ar), 7.46 – 7.38 (m, 2H, Ar), 7.34 – 7.28 (m, 2H, Ar), 4.23 (t, J = 6.8, 

2H, -CH2-N=), 2.48 – 2.43 (m, 2H, -C≡C-CH2-), 2.32 – 2.25 (m, 4H, -C≡C-CH2-), 2.11 (quin, J = 6.8, 2H, 

-CH2-), 1.94 (t, J = 2.6, 1H, -C≡CH), 1.71 (quin, J = 6.9, 2H, -CH2-).  

 

7.4.3 Synthesis of Enediyne 74 

4-((Tetrahydro-2H-pyran-2-yl)oxy)butan-1-ol (78)104a  

 

To 1,4-butanediol (21.5 g, 239 mmol) was given conc. HCl solution (6 drops) followed by the 

dropwise addition of 2,3-dihydropyrane (21.6 ml, 20.1 g, 239 mmol). After stirring for 4 h, the 

mixture was diluted with EtOAc (200 ml), washed with sat. NaHCO3 solution, water and brine (each 

50 ml) and dried with Na2SO4. Purification via flash column chromatography (SiO2, petroleum 

ether/ethyl acetate 1:5) gave ether 78 (19.0 g, 47%) as colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 4.61 – 4.59 (m, 1H, -O-CH-O-), 3.89 -3.78 (m, 2H, -OCH2-), 3.69 

– 3.66 (m, 2H, -OCH2-), 3.54 – 3.41 (m, 2H, -OCH2-), 1.85 – 1.77 (m, 1H, -CH2-), 1.75 – 1.66 (m, 

5H, -CH2-), 1.62 – 1.50 (m, 4H, -CH2-). 
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2-(4-Iodobutoxy)tetrahydro-2H-pyran (79)104b  

 

Imidazole (22.3 g, 327 mmol), alcohol 78 (19.0 g, 109 mmol) and PPh3 (40.0 g, 153 mmol) were 

dissolved in abs. CH2Cl2 (400 ml) and cooled to 0 °C. I2 (38.7 g, 153 mmol) was added and the 

reaction mixture was stirred for 4 h. Sat. Na2S2O3 solution (200 ml) was added, the solution 

extracted with Et2O (2 x 100 ml) and the extracts dried with Na2SO4. Evaporation of the solvent gave 

a colorless solid, which was extracted with n-pentane (3 x 100 ml). The solvent was removed under 

reduced pressure und the crude purified via flash column chromatography (SiO2, n-pentane/ethyl 

acetate 50:1). Iodide 79 (14.9 g, 48%) was received as colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 4.57 – 4.56 (m, 1H, -O-CH-O), 3.76 (dt, J = 9.9, 6.5, 1H, -OCH2-), 

3.53 – 3.48 (m, 1H, -OCH2-), 3.41 (dt, J = 9.9, 6.5, 2H, -OCH2-), 3.23 (t, J = 7.2, 2H, -CH2I), 1.98 – 1.91 

(m, 2H, -CH2-), 1.85 – 1.78 (m, 1H, -CH2-), 1.78 – 1.74 (m, 3H, -CH2-), 1.59 – 1.50 (m, 4H, -CH2-). 

2-(Dodeca-5,11-diyn-1-yloxy)tetrahydro-2H-pyran (80)  

 

n-BuLi (1.6 M in hexanes, 21.1 ml, 33.8 mmol) was added dropwise to 1,7-octadiyne (3.59 g, 

33.8 mmol) in abs. THF (75 ml) at -78 °C. The solution was stirred for 1 h at this temperature and at 

r.t. for 1 h. Iodide 79 (8.00 g, 28.2 mmol) in THF (15 ml) was added and the mixture was heated to 

reflux for 22 h. Water (100 ml) was added and the aqueous layer was extracted with Et2O (3 x 

100 ml). The organic phase was washed with brine (30 ml), dried with Na2SO4 and the solvent was 

removed in vacuo. Purification by flash column chromatography (SiO2, petroleum ether/ethyl 

acetate 50:1) gave diyne 80 (3.7 g, 42%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 4.58 – 4.56 (m, 1H, -O-CH-O-), 3.89 – 3.83 (m, 1H, -OCH2-), 3.77 

– 3.72 (m, 1H, -OCH2-), 3.52 – 3.47 (m, 1H, -OCH2-), 3.44 – 3.37 (m, 1H, -OCH2-), 2.23 – 2.16 (m, 

6H, -C≡C-CH2-), 1.94 (t, J = 2.2, 1H, -CH2-C≡CH), 1.86 – 1.78 (m, 1H, -CH2-), 1.73 – 1.50 (m, 13H, -CH2-). 

13C NMR (100 MHz, CDCl3): δ (ppm) 98.9, 84.4, 80.4, 79.9, 68.4, 67.2, 62.4, 30.9, 29.1, 28.1, 27.7, 

26.0, 25.6, 19.8, 18.7, 18.4, 18.1. IR (ATR, cm-1): 2939, 2868, 1119, 1031. HRMS (ESI+): m/z [M+H]+ 

calc. for C17H26O2: 263.2006; found: 263.1994.  
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Dodeca-5,11-diyn-1-ol (81)  

 

Diyne 80 (6.20 g, 23.6 mmol) was dissolved in MeOH (100 ml) and a catalytic amount of conc. H2SO4 

(1 ml) was added. The mixture was stirred at r.t. for 3 h, concentrated under reduced pressure and 

then diluted with EtO2 (100 ml). The organic layer was washed with sat. NaHCO3 solution, H2O, brine 

(each 50 ml), dried with Na2SO4 and concentrated in vacuo. Purification via flash column 

chromatography (SiO2, petroleum ether/ethyl acetate 10:1) gave diyne 81 (4.00 g, 95%) as colorless 

oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.67 (t, J = 6.3, 1H, HOCH2-), 2.21 – 2.18 (m, 6H, -C≡C-CH2-), 1.94 

(t, J = 2.6, 1H, -C≡CH), 1.71 – 1.53 (m, 8H, -CH2-), 1.39 (bs, 1H, -OH). 13C NMR (100 MHz, CDCl3): δ 

(ppm) 84.4, 80.3, 80.1, 68.5, 62.6, 32.0, 28.1, 27.7, 25.4, 18.6, 18.4, 18.1. IR (ATR, cm-1): 3298, 2939, 

2865, 2213, 1717, 1670, 1432, 1329, 1165, 1055. Elemental analysis: calc. for C12H18O: C 80.25%, 

H 10.18% found: C 79.81%, H 9.75%. 

12-(Trimethylsilyl)dodeca-5,11-diyn-1-ol (83)  

 

To diyne 81 (1.40 g, 7.80 mmol) in abs. THF (15 ml) was added n-BuLi (1.6 M in hexanes, 10.8 ml, 

17.3 mmol) at -78 °C. After 10 min trimethylsilyl chloride (2.11 ml, 1.80 g, 16.5 mmol) was added 

dropwise. The mixture was slowly warmed to r.t. and stirred for 6 h. 1 M HCl solution (150 ml) was 

added, the phases separated and extracted with Et2O (3 x 50 ml). The combined organic phases 

were dried with Na2SO4 and concentrated in vacuo. Purification via flash column chromatography 

(SiO2, Petroleum ether/ethyl acetate 20:1) yielded TMS-protected alkyne 83 (1.0 g, 51%) as 

colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 3.67 (bs, 2H, HOCH2-), 2.26 – 2.15 (m, 6H, -C≡C-CH2-), 1.71 – 

1.53 (m, 8H, -CH2-), 0.14 (s, 9H, Si(CH3)3). 13C NMR (100 MHz, CDCl3): δ (ppm) 107.3, 84.7, 80.2, 62.6, 

32.0, 28.2, 27.8, 25.4, 19.5, 18.6, 18.4, 0.3. IR (ATR, cm-1): 2959, 1733, 1249, 839, 759. MS (EI): m/z 

= 249.1 [M+-H]. Elemental analysis: calc. for C15H26OSi: C 71.93%, H 10.46% found: C 71.41% 

H 10.54%. 
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(12-Iodododeca-1,7-diyn-1-yl)trimethylsilane (84)  

 

Imidazole (735 mg, 10.8 mmol) was dissolved in abs. CH2Cl2 (12 ml), alcohol 83 (900 mg, 3.60 mmol) 

was added and the solution cooled to 0 °C. PPh3 (1.32 g, 5.04 mmol) and I2 (1.28 g, 5.04 mmol) were 

added and the mixture was stirred at r.t. for 10 h.  The mixture was washed with sat. Na2SO3 solution 

(20 ml), the aqueous phase extracted with Et2O (2 x 50 ml) and dried with Na2SO4. Concentration in 

vacuo and purification via flash column chromatography (SiO2, pentane) yielded iodide 84 (1.03 g, 

80%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 3.21 (t, J = 6.9, 2H, -CH2I), 2.24 (t, J = 6.8, 2H, -C≡C-CH2-), 2.21 – 

2.16 (m, 4H, -C≡C-CH2-), 1.93 (quin, J = 7.1, 2H, -CH2-), 1.64 – 1.57 (m, 6H, -CH2-), 0.15 (s, 9H, 

Si(CH3)3). 13C NMR (100 MHz, CDCl3): δ (ppm) 106.9, 84.4, 80.2, 79.3, 32.3, 29.5, 27.5, 19.2, 18.0, 

17.5, 6.9, 0.0.  

Triphenyl(12-(trimethylsilyl)dodeca-5,11-diyn-1-yl)phosphonium iodide (85)  

 

Iodide 84 (1.02 g, 2.83 mmol), PPh3 (817 mg, 3.11 mmol) and CaCO3 (142 mg, 1.42 mmol) were 

dissolved in CH3CN (10 ml) and heated to reflux for 21 h. The suspension was filtered and the solvent 

removed in vacuo yielding phosphonium iodide 85 (1.57 g, 89%) as yellow, viscous oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.88 – 7.78 (m, 9H, -Ph), 7.73 – 7.68 (m, 6H, -Ph), 3.83 – 3.75 

(m, 2H, -CH2P-), 2.27 – 2.23 (m, 2H, -C≡C-CH2-), 2.19 – 2.16 (m, 2H, -C≡C-CH2-), 2.06 – 2.03 (m, 2H, -

C≡C-CH2-), 1.90 – 1.75 (m, 4H, -CH2-), 1.58 – 1.43 (m, 4H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 

135.1, 133.9, 130.5, 128.5, 118.8, 117.9, 107.1, 84.8, 80.8, 79.25, 29.0, 28.2, 27.83, 22.9, 21.5, 19.5, 

18.3, 18.1, 0.3.  
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(4-Carboxybutyl)triphenylphosphonium bromide (90)107  

 

Bromo valeric acid (20.0 g, 111 mmol) and PPh3 (29.0 g, 111 mmol) were dissolved in CH3CN (100 ml) 

and heated to reflux for 22 h. The solvent was removed under reduced pressure, to yield the 

phosphonium bromide 90 (48.5 g, quant) as colorless solid.   

1H NMR (400 MHz, CDCl3): δ (ppm) 7.79 – 7.66 (m, 15H, -Ph), 3.64 – 3.57 (m, 2H, -CH2P-), 2.57 (t, 

J = 6.9, 2H, -CH2-CO2H), 1.93 – 1.83 (m, 2H, -CH2-), 1.75 – 165 (m, 2H, -CH2-). 31P NMR (162 MHz, 

CDCl3): δ (ppm) 24.1. 

Methyl 5-cyclopentylidenepentanoate (92) 

 

Phosphonium bromide 90 (10.3 g, 23.2 mmol) was suspended in abs. THF (160 ml). KHMDS (1.43 M 

in THF, 35.9 ml, 51.3 mmol) was added and the mixture was stirred for 1 h. Cyclopentanone 

(1.58 ml, 1.50 g, 17.9 mmol) in abs. THF (40 ml) was added and the reaction mixture was stirred for 

21 h at 40 °C. Water (200 ml) was added, followed by extraction with Et2O (2 x 200 ml). The organic 

layers were discarded and the aqueous phase was acidified with 1 M HCl solution to pH ≈ 2. The 

aqueous phase was extracted with EtOAc (3 x 200 ml). The EtOAc-phase was washed with brine 

(200 ml) and dried with Na2SO4. The solvent was removed in vacuo and the crude carboxylic acid 

91 (3.80 g) was used in the next step without further purification. 

 1H NMR (400 MHz, CDCl3): δ (ppm) 5.21 (m, 1H, -CH=), 2.38 – 2.33 (m, 4H, HO2C-CH2-, =CH-CH2), 

2.22 (t, J = 6.9, 2H, =C-CH2-), 2.16 (t, J = 6.9, 2H, =C-CH2-), 1.78 – 1.56 (m, 6H, -CH2-).  

Carboxylic acid 91 (3.80 g, 22.6 mmol) was dissolved in MeOH (50 ml) and conc. H2SO4 (1 ml) was 

added. The mixture was stirred at 40 °C for 7 h. The solvent was removed under reduced pressure 

and the crude was cooled and taken up with EtOAc/ice water (each 40 ml). The layers were 

separated and extracted with EtOAc (2 x 50 ml). The organic phase was washed with brine (20 ml) 

and dried with Na2SO4. Flash column chromatography (SiO2, petroleum ether/ethyl acetate 20:1) 

yielded ester 92 (800 mg, 25% over 2 steps) as pale yellow oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 5.33 (m, 1H, -CH=), 3.67 (s, 3H, -CO2CH3), 2.34 – 2.25 (m, 4H, 

CH3O2C-CH2-, =CH-CH2), 2.21 (t, J = 6.9, 2H, =C-CH2-), 2.06 (t, J = 7.1, 2H, =C-CH2-), 1.84 (quin, J = 8.0, 
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2H, -CH2-) 1.66 – 1.59 (m, 2H, -CH2-), 1.51 – 1.45 (m, 2H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 

174.3, 144.4, 123.6, 51.6, 35.14, 34.1, 32.5, 30.9, 27.4, 27.0, 24.9, 23.5. Elemental analysis: calc. 

C11H18O2: C 72.49%, 9.95%; found: C 71.95%, H 10.01%. MS (EI): m/z = 182.4 [M+]. 

5-Cyclopentylidenepentan-1-ol (93)  

 

Carboxylic acid 91 was prepared as described in the previous synthesis of ester 92. 

To LiAlH4 (2.08 g, 54.7 mmol) in abs. THF (120 ml) at 0 °C, was added dropwise acid 91 (4.60 g, 

27.3 mmol) in abs. THF (20 ml). The mixture was stirred at r.t for 2 h. The mixture was cooled with 

an ice bath and water (10 ml) was added. Extraction with EtOAc (3 x 200 ml), drying with Na2SO4, 

removal of solvent and purification via flash column chromatography (SiO2, petroleum ether/ethyl 

acetate 5:1) gave alcohol 93 (2.7 g, 50% over 2 steps) as colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 5.26 – 5.21(m, 1H, -CH=), 3.65 (t, J = 6.6, 2H, -CH2OH), 2.24 – 

2.14 (m, 4H, =C-CH2-), 2.00 (q, J = 7.2, 2H, =CH-CH2-), 1.69 – 1.55 (m, 6H, =C-CH2-), 1.46 – 1.39 (m, 

2H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 143.6, 119.9, 63.2, 33.7, 32.6, 29.4, 28.8, 26.5, 26.5, 

25.9. IR (ATR, cm-1): 3314, 2934, 2863, 1450, 1433, 1056. MS (EI): m/z = 154.3 [M+]. Elemental 

analysis: calc. for C10H18O: C 77.87%, H 11.76%; found: C 77.91%, H 11.66%. 

(5-Iodopentylidene)cyclopentane (94)  

 

Imidazole (1.06 g, 15.6 mmol) was dissolved in abs. CH2Cl2 (40 ml), alcohol 93 (1.2 g, 7.78 mmol) 

was added and the solution cooled to 0 °C. PPh3 (2.66 g, 10.1 mmol) and I2 (2.57 g, 10.1 mmol) were 

added and the mixture was stirred at r.t. for 6 h. PE (100 ml) was added to the mixture and the solid 

was filtered. The filtrate was concentrated and again PE (100 ml) was added. After filtration and 

removal of solvent, the crude was purified via flash column chromatography (SiO2, petroleum ether) 

yielding iodide 94 (1.7 g, 83%) as colorless oil.   

1H NMR (400 MHz, CDCl3): δ (ppm) 5.24 – 5.20 (m, 1H, -CH=), 3.20 (t, J = 7.0, 2H, -CH2I), 2.22 (t, 

J = 6.9, 2H, =C-CH2-), 2.16 (t, J = 7.0, 2H, =C-CH2-), 1.99 (q, J = 7.3, 2H, =CH-CH2-), 1.83 (quin, J = 7.5, 

2H, -CH2-), 1.66 (quin, J = 6.9, 2H, -CH2-), 1.55 (quin, J = 6.8, 2H, -CH2-), 1.45 (quin, J = 7.4, 2H, -CH2-). 

13C NMR (100 MHz, CDCl3): δ (ppm) 144.0, 119.4, 33.7, 33.3, 30.6, 28.8, 28.6, 26.5, 26.5, 7.3. IR 

(ATR, cm-1): 2927, 2841, 1427, 1198, 816, 722. MS (EI): m/z = 264.0 [M+]. Elemental analysis: calc. 

for C10H17I: C 45.47%, H 6.49%; found: C 45.75%, H 6.63%. 
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Trideca-6,12-diyn-1-ylidenecyclopentane (74)  

  

n-BuLi (1.6 M in hexanes, 1.99 ml, 3.18 mmol) was added dropwise over 15 min to 1,7-octadiyne 

(338 mg, 3.18 mmol) in abs. THF (13 ml) at -78 °C. The solution was stirred at this temperature for 

20 min and at r.t. for 30 min. The resulting suspension was cooled to -78 °C and iodide 94 (700 mg, 

2.65 mmol) in THF (15 ml) was added and the mixture was heated to reflux for 25 h. Water (20 ml) 

was added, the aqueous layer was extracted with Et2O (3 x 20 ml) and the combined phases were 

dried with Na2SO4. The solvent was removed in vacuo. Purification by flash column chromatography 

(SiO2, petroleum ether/ethyl acetate 40:1) gave diyne 74 (335 mg, 55%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 5.23 (s, 1H, -CH=), 2.22 – 2.14 (m, 10H, =C-CH2-, -C≡C-CH2-), 1.98 

– 1.94 (m, 3H, =CH-CH2-, -C≡CH), 1.67 – 1.57 (m, 8H, -CH2-), 1.50 – 1.40 (m, 4H, -CH2-). 13C NMR 

(100  MHz, CDCl3): δ (ppm) 143.4, 120.0, 84.4, 80.7, 79.7, 68.4, 33.7, 29.2, 29.0, 28.9, 28.7, 28.2, 

27.7, 26.6, 26.5, 18.8, 18.4, 18.1. IR (ATR, cm-1): 3311, 2934, 2860, 1432, 1330, 1024, 855. MS (GC-

MS): m/z = 242.2 [M+]. 

(13-Cyclopentylidenetrideca-1,7-diyn-1-yl)trimethylsilane (95)  

 

n-BuLi (1.6 M in hexanes, 0.860 ml, 1.37 mmol) was added dropwise over 15 min to 1-trimethylsilyl-

1,7-octadiyne (203 mg, 1.14 mmol) in abs. THF (6 ml) at -78 °C. The solution was stirred at this 

temperature for 20 min and at -40 °C for 30 min. The resulting suspension was cooled to -78 °C and 

iodide 94 (300 mg, 1.14 mmol) in THF (0.5 ml) was added. The mixture was heated to reflux for 

22 h. Water (20 ml) was added, the aqueous layer was extracted with Et2O (2 x 20 ml) and the 

combined phases were dried with Na2SO4. The solvent was removed in vacuo. Purification by flash 

column chromatography (SiO2, petroleum ether/ethyl acetate 40:1) gave diyne 95 (255 mg, 71%) 

as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 5.23 (s, 1H, -CH=), 2.26 – 2.13 (m, 10H, =C-CH2-, -C≡C-CH2-), 2.00 

– 1.94 (m, 2H, =CH-CH2-), 1.69 – 1.57 (m, 8H, -CH2-), 1.51 – 1.40 (m, 4H, -CH2-), 0.15 (s, 9H, -Si(CH3)3). 

13C NMR (100 MHz, CDCl3): δ (ppm) 143.4, 120.0, 84.7, 80.6, 79.8, 68.5, 33.7, 29.2, 28.7, 28.3, 27.9, 

26.5, 26.5, 19.6, 18.8, 18.4, 0.3. IR (ATR, cm-1): 2937, 2862, 2174, 1433, 1248, 1046, 838, 758, 697. 

Elemental analysis: calc. for C22H34Si: C 80.18%, H 10.89%; found: C 78.82%, H 10.56%. 
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7.4.4 Synthesis of Enediynes 101 and 105 

6-Iodohex-1-ene (97)109  

 

Imidazole (1.90 g, 30.0 mmol) and PPh3 (7.35 g, 30.0 mmol) were dissolved in abs. CH2Cl2 (70 ml) 

and cooled to 0 °C. I2 (7.09 g, 30.0 mmol) was added in portions. 5-Hexene-1-ol (2.40 ml, 2.00 g, 

20.0 mmol) was added dropwise to the suspension. After warming to r.t. the mixture was stirred 

for 3 h. The mixture was subsequently washed with sat. Na2SO3 solution (40 ml) and the aqueous 

phase extracted with CH2Cl2 (3 x 40 ml). The combined organic phases were washed with brine 

(40 ml) and dried with Na2SO4. After concentration in vacuo, the residue was extracted with PE (3 x 

30 ml) and again concentrated. Purification via flash column chromatography (SiO2, petroleum 

ether) yielded iodide 97 (3.03 g, 72%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 5.84 – 5.74 (m, 1H, -CH2-CH=CH2), 5.04 – 4.96 (m, 

2H, -CH2-CH=CH2), 3.19 (t, J = 6.9, 2 H, -CH2I), 2.08 (q, J =7.0, 2H, -CH2-CH=CH2), 1.84 (quin, J = 7.6, 

2H, -CH2-), 1.50 (quin, J = 7.3, 2H, -CH2-). 

Tetradeca-1-en-7,13-diyne (98)  

 

n-BuLi (1.6 M in hexanes, 11.2 ml, 17.8 mmol) was added dropwise over 10 min to 1,7-octadiyne 

(1.18 g, 17.1 mmol) in abs. THF (30 ml) at -78 °C. The solution was stirred at this temperature for 

45 min and at r.t. for 40 min. The suspension was cooled to -78 °C. Iodide 97 (3.00 g, 14.3 mmol) in 

THF (5 ml) was added and the mixture was heated to reflux for 24 h. Water (50 ml) was added, the 

aqueous layer was extracted with Et2O (3 x 50 ml) and the combined phases were dried with Na2SO4. 

The solvent was removed in vacuo. Purification by flash column chromatography (SiO2, PE) gave 

diyne 98 (1.8 g, 67%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 5.86 – 5.76 (m, 1H, -CH2-CH=CH2), 5.03 – 4.93 (m, 2H, 

--CH2-CH=CH2), 2.24 – 2.14 (m, 6H, -C≡C-CH2-), 2.09 – 2.03 (m, 2H, =CH-CH2-), 1.96 – 1.93 (m, 

1H, -C≡CH), 1.67 – 1.57 (m, 5H, -CH2-), 1.50 – 1.47 (m, 3H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 

138.9, 114.5, 84.1, 80.5, 79.8, 33.4, 28.6, 28.2, 27.7, 27.5, 18.7, 18.4, 18.0. IR (ATR, cm-1): 3307, 

2933, 2860, 1640, 1433, 1331, 992, 910. HRMS (ESI+): m/z [M+H]+ calc. for C14H20: 189.1638; found: 

189.1633.  
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Hept-5-en-1-ol (100)110  

 

NaH (60% in mineral oil, 3.13 g, 78.3 mmol) was added to dry DMSO (200 ml) and stirred for 10 min 

at 75 °C. Ethyltriphenylphosphonium bromide (26.2 g, 62.7 mmol) was added in portions and the 

mixture was stirred for 1 h. 2-Hydroxytetrahydropyran (5.00 g, 49.0 mmol) was added. After 3 h, 

the mixture was given on to ice (200 g), acidified with aq. HCl solution and extracted with PE (3 x 

150 ml). The organic layers were washed with brine (150 ml) and dried with Na2SO4. The solvent 

was evaporated and the crude purified via flash column chromatography (SiO2, petroleum 

ether/ethyl acetate 4:1). Alcohol 100 (3.3 g, 66%) was received as pale yellow oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 5.50 – 5.35 (m, 2H, -CH2-CH=CH-CH3), 3.65 (t, J = 6.4, 2H, 

HOCH2-), 2.08 (q, J = 7.3, 2 H, -CH2CH=), 1.65 – 1.55 (m, 5H, -CH2-, -CH3), 1.47 – 1.39 (m, 2H, -CH2-).  

7-Iodohept-2-ene (101)111   

 

Imidazole (2.78 g, 40.8 mmol) and PPh3 (10.4 g, 40.8 mmol) were dissolved in abs. CH2Cl2 (100 ml), 

alcohol 100 (3.33 g, 29.2 mmol) was added and the mixture cooled to 0 °C. I2 (10.4 g, 40.8 mmol) 

was added in portions. After warming to r.t., the mixture was stirred for 3 h. The mixture was 

washed with sat. Na2SO3 solution (40 ml) and the aqueous phase extracted with CH2Cl2 (3 x 100 ml). 

The combined organic phases were dried with Na2SO4. After concentration in vacuo, the residue 

was extracted with PE (3 x 50 ml) and again concentrated. Purification via flash column 

chromatography (SiO2, n-pentane) yielded iodide 101 (4.25 g, 65%, cis/trans 5.6:1) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 5.52 – 5.33 (m, 2H, CH2-CH=CH-CH3), 3.2 (t, J = 6.5, 2H, ICH2-), 

2.07 (q, J = 7.2, 2H, -CH2-CH=), 1.84 (quin, J = 7.2, 2 H, -CH2-), 1.60 (d, J = 6.5, 3H, -CH3), 1.47 (quin, 

J = 7.7, 2H,  -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 129.9, 124.4, 33.2, 30.5, 25.8, 12.9, 7.0. IR 

(ATR, cm-1): 3011, 2930, 2855, 1657, 1450, 1208, 1166, 965, 698. Elemental analysis: calc. for C7H13I: 

C 37.52%, H 5.85%; found: C 36.91%, H 5.05%. 

Pentadeca-13-en-1,7-diyne (102)  

 

n-BuLi (1.6 M in hexanes, 6.98 ml, 11.2 mmol) was added dropwise over 10 min to 1,7-octadiyne 

(1.14 g, 10.7 mmol) in abs. THF (25 ml) at -78 °C. The solution was stirred at this temperature for 
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15 min and at r.t. for 30 min. Iodide 101 (2.00 g, 8.93 mmol) in THF (5 ml) was added and the mixture 

was heated to reflux for 20 h. Water (50 ml) was added, the aqueous layer was extracted with Et2O 

(3 x 50 ml) and the combined phases were dried with Na2SO4. The solvent was removed in vacuo. 

Purification by flash column chromatography (SiO2, n-pentane) gave diyne 102 (1.5 g, 83%, 

cis/trans) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 5.47 – 5.34 (m, 2H, -CH=CH-), 2.25 – 2.13 (m, 6H, -C≡C-CH2-), 

2.05 (q, J = 6.8, 2H, =C-CH2), 1.96 – 1.93 (m, 1H, -C≡CH), 1.67 – 1.57 (m, 7H, -CH2-, -CH3), 1.51 – 1.42 

(m, 4H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 130.5, 124.1, 84.4, 80.6, 68.6, 28.8, 28.2, 27.7, 

27.5, 26.5, 18.7, 18.4, 18.1, 18.0, 12.9. IR (ATR, cm-1): 3306, 2933, 2859, 1433, 1330, 967, 700. 

Elemental analysis: calc. for C15H22: C 89.04%, H 10.96%; found: C 89.82%, H 11.09%. 

7.5 Precursors for the [2+2+2] Cycloaddition of Imines and Diynes 

7.5.1 Synthesis of Alkynes 

The synthesis of diynes 2, 6 and 8 is described in Chapter 7.2.1. 

1,2-Bis(bromomethyl)benzene (110)115  

 

To N-bromosuccinimide (35.7 g, 200 mmol) in CCl4 (250 ml) were added o-xylene (11.0 ml, 9.68 g, 

91.2 mmol) and benzoyl peroxide (150 mg, cat.) and the reaction mixture was heated to reflux for 

18 h. Filtration, solvent removal in vacuo and purification via flash column chromatography (SiO2, 

petroleum ether) yielded dibromide 110 (21.9 g, 91%). 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.38 – 7.36 (m, 2H, Ar), 7.32 -7.30 (m, 2H, Ar), 4.67 (s, 4H, -

CH2Br). 

1,2-Bis(iodomethyl)benzene (111)116  

 

Dibromide 110 (21.9 g, 82.8 mmol) and NaI (30.8 g, 207 mmol) were given to acetone (180 ml) and 

heated to reflux for 15 h. After cooling to r.t. the mixture was filtrated and the solid washed with 

CH2Cl2 (400 ml). The filtrate was washed with aq. Na2S2O3 solution and dried with MgSO4. The 

solvent was removed in vacuo and the residue recrystallized from diethyl ether to give iodide 111 

(12.9 g, 44%) as ochre-colored powder. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.35 – 7.31 (m, 2H, Ar), 7.29 -7.25 (m, 2H, Ar), 4.59 (s, 4H, -CH2I). 
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1,2-Bis(3-(trimethylsilyl)prop-2-yn-1-yl)benzene (112)117  

 

To trimethylsilylacetylene (2.37 ml, 1.64 g, 16.8 mmol) in abs. THF (30 ml) was added ethyl 

magnesium bromide (8.40 ml, 16.8 mmol) and the mixture was heated to reflux for 1 h. After 

cooling to r.t., CuI (531 mg, 2.79 mmol) and diiodide 111 (2.00 g, 5.58 mmol) were added. The 

mixture was heated to reflux for 15 h, followed by addition of sat. NH4Cl solution and extraction 

with PE (2 x 30 ml). The organic phase was washed with water (20 ml), brine (20 ml), dried with 

Na2SO4 and the solvent was removed in vacuo. Diyne 112 (1.7 g, quant.) was obtained as yellow oil 

and used without further purification.   

1H NMR (400 MHz, CDCl3): δ (ppm) 7.47 – 7.45 (m, 2H, Ar), 7.27 – 7.25 (m, 2H, Ar), 3.64 (s, 4H, -CH2-), 

0.18 (s, 18H, -Si(CH3)3). 

1,2-Di(prop-2-yn-1-yl)benzene (113)118  

 

Diyne 112 (3.66 g, 12.3 mmol) was dissolved in EtOH (46 ml), followed by addition of AgNO3 (4.37 

g, 25.7 mmol) in water (14 ml) was added. After stirring for 20 min a solution of NaCN (1.26 g, 25.7 

mmol) in water (7 ml) was added. The slurry was stirred for 1 h and diluted with Et2O (50 ml). The 

layers were separated and the aqueous phase was extracted with Et2O (2 x 50 ml). Drying with 

MgSO4, concentration under reduced pressure and purification via flash column chromatography 

(SiO2, petroleum ether/diethyl ether 40:1) gave diyne 113 (1.39 g, 74%) as yellow oil.   

1H NMR (400 MHz, CDCl3): δ (ppm) 7.48 – 7.46 (m, 2H, Ar), 7.28 -7.26 (m, 2H, Ar), 3.64 (d, J = 2.8, 

4H, -CH2-), 2.20 (t, J = 2.8, 2H, -C≡CH). 
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7.5.2 Synthesis of Imines 

N-Benzylideneaniline (115)119  

 

Benzaldehyde (2.45 ml, 2.57 g, 24.2 mmol), aniline (2.00 ml, 2.04 g, 22.0 mmol) and abs. Et2O (30 ml) 

were mixed, MgSO4 (1.00 g) was added and the mixture stirred at r.t. for 20 h. After filtration, the 

solvent was removed in vacuo. The crude was purified via flash column chromatography (SiO2, 

petroleum ether/ethyl acetate 5:1) yielding imine 115 (3.0 g, 75%) as yellow crystals. 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.43 (s, 1H, -CH=N-), 7.93 – 7.88 (m, 2H), 7.50 -7.47 (m, 3H), 7.42 

– 7.39 (t, J = 7.9, 2H), 7.24 – 7.21 (m, 3H). 

N-Benzylidenebutylamine (117)120  

 

Benzaldehyde (4.04 ml, 4.25 g, 40.0 mmol), n-butylamine (3.88 ml, 2.87 g, 39.2 mmol) and abs. 

toluene (8 ml) were mixed and stirred at r.t. for 20 h. The layers were separated and toluene was 

removed in vacuo, to afford imine 117 (6.1 g, 97%) as pale yellow oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 8.28 (s, 1H, -CH=N-), 7.74 – 7.72 (m, 2H), 7.42 -7.40 (m, 3H), 3.62 

(t, J = 7.2, 2H, =N-CH2-), 1.69 (quin, J = 7.3, 2H, =N-CH2-CH2-), 1.39 (sext, J = 7.5, 2H, -CH2-CH3), 0.95 

(t, J = 7.4, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 160.8, 136.4, 130.5, 128.7, 61.6, 33.1, 20.6, 

14.0. 

N-Ethylidenebutylamine (118)121  

 

Acetaldehyde (2.55 ml, 2.00 g, 45.4 mmol), n-butylamine (4.39 ml, 3.25 g, 44.5 mmol), KOH (2.97 g, 

52.9 mmol) were mixed at 0 °C and stirred for 2 h. The layers were separated and the crude was 

distilled (36 °C, 80 mbar), to give imine 118 (3.3 g, 75%) as colorless liquid.   

1H NMR (400 MHz, CDCl3): δ (ppm) 7.68 (q, J = 4.9, 1H, CH3-CH=N-), 3.33 (t, J =  7.2, 2H, =N-CH2-), 

1.93 (d, J = 4.7, 3H, CH3-CH=N-), 1.55 (quin, J = 7.6, 2H, =N-CH2-CH2-), 1.30 (sext, J = 7.5, 
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2H, -CH2-CH3), 0.90 (t, J = 7.3, 3H, -CH3) 13C NMR (100 MHz, CDCl3): δ (ppm) 160.4, 61.1, 32.9, 22.2, 

20.4, 13.9. 

(E)-N-butylbutan-1-imine (119)176  

 

Butyraldehyde (4.60 ml, 3.67 g, 51.0 mmol), n-butylamine (4.90 ml, 3.65 g, 50.0 mmol), KOH (3.34 

g, 59.5 mmol) were mixed at 0 °C and stirred for 16 h. The layers were separated and the crude was 

distilled (60 °C, 37 mbar), to give imine 119 (4.1 g, 64%) as colorless liquid.   

1H NMR (400 MHz, CDCl3): δ (ppm) 7.61 (t, J = 4.9, 1H, -CH2-CH=N-), 3.32 (t, J =  6.9, 2H, =N-CH2-), 

2.20 (q, J = 7.5, 2H, -CH2-CH=N-), 1.60 – 1.50 (m, 4H, -CH2-), 1.30 (sext, J = 7.3, 4H, -CH2-), 0.94 (t, 

J = 7.3, 3H, -CH3), 0.90 (t, J = 7.4, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 164.8, 61.2, 37.9, 

33.0, 20.4, 19.6, 14.0, 13.9. 

(E)-N-Benzylidenebenzamide (122)122 

 

To hexamethyldisilazane (2.14 ml, 1.67 g, 10.4 mmol) was added n-BuLi (1.6 M in hexanes, 6.18 ml, 

9.89 mmol) at 0 °C. After 20 min at r.t., the mixture was cooled to 0 °C and freshly distilled 

benzaldehyde (1.00 g, 9.40 mmol) was added. Stirring was continued at 0 °C for 10 min and at r.t. 

for 30 min. The solvent was removed and trimethylsilyl chloride (1.20 ml, 1.02 g, 9.40 mmol) was 

added to the resulting oil. All volatiles were removed in vacuo after 20 min, followed by dilution 

with CH2Cl2 (15 ml). Benzoyl chloride (1.03 ml, 1.26 g, 8.95 mmol) was added and the mixture 

heated to reflux for 16 h. The formed precipitate was filtered and the filtrate concentrated and 

dried thoroughly in vacuo. Amide 125 (1.5 g, 80%) was received as yellow solid.  

1H NMR (400 MHz, CDCl3): δ (ppm) 8.78 (s, 1H, -CH=N-), 8.17 (d, J = 7.1, 1H, Ar), 7.98 (d, J = 7.1, 

1H, Ar), 7.62 – 7.41 (m, 8H, Ar). 13C NMR (100 MHz, CDCl3): δ (ppm) 13C NMR (101 MHz, CDCl3) δ 

181.13, 164.65, 133.68, 133.45, 130.30, 130.16, 129.12, 128.65, 127.49, 126.60. 
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7.6 [2+2+2] Cycloaddition of Imines and Diynes  

7.6.1 Cycloaddition Products 

Dimethyl (Z)-3-methylene-4-(2-oxo-2-phenylethylidene)cyclopentane-1,1-dicarboxylate (35b)  

 

Imine 122 (177 mg, 840 µmol) and diyne 2 (88.0 mg, 420 µmol) in DCE (5.6 ml) were added dropwise 

over 1 h to a solution of Cp*Ru(cod)Cl (8.00 mg, 21.1 µmol) in DCE (1.4 ml) at reflux temperature. 

After stirring for 24 h at this temperature, filtration over a SiO2-plug and removal of solvent, the 

residue was subjected to flash column chromatography (SiO2, petroleum ether/ethyl acetate 40:1) 

yielding 35b (15 mg, 11%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.12 (d, J = 7.4, 2H, Ar), 7.89 (t, J = 2.5, 1H, -C=CH-C(O)-), 7.64 – 

7.60 (m, 1H, Ar), 7.50 – 7.47 (m, 2H, Ar), 5.37 (bs, 1H, -C=CH2), 4.98 (bs, 1H, -C=CH2), 3.76 (s, 

6H, -C(O)OCH3), 3.29 (d, J = 2.5, 2H, -CH2-), 3.08 (bs, 2H, -CH2-). 13C NMR (100 MHz, CDCl3): δ (ppm) 

171.6, 163.1, 142.5, 133.8, 130.1, 129.6, 129.0, 128.7, 123.1, 104.7, 57.9, 53.1, 41.9, 36.5, 27.0. 

HRMS (ESI+): m/z [M+H]+ calc. for C18H18O5: 315.1227; found: 315.1218. 

7.7 Towards the Benzoquinolinone Alkaloid  

7.7.1 Synthetic Approach I – Naphthoquinone Intermediate 

1-Acetyl-4-methylnaphthalene (129)127  

 

To 1-methylnaphthalene (52.0 g, 366 mmol) in abs. CH2Cl2 (300 ml) was added AlCl3 (58.5 g, 

434 mmol) and the mixture was cooled to 0 °C. Acetyl chloride (26.1 ml, 28.7 g, 366 mmol) was 

added over 1 h at this temperature. After stirring at r.t. for 3 h, the mixture was heated to reflux 

until gas evolution had ceased (4 h). The mixture was poured on ice (1 kg) and 1 M HCl solution was 

added until the solid was dissolved. The layers were separated and the aqueous phase was 

extracted with CH2Cl2 (2 x 200 ml). The combined organic phases were successively washed with 

water, aqueous NaOH (2%), water (each 150 ml) and dried over K2CO3. The solvent was removed in 

vacuo and the residue distilled (128 °C, 0.55 mbar) to give pure ketone 129 (50 g, 74%) as colorless 

oil. 
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1H NMR (400 MHz, CDCl3): δ (ppm) 8.83 (d, J = 8.7, 1H), 8.05 (d, J = 7.9, 1H), 7.86 (d, J = 7.5, 1H) 7.64 

– 7.55 (m, 2H), 7.35 (d, J = 7.52, 1H), 2.75 (s, 3H, -C(O)CH3), 2.73 (s, 3H, -CH3).  

1-Methyl-4-(prop-1-en-2-yl)naphthalene (132)132, 177  

 

To methyltriphenylphosphonium iodide (24.6 g, 59.7 mmol) in abs. THF (50 ml) at 0 °C was added 

dropwise n-BuLi (1.6 M in n-hexanes, 23.7 ml, 59.1 mmol). The suspension was stirred at r.t. for 1 h 

until clear solution and then heated to reflux. Ketone 129 (10.0 g, 54.2 mmol) in abs. THF (20 ml) 

was added dropwise and the reaction mixture was stirred for 24 h at this temperature. Water 

(300 ml) was added, followed by extraction with Et2O (3 x 150 ml). The organic phase was washed 

with brine (150 ml) and dried with Na2SO4. The solvent was evaporated and the crude was purified 

via flash column chromatography (SiO2, petroleum ether/ethyl acetate 30:1) to give alkene 132 

(5.0 g, 46%) as colorless, highly viscous oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.09 (d, J = 8.0, 1H), 8.02 (d, J = 7.2, 1H), 7.55 – 7.47 (m, 2H), 

7.29 (d, J = 7.4, 1H), 7.22 (d, J = 6.9, 1H), 5.40 (s, 1H, =CH2), 5.05 (s, 1H, =CH2), 2.70 (s, 3H, -CH3), 2.21 

(s, 1H, =C-CH3). 

1-Allylpyrrolidine-2,5-dione (134)135  

 

To NaH (60% in mineral oil, 12.0 g, 300 mmol) in dry DMF (200 ml) was added succinimide (24.8 g, 

250 mmol). After 1 h at r.t., the temperature was raised to 65 °C for 2 h. Allyl bromide (43.2 ml, 

60.5 g, 500 mmol) was added and the mixture was stirred for 20 h at this temperature. Water 

(200 ml) was added and the aqueous phase was extracted with EtOAc (2 x 150 ml). Washing with 

water (2 x 150 ml), drying with MgSO4 and removal of the solvent afforded the crude alkene 134 

(13.7 g, 39%), which was used without further purification.  

1H NMR (400 MHz, CDCl3): δ (ppm) 5.82 – 5.73 (m, 1H, -CH2-CH=CH2), 5.23 – 5.16 (m, 

2H, -CH2-CH=CH2), 4.10 (d, J = 5.9, 2H, -CH2-CH=CH2), 2.71 (s, 4H, -CH2-CH2-). 
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1-Allylpyrrolidine-2,5-dione (135)137  

 

Allyl 134 (13.72 g, 98.6 mmol) and RhClH(CO)(PPh3)3 (939 mg, 0.986 mmol) in abs. toluene (100 ml) 

were refluxed for 54 h. The solvent was evaporated and the residue purified via flash column 

chromatography (SiO2, petroleum ether/ethyl acetate 5:1) to afford alkene 135 (6.6 g, 48%, E/Z 

100:0) as yellow solid. 

1H NMR (400 MHz, CDCl3): δ (ppm) 6.58 (dq, J = 14.7, 6.2, 1H, =CH-CH3), 6.43 (dq, J = 14.7, 1.6, 

1H, -CH=CH-CH3), 2.72 (s, 4H, -CH2-), 1.79 (dd, J = 5.2, 1.6, 3H, -CH3).  

1-Iodo-4-methylnaphthalene (136)138  

 

Conc. H2SO4 (1.38 g, 14.1 mmol), AcOH (160 ml) and water (40 ml) were premixed. I2 (714 mg, 2.80 

mmol), potassium iodate (15.0 g, 70.3 mmol) and 1-methylnaphthalene (5.00 g, 35.2 mmol) were 

added and the temperature set to 70 °C for 15 h. After cooling, NaHCO3 was added until gas 

evolution had ceased. Extraction with Et2O (3 x 100 ml), washing of the organic phase with aqueous 

Na2S2O3 (2 x 50 ml), drying with MgSO4 and evaporation of the solvent gave crude 136. Purification 

via flash column chromatography (SiO2, Petroleum ether/ethyl acetate 50:1) yielded iodide 136 

(5.1 g, 54%) as colorless liquid.  

1H NMR (400 MHz, CDCl3): δ (ppm) 8.01 (d, J = 7.2, 1H), 7.86 (d, J = 8.2, 1H), 7.72 (d, J = 8.2, 1H), 

7.51 (t, J = 7.3, 1H), 7.39 (t, J = 8.3, 1H), 7.31 (d, J = 6.9, 1H), 2.71 (s, 3H, CH3). 

(E)-1-(2-(p-Tolyl)prop-1-en-1-yl)pyrrolidine-2,5-dione (139) 

 

All liquids were degassed beforehand. 4-Iodotoluene (1.42 g, 6.53 mmol), alkene 135 (1.00 g, 

7.19 mmol), NEt3 (1.35 ml, 988 mg, 9.77 mmol) and Pd(PPh3)4 (74.5 mg, 65.3 µmol) were added to 

abs. toluene (7 ml) and heated to 100 °C for 25 h. Evaporation of solvent, purification via flash 

column chromatography (SiO2, petroleum ether/ethyl acetate 2:1) and recrystallization from 

CH2Cl2/petroleum ether yielded imide 139 (700 mg, 48%) as colorless solid.  
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Mp: 120 -121 °C (CH2Cl2/petroleum ether) 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.36 (d, J = 8.0, 2H, Ar), 7.16 (d, J = 8.0, 2H, Ar), 6.21 (s, 1H, 

=CH-N), 2.83 (s, 4H, -CH2-), 2.36 (s, 3H, -CH3), 1.95 (d, J = 1.3, 3H, -C=C-CH3). 13C NMR (100 MHz, 

CDCl3): δ (ppm) 175.8, 140.2, 138.2, 136.8, 129.2, 126.3, 114.5, 77.1, 28.5, 21.2, 17.3. IR (ATR, cm-1): 

2927, 1697, 1392, 1178, 1106, 799. HRMS (ESI+): m/z [M+H]+ calc. for C14H15NO2: 230.1176; found: 

230.1169.  

 

7.7.2 Synthetic Approach II – Diels-Alder Reaction as Key Step 

1-(3-Bromo-4-methylphenyl)ethan-1-one (145)141 

 

4-Methylacetophenone (20.0 ml, 19.9 g, 148 mmol) was added dropwise to AlCl3 (44.5 g, 333 mmol) 

over 20 min. After 1 h, bromine (8.30 ml, 26.1 g, 163 mmol) was added. The slurry was stirred for 

an additional hour and 3 M HCl (500 ml) was added. The resulting solution was extracted with Et2O 

(3 x 200 ml) and the extracts were washed with sat. NH4Cl solution (150 ml), dried with MgSO4, and 

concentrated in vacuo. The residue was distilled (72 – 74 °C/0.1 mbar) giving ketone 145 (15.0 g, 

47%) as colorless solid.  

1H NMR (400 MHz, CDCl3): δ (ppm) 8.11 (s, 1H, -Ar), 7.78 (d, J = 7.8, 1H, Ar), 7.32 (d, J = 7.8, 1H, Ar), 

2.56 (s, 3H, -C(O)-CH3), 2.45 (s, 3H, -CH3).  

2-Bromo-1-methyl-4-(prop-1-en-2-yl)benzene (146) 

 

To methyltriphenylphosphonium iodide (12.3 g, 30.5 mmol) in abs. THF (45 ml) at 0 °C was added 

dropwise n-BuLi (1.6 M in hexanes, 11.3 ml, 28.2 mmol). The suspension was stirred at r.t. for 1 h, 

followed by dropwise addition of ketone 145 (5.00 g, 23.5 mmol) in abs. THF (5 ml). After 22 h, sat. 

NH4Cl solution (250 ml) was added and the aqueous phase was extracted with PE (3 x 100 ml). 

Drying with MgSO4 and concentration gave a colorless solid, which was filtered and washed with 

PE (50 ml). Removal of solvent and purification via flash column chromatography (SiO2, Petroleum 

ether/ethyl acetate 20:1) yielded alkene 146 (3.6 g, 73%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.54 (d, J = 1.7, 1H, Ar), 7.22 (dd, J = 7.8, 1.7, 1H, Ar), 7.09 (d, 

J = 7.8, 1H, Ar), 5.26 (s, 1H, =CH2), 4.99 (s, 1H, =CH2), 2.31 (s, 3H, =C-CH3), 2.03 (s, 3H, Ar-CH3). 
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13C NMR (100 MHz, CDCl3): δ (ppm) 141.9, 140.8, 136.9, 130.6, 129.5, 125.0, 124.4, 112.9, 77.1, 

22.6, 21.8. IR (ATR, cm-1): 3087, 2946, 2920, 2974, 1628, 1548, 1492, 1448, 1378, 1300, 1272, 1119, 

1035, 879, 821, 729, 707, 666. Elemental analysis: calc. C10H11Br: C 56.90%, H 5.25%; found: 

C 56.62%, H 5.24%. 

2-(3-Bromo-4-methylphenyl)-2-methyloxirane (147)  

 

Variant A: To alkene 146 (500 mg, 2.37 mmol) in abs. CH2Cl2 (25 ml) was added mCPBA (75%, 

654 mg, 2.84 mmol) at 0 °C. After complete conversion of the starting material, as indicated by GC-

MS (4 h), sat. NaHCO3 solution (20 ml) was added and the aqueous phase was extracted with CH2Cl2 

(3 x 40 ml). The combined organic phases were washed successively with sat. NaHCO3 solution, 

water and brine (each 20 ml). Drying with Na2SO4, removal of solvent and purification via flash 

column chromatography (SiO2, n-pentane/EtOAc/NEt3 10:1:0.01) yielded epoxide 147 (335 mg, 

72%) as colorless oil. 

Variant B: To NaH (60% in mineral oil, 188 mg, 4.69 mmol) in abs. THF (6 ml) was added 

trimethylsulfonium iodide (958 mg, 4.69 mmol) and the mixture was heated to reflux for 1.5 h. At 

r.t., ketone 145 (500 mg, 2.34 mmol) in abs. THF (3 ml) was added and the suspension was stirred 

for 18 h. The solvent was removed in vacuo and the slurry taken up with water (10 ml), extracted 

with Et2O (3 x 20 ml) and dried with MgSO4. Flash column chromatography (SiO2, n-

pentane/EtOAc/NEt3 50:1:0.01) yielded epoxide 147 (400 mg, 75%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.53 (s, 1H, Ar), 7.19 (m, 2H, Ar), 2.95 (d, J = 5.3, 1H, -CH2O-), 

2.76 (d, J = 5.3, 1H, -CH2O-), 2.38 (s, 3H, -CH3(Ar)), 1.68 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ 

(ppm) 140.9, 137.1, 130.8, 129.4, 125.0, 124.4, 57.1, 56.1, 22.6, 21.7. IR (ATR, cm-1): 3043, 2981, 

2923, 1608, 1560, 1497, 1441, 1391, 1337, 1293, 1265, 1067, 1036, 993, 865, 813, 771, 683. 

Elemental analysis: calc. C10H11BrO: C 52.89%, H 4.88%; found: C 52.72%, H 4.84%. 

1-(2-Hydroxy-4-methylphenyl)ethan-1-one (150)146  

 

3-Methylphenol (20.0 g, 185 mmol) was dissolved in acetic anhydride (17.5 ml, 18.9 g, 185 mmol). 

Conc. H2SO4 (2 drops) was added and the reaction mixture was stirred for 1 h. The reaction was 

quenched by addition of water (50 ml). Extraction with EtOAc (3 x 40 ml) followed by washing of 
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the organic phase with water and brine (each 20 ml), drying with Na2SO4 and concentration in vacuo 

gave crude 2-acetoxy toluene. Purification via flash column chromatography (SiO2, petroleum 

ether/ethyl acetate 6:1) afforded ester 149 (27.0 g, 97%) as colorless liquid.  

Ester 149 (27.0 g, 180 mmol) and AlCl3 (48.0 g, 360 mmol) were mixed and heated to 150 °C for 

20 h. To the cooled mixture was given into an ice/1 M HCl mixture (200 ml, 1:1), followed by 

extraction with EtOAc (4 x 100 ml). The organic phase was washed with sat. NaHCO3 solution 

(100 ml) and brine (100 ml), dried with MgSO4 and concentrated in vacuo. The residue was distilled 

(45 – 47 °C, 1 mbar) and further purified via flash column chromatography (SiO2, petroleum 

ether/ethyl acetate 8:1) to yield phenol 150 (22.1 g, 82%) as pale yellow oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 12.28 (s, 1H, -OH), 7.61 (d, J = 8.1, 1H, Ar), 6.78 (s, 1H, Ar), 6.71 

(d, J = 8.1, 1H, Ar), 2.69 (s, 3H, -C(O)CH3), 2.35 (s, 3H, -CH3).  

1-(3,5-Dibromo-2-hydroxy-4-methylphenyl)ethan-1-one (151)148  

 

Benzene derivative 150 (3.00 g, 20 mmol) was given to glacial acetic acid (43 ml) and was cooled 

with an ice water bath while bromine (3.69 ml, 11.5 g, 72.0 mmol) in glacial acetic acid (10 ml) was 

added. After stirring for 1 h, the mixture was poured into cold water (100 ml) and afterwards 

filtered. The solid was recrystallized from EtOH to give dibromide 151 (4.29 g, 70%) as pale yellow 

crystals.  

1H NMR (400 MHz, CDCl3): δ (ppm) 12.97 (s, 1H, -OH), 7.90 (s, 1H, Ar), 2.65 (s, 3H, -CH3), 2.64 (s, 

3H, -CH3). 

6-Acetyl-2,4-dibromo-3-methylphenyl 4-methylbenzenesulfonate (153)  

 

A solution of bromide 151 (1.00 g, 3.25 mmol) in CH2Cl2/pyridine (15 ml/4 ml) was cooled to 0 °C. 

TsCl (930 mg, 4.88 mmol) was added and the reaction mixture slowly warmed to r.t and then heated 

to 60 °C for 24 h (completion indicated via TLC). Sat. NH4Cl solution (20 ml) and CH2Cl2 (20 ml) were 

added. The layers were separated and the aqueous phase was extracted with CH2Cl2 (20 ml). The 

CH2Cl2-phase was washed with 1 M HCl solution (2 x 50 ml), brine (50 ml) and dried with MgSO4 
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before the solvent was removed in vacuo. Purification via flash column chromatography (SiO2, 

petroleum ether/ethyl acetate 20:1) yielded tosylate 153 (1.2 g, 80%) as brown solid. 

Mp: 133 – 133.5 °C (ethyl acetate/petroleum ether) 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.78 (s, 1H, Ar), 7.75 (d, J = 8.3, 2h, Ar (Ts)), 7.35 (d, J = 8.3, 2H, 

Ar (Ts)), 2.58 (s, 3H, -C(O)-CH3), 2.53 (s, 3H, -CH1), 2.48 (s, 3H, -CH3 (Ts)). 13C NMR (100 MHz, CDCl3): 

δ (ppm) 196.6, 146.5, 143.3, 143.3, 135.5, 132.5, 132.0, 130.1, 129.0, 123.5, 122.4, 29.6, 24.9, 21.9. 

IR (ATR, cm-1): 3097, 1693, 1584, 1440, 1351, 1196, 1174, 1026, 817, 742. Elemental analysis: calc. 

for C16H14Br2O4S: C 41.58%, H 3.05%, S 6.94%; found: C 41.55%, H 3.06%, S 7.37%.  

tert-Butyl furan-2-ylcarbamate (156)150  

 

To furoyl chloride (5.0 g, 38.3 mmol) in Et2O (40 ml) was added NaN3 (2.98 g, 45.9 mmol) in water 

(24 ml) at 0 °C and the mixture was stirred vigorously. After 3 h the phases were separated, the 

organic layer was dried with MgSO4 and the solvent removed in vacuo. The resulting colorless solid 

was taken up in t-BuOH (35 ml) and heated to reflux. After the gas evolution had ceased (4 h), the 

solvent was removed and the residue purified via flash column chromatography (SiO2, petroleum 

ether/ethyl acetate/NEt3 100:10:1) to give carbamate 156 (5.67 g, 81%) as pale orange solid.   

1H NMR (400 MHz, CDCl3): δ (ppm) 7.06 (s, 1H), 6.55 (bs, 1H), 6.34 (s, 1H), 6.04 (bs, 1H, -NH), 1.51 

(s, 9H, -CH3). 

tert-Butyl (E)-prop-1-en-1-ylcarbamate (158)151  

 

Di-tert-butyl dicarbonate (14.5 g, 66.6 mmol) was dissolved in CH3CN (25 ml) and cooled to 0 °C. 

Allyl amine (5.00 ml, 3.80 g, 66.6 mmol) was added. After 3 h the solvent was evaporated, yielding 

Boc-protected allyl amine as orange oil. The crude was dissolved in abs. toluene (130 ml), treated 

with RuClH(CO)(PPh3)3 (630 mg, 666 µmol) and heated to reflux for 25 h. After removal of solvent 

and distillation (70 °C, 6 mbar), enamine 158 (8.4 g, 80% (2 steps), E/Z 1:1) was received as colorless 

solid.  

1H NMR (400 MHz, CDCl3): δ (ppm) 6.41 & 6.14 (bs, 1H(E + Z), -CH=CH-N), 4.93 & 4.62 (bs, 1H (E + Z), 

CH3-CH=CH-N), 1.63 & 1.54 (d, J = 6.7, 3H (E + Z), CH3-CH=CH-N), 1.47 & 1.44 (s, 3H (E + Z), -CH3). 
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(E)-1-(Prop-1-en-1-yl)piperidine (162)153 

 

K2CO3 (2.43 g, 17.6 mmol) and piperidine (11.6 ml, 10.0 g, 117 mmol) were mixed and 

propionaldehyde (4.26 ml, 3.40 g, 58.7 mmol) was added dropwise over 5 min. After 4 h the mixture 

was filtered, the solid washed with Et2O (30 ml) and the filtrate concentrated in vacuo. Distillative 

purification (50 – 55 °C, 15 mbar) yielded enamine 162 (5.0 g, 68%, E/Z 100:0) as colorless liquid.  

1H NMR (400 MHz, CDCl3): δ (ppm) 4.37 (d, J = 13.7, 1H, -CH=CH-N), 4.37 (dq, J = 14.0, 7.3, -CH=CH-

N), 2.73 – 2.71 (m, 3H, -CH3), 1.63 – 1.45 (m, 10H, -CH2-).  

2-(3-Bromo-4-methylphenyl)propanal (170)  

 

BF3·Et2O (70.0 µl, 78.1 mg, 550 µmol) was added to epoxide 147 (250 mg, 1.10 mmol) in abs. Et2O 

(3.5 ml) at 0 °C. After 30 min, Et2O (30 ml) was added and the organic phase was washed with sat. 

NaHCO3 solution (2 x 10 ml), dried with MgSO4 and the solvent removed in vacuo. Aldehyde 170 

(220 mg, 88%) was obtained as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 9.65 (d, J =  1.4, 1H, -C(O)H), 7.40 (d, J =  1.8, 1H, Ar (-C(2)H)), 

7.24 (d, J = 7.9, 1H, Ar), 7.04 (dd, J = 7.8, 2.0, 1H, Ar), 3.58 (q, J = 7.3, 1H, -CH-C(O)H), 2.39 (s, 3H, -CH3 

(Ar)), 1.43 (d, J = 7.3, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 200.5, 137.3, 132.2, 131.4, 

127.3, 125.6, 77.1, 52.2, 22.6, 14.6. IR (ATR, cm-1): 2978, 2815, 2718, 1724, 1559, 1492, 1451, 1382, 

1036, 878, 821, 706, 677. Elemental analysis: calc. for C10H11BrO: C 52.89%, H 4.88%; found: 

C 52.70% H 4.88%. 

 

7.7.3 Synthetic Approach III – Bischler-Napieralski Reaction as Key Step 

2-Methyl-2-(p-tolyl)oxirane (177)178 

 

To NaH (60% in mineral oil, 5.00 g, 74.5 mmol) in abs. THF (35 ml) and DMSO (40 ml) was added 

trimethylsulfonium iodide (15.2 g, 74.5 mmol) and the mixture was stirred for 1.5 h at r.t. 

Methylacetophenone (5.00 g, 37.3 mmol) in abs. THF (35 ml) and DMSO (60 ml) was added. Stirring 
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was continued for 20 h.  THF was removed in vacuo and the slurry taken up in water (200 ml), 

extracted with Et2O (2 x 150 ml) and dried with MgSO4. Flash column chromatography (SiO2, 

n-pentane/ethyl acetate/NEt3 50:1:0.01) yielded epoxide 177 (4.9 g, 89%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.26 (d, J = 8.14, 2H, Ar), 7.15 (d, J = 8.14, 2H, Ar), 2.96 (d, J = 5.1, 

1H, -CH2O-), 2.80 (d, J = 5.1, 1H, -CH2O-), 2.34 (s, 3H, -CH3 (Ar)), 1.71 (s, 3H, -CH3). 

2-(p-Tolyl)propanal (178)162  

 

BF3·Et2O (210 µl, 239 mg, 1.69 mmol) was added to epoxide 177 (500 mg, 3.37 mmol) in abs. Et2O 

(11 ml) at 0 °C. After 30 min, Et2O (30 ml) was added and the organic phase was washed with sat. 

NaHCO3 solution (2 x 10 ml), dried with MgSO4 and the solvent removed in vacuo. Purification via 

flash column chromatography (SiO2, petroleum ether/ethyl acetate 50:1) yielded aldehyde 178 

(320 mg, 64%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 9.67 (d, J =  1.4, 1H, -C(O)H), 7.19 (d, J = 7.5, 2H, Ar), 7.10 (d, 

J = 7.5, 2H, Ar), 3.60 (q, J = 7.0, 1H, -CH-C(O)H), 2.35 (s, 3H, -CH3 (Ar)), 1.43 (d, J = 7.0, 3H, -CH3). 

2-Azido-2-(p-tolyl)propan-1-ol (180)  

 

Epoxide 177 (500 mg, 3.40 mmol) was dissolved in i-PrOH (8 ml). NaN3 (663 mg, 10.2 mmol) and 

NH4Cl solution (236 mg, 4.40 mmol) were added and the slurry was heated to reflux for 20 h. Water 

(10 ml) was added and the aqueous phase was extracted with CH2Cl2 (3 x 20 ml). The organic phase 

was dried with MgSO4 and the solvent was removed. Flash column chromatography (SiO2, 

petroleum ether/ethyl acetate 10:1) yielded azide 180 (350 mg, 54%) as colorless oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.33 (d, J = 8.3, 2H, Ar), 7.21 (d, J = 8.1, 2H, Ar), 3.70 (d, J = 11.4, 

1H, -CH2OH), 3.61 (d, J = 11.4, 1H, -CH2OH), 2.36 (s, 3H, -CH3 (Ar)), 1.72 (s, 4H, -CH3, -OH) 13C NMR 

(100 MHz, CDCl3): δ (ppm) 137.9, 137.8, 129.6, 126.0, 70.7, 67.9, 21.5, 21.1.  
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1-Methoxy-2-(p-tolyl)propan-2-ol (181) 

 

 

Ether 181 was isolated as side product (33%, colorless oil) in the reaction of epoxide 177 with 

sodium azide, when using MeOH as solvent. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.29 (d, J = 8.1, 2H, Ar), 7.18 (d, J = 8.1, 2H, Ar), 3.65 (d, J = 11.2, 

1H, -CH2OCH3), 3.48 (d, J = 11.2, 1H, -CH2OCH3), 3.13 (s, 3H, -OCH3) 2.35 (s, 3H, -CH3 (Ar)), 1.87 (bs, 

1H, -OH), 1.60 (s, 4H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 139.0, 137.3, 129.2, 126.6, 79.6, 

71.6, 50.5, 21.1, 19.4. IR (ATR, cm-1): 3403, 2923, 1512, 1170, 1039, 911, 813. 

2-Amino-2-(p-tolyl)propan-1-ol (182)  

 

To azide 179 (290 mg, 1.50 mmol) in MeOH (6 ml) was added Pd/C (10% Pd, 80.7 mg, 75.8 µmol). 

The flask was evacuated and flushed with hydrogen gas. The suspension was stirred under hydrogen 

atmosphere (balloon) at r.t. for 26 h. The mixture was filtered and concentrated in vacuo. Amine 

182 (220 mg, 89%) was received as beige solid.  

Mp: 70.5 °C 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.34 (d, J = 8.2, 2H, Ar), 7.19 (d, J = 8.2, 2H, Ar), 3.65 (d, J = 11.0, 

1H, -CH2OH), 3.58 (d, J = 11.0, 1H, -CH2OH), 2.51 (bs, 3H, -NH2, -OH), 2.33 (s, 3H, -CH3 (Ar)), 1.47 (s, 

3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 137.2, 136.6, 129.3, 125.3, 71.8, 56.6, 25.1, 21.0. IR 

(ATR, cm-1): 3342, 2922, 2838, 1604, 1512, 1452, 1053, 1011, 907, 820. Elemental analysis: calc. for 

C10H15NO: C 72.69%, H 9.15% N 8.48%; found: C 72.73%, H 9.49%, N 5.38%. 

2-(p-Tolyl)-2-((trimethylsilyl)oxy)propanenitrile (183)158 

 

4-Methylacetophenone (1.00 g, 7.50 mmol), trimethylsilyl cyanide (744 mg, 7.50 mmol) and ZnI2 

(14.3 mg, 45.0 µmol) were mixed and warmed to 60 °C for 7 h. The resulting nitrile 183 (quant.) was 

used in the next step without further purification. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.42 (d, J = 8.1, 2H, Ar), 7.20 (d, J = 8.1, 2H, Ar), 2.37 (s, 3H, -CH3 

(Ar)), 1.84 (s, 3H, -CH3), 0.16 (s, 9H, -Si(CH3)3).  
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1-Amino-2-(p-tolyl)propan-2-ol (184)  

 

Nitrile 183 (1.75 g, 7.50 mmol) was dissolved in abs. THF (75 ml) and LiAlH4 (341 mg, 8.99 mmol) 

was added at 0 °C. The suspension was slowly warmed to r.t. and then heated to 50 °C for 2 h. After 

cooling, the mixture was poured into ice water (50 ml) and extracted with EtOAc (3 x 50 ml). The 

organic phase was dried with MgSO4 and the solvent was removed in vacuo to afford amino alcohol 

184 (1.0 g, 81%) as pale yellow oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.33 (d, J = 8.2, 2H, Ar), 7.15 (d, J = 8.2, 2H, Ar), 3.08 (d, J = 12.3, 

1H, -CH2NH2), 2.81 (d, J = 12.3, 1H, -CH2NH2), 2.33 (s, 3H, -CH3 (Ar)), 2.26 (bs, 3H, -NH2, -OH), 1.47 

(s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 143.2, 136.4, 129.1, 125.1, 73.4, 52.5, 27.9, 21.0. 

IR (ATR, cm-1): 2956, 1511, 1249, 1093, 998, 835, 812, 752. Elemental analysis:  calc. for C10H15NO: 

C 72.69%, H 9.15%, N 8.48%; found: C 71.02%, H 9.16%, N 8.08%. 

Methyl 4-((2-hydroxy-2-(p-tolyl)propyl)amino)-4-oxobutanoate (185)  

 

Amino alcohol 184 (157 mg, 950 µmol), succinic acid monomethylester chloride (117 µl, 143 mg, 

950 µmol), NEt3 (198 µl, 144 mg, 1.42 µmol) and CH2Cl2 (2.7 ml) were mixed and stirred at r.t. for 

2 h. The mixture was diluted with CH2Cl2 (20 ml) and washed with 0.1 M HCl solution (20 ml). Drying 

with MgSO4, evaporation of the solvent and purification via flash column chromatography (SiO2, 

CH2Cl2/MeOH 20:1) yielded ester 185 (215 mg, 81%) as colorless solid. 

Mp: 85.5 °C 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.26 (d, J = 8.2, 2H, Ar), 7.09 (d, J = 8.2, 2H, Ar), 5.90 (bs, 

1H, -NH-),  3.66 (dd, J = 14.2, 7.9, 1H, -CH2NHC(O)-), 3.59 (s, 3H, -C(O)OCH3), 3.31 (dd, J = 14.0, 5.1, 

1H, -CH2NHC(O)-), 2.61 – 2.53 (m, 3H, -CH2-, -OH), 2.35 (t, J = 7.1, 2H, -CH2-), 2.27 (s, 3H, -CH3 (Ar)), 

1.45 (s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 173.6, 173.0, 142.7, 136.7, 129.1, 125.0, 74.9, 

52.0, 51.1, 31.1, 29.5, 27.95, 21.1. IR (ATR, cm-1): 3357, 2950, 1737, 1638, 1550, 1438, 1168, 1063, 

820. HRMS (ESI+): m/z [M+Na]+ calc. for C15H21NO4: 302.1363; found: 302.1357. Elemental analysis: 

calc. for C15H21NO4: C 64.50%, H 7.58%, N 5.01%; found: C 65.75%, H 7.94%, N 4.91%. 

 

 



Towards the Benzoquinolinone Alkaloid 

156 
 

4-((2-Hydroxy-2-(p-tolyl)propyl)amino)-4-oxobutanoic acid (186)  

 

Amino alcohol 184 (300 mg, 1.81 mmol), succinic anhydride (183 mg, 1.83 mmol) and CH2Cl2 (6 ml) 

were mixed and stirred at r.t. for 22 h. The solvent was removed and the residue purified via flash 

column chromatography (SiO2, CH2Cl2/MeOH/AcOH 100:5:0.25) giving amide 186 (430 mg, 90%) as 

colorless solid. 

Mp: 85.5 – 86.0 °C 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.32 (d, J = 8.2, 2H, Ar), 7.16 (d, J = 8.2, 2H, Ar), 6.10 (bs, 

1H, -NH-), 4.60 (bs, 1H, -C(O)OH), 3.74 (dd, J = 13.8, 7.1, 1H, -CH2NHC(O)-), 3.43 (dd, J = 14.0, 5.1, 

1H, -CH2NHC(O)-), 2.67 – 2.63 (m, 2H, -CH2-), 2.46 (t, J = 7.1, 2H, -CH2-), 2.34 (s, 3H, -CH3 (Ar)), 1.53 

(s, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 176.1, 173.6, 142.3, 136.9, 129.2, 124.9, 74.9, 

50.9, 30.8, 29.8, 27.8, 21.1. IR (ATR, cm-1): 3339, 2929, 1698, 1644, 1546, 1408, 1280, 1206, 1155, 

948, 816. HRMS (ESI+): m/z [M+H]+ calc. for C14H19NO4: 266.1387; found: 266.1384. Elemental 

analysis: calc. for C14H19NO4: C 63.38%, H 7.22%, N 5.28%; found: C 62.85%, H 7.34%, N 5.35%. 

N-(2-Hydroxy-2-(p-tolyl)propyl)acetamide (189)  

 

To a solution of amino alcohol 178 (500 mg, 3.03 mmol) in pyridine (6.3 ml) was added acetic 

anhydride (0.58 ml, 618 mg, 6.06 mmol) at r.t. After 21 h, the mixture was acidified with 1 M HCl 

solution and extracted with CH2Cl2 (3 x 30 ml), dried with MgSO4 and concentrated in vacuo. 

Purification via flash column chromatography (SiO2, CH2Cl2/MeOH 100:5) yielded amide 189 

(350 mg, 56%) as colorless solid. 

Mp: 89.5 °C 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.33 (d, J = 8.2, 2H, Ar), 7.16 (d, J = 8.2, 2H, Ar), 5.85 (bs, 

1H, -NH-),  3.70 (dd, J = 14.0, 6.8, 1H, -CH2NHC(O)-), 3.42 (dd, J = 14.1, 5.3, 1H, -CH2NHC(O)-), 3.05 

(bs, 1H, -OH), 2.34 (s, 3H, -CH3 (Ar)), 1.95 (s, 3H, -C(O)CH3), 1.53 (s, 3H, -CH3). 13C NMR (100 MHz, 

CDCl3): δ (ppm) 171.8, 142.7, 136.8, 129.2, 124.9, 77.1, 74.9, 51.3, 28.1, 23.2. IR (ATR, cm-1): 3388, 

333, 3968, 2934, 1637, 1550, 1294, 1140, 954, 819. HRMS (ESI+): m/z [M+Na]+ calc. for C12H17NO2: 

230.1151; found: 230.1148. Elemental analysis: calc. for C12H17NO2: C 69.54%, H 8.27%, N 6.76%; 

found: C 69.29%, H 8.59%, N 6.75%.  
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2-(p-Tolyl)propanenitrile (192)162  

 

4-Methylphenylacetonitrile (14.5 g, 111 mmol) was dissolved in dry DMF (150 ml) and cooled to 

0 °C. NaH (60% in mineral oil, 4.77 g, 119 mmol) was added. The mixture was stirred for 2.5 h at 

0 °C, before methyl iodide (7.36 ml, 16.8 g, 118 mmol) was added dropwise over 30 min at 0 °C. The 

mixture was slowly warmed to r.t and stirred for 20 h. Water (75 ml) was added and the solution 

was extracted with Et2O (3 x 50 ml) and dried with MgSO4. The solvent was removed and the residue 

purified via flash column chromatography (SiO2, Petroleum ether/ethyl acetate 50:1) yielding nitrile 

192 (10.6 g, 66%) as colorless oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.24 (d, J = 8.1, 2H, Ar), 7.19 (d, J = 8.1, 2H, Ar), 3.86 (q, J = 7.4, 

1H, H3C-CH-CN), 2.35 (s, 3H, -CH3 (Ar)), 1.63 (d, J = 7.4, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 

138.0, 134.2, 129.9, 126.7, 121.9, 31.0, 21.6, 21.1. 

2-(p-Tolyl)propan-1-amine (193)  

 

LiAlH4 (184 mg, 48.4 mmol) was suspended in abs. Et2O (180 ml). A solution of nitrile 192 (5.86 g, 

40.4 mmol) in abs. Et2O (20 ml) was added dropwise over 30 min. The mixture was stirred at reflux 

for 4 h. Ice (30 g) and 2 M NaOH (50 ml) were added, the phases separated and the aqueous phase 

extracted with Et2O (3 x 120 ml). The organic phases were extracted with 1 M HCl solution (3 x 

30 ml). The aqueous phase was made basic with conc. KOH solution followed by extraction with 

Et2O (4 x 60 ml). The ether phase was dried with MgSO4 and the solvent removed in vacuo. Amine 

193 (5.7 g, 95%) was received as yellow oil.  

1H NMR (400 MHz, CDCl3)179: δ (ppm) 7.14 – 7.09 (m, 4H, Ar), 2.83 (dd, J = 6.8, 2.0, 2H, -CH2NH2), 

2.73 (sext., J = 7.0, 1H, H3C-CH-CH2NH2), 2.33 (s, 3H, -CH3 (Ar)), 1.80 (bs, 2H, -NH2), 1.24 (d, J = 7.0, 

3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 141.9, 136.0, 129.3, 127.3, 49.6, 43.1, 21.1, 19.5. 

4-Oxo-4-((2-(p-tolyl)propyl)amino)butanoic acid (194)  

 

Amine 193 (550 mg, 3.68 mmol) was dissolved in THF (18 ml). Succinic anhydride (406 mg, 

4.05 mmol) was added and the mixture stirred 20 h at r.t. THF was removed in vacuo. The residue 
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was suspended in water (10 ml) and stirred for 20 min. Filtration, washing with Et2O and drying in 

vacuo yielded amide 194 (870 mg, 95%) as colorless powder. 

Mp: 124 – 124.5 °C  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.14 (d, J = 8.2, 2H, Ar), 7.09 (d, J = 8.2, 2H, Ar), 5.59 (bs, 

1H, -NHC(O)CH2-), 3.65 – 3.58 (m, 1H, -CH2NHC(O)-), 3.26 – 3.19 (m, 1H, -CH2NHC(O)-), 2.93 – 2.87 

(m, 1H, H3C-CH-CH2NH-), 2.66 – 2.63 (m, 2H, -C(O)-CH2-), 2.40 (t, J = 6.4, 2H, -CH2-C(O)OH), 2.33 (s, 

3H, -CH3 (Ar)), 1.25 (d, J = 7.1, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 176.1, 172.3, 140.7, 

136.5, 129.6, 127.1, 46.5, 39.3, 30.8, 29.9, 21.1, 19.5. IR (ATR, cm-1): 3302, 2966, 2924, 1644, 1548, 

1614, 1455, 1371, 1275, 1125, 1018, 816. HRMS (ESI+): m/z [2M+H]+ calc. for C14H19NO3: 521.2622; 

found: 521.2622. Elemental analysis: calc. for C14H19NO3: C 67.45%, H 7.68%, N 5.62%; found: C 

67.15%, H 7.74%, N 5.62%. 

Methyl 4-oxo-4-((2-(p-tolyl)propyl)amino)butanoate (195)  

 

Acid 194 (1.30 g, 5.21 mmol) was dissolved in MeOH (20 ml) and conc. H2SO4 (4 drops) was added. 

After stirring for 26 h at r.t., the solvent was evaporated. The residue was taken up with water 

(5 ml), made basic with NaHCO3 and extracted with CH2Cl2 (3 x 20 ml). Drying with MgSO4 and 

evaporation of the solvent yielded ester 195 (1.25 g, 91%) as colorless oil, which was used without 

further purification. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.14 (d, J = 8.1, 2H, Ar), 7.09 (d, J = 8.1, 2H, Ar), 5.49 (bs, 

1H, -NHC(O)CH2-), 3.66 (s, 3H, -C(O)OCH3), 3.64 – 3.57 (m, 1H, -CH2NHC(O)-), 3.24 – 3.18 (m, 

1H, -CH2NHC(O)-), 2.94 – 2.85 (m, 1H, H3C-CH-CH2NH-), 2.62 (t, J = 7.0, 2H, -C(O)-CH2-), 2.40 (t, 

J = 6.9, 2H, -CH2-C(O)OCH3), 2.33 (s, 3H, -CH3 (Ar)), 1.25 (d, J = 7.0, 3H, -CH3). 13C NMR (100 MHz, 

CDCl3): δ (ppm) 173.5, 171.3, 141.0, 136.4, 129.5, 127.2, 51.9, 46.3, 39.4, 31.1, 29.4, 21.1, 19.5. IR 

(ATR, cm-1): 3303, 2957, 2926, 1736, 1646, 1548, 1515, 1436, 1360, 1198, 1165, 1017, 815. HRMS 

(ESI+): m/z [M+H]+ calc. for C15H21NO3: 264.1594; found: 264.1595. Elemental analysis: calc. for 

C15H21NO3: C 68.46%, H 8.04%, N 5.32%; found: C 68.43%, H 8.13%, 5.08%. 
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Methyl 3-(4,7-dimethyl-3,4-dihydroisoquinolin-1-yl)propanoate (197)  

 

Ester 195 (500 mg, 1.89 mmol) was dissolved in acetonitrile (15 ml) and POCl3 (570 µl, 960 mg, 

6.26 mmol) was added. After stirring for 2 h at reflux temperature, the solvent was removed and 

the residue taken up with water (5 ml) and extracted with CH2Cl2 (2 x 30 ml). The solution was 

washed with brine (20 ml), dried with MgSO4 and the solvent was evaporated giving 

dihydroisoquinoline 197 (450 mg, 97%) as pale brown oil.   

1H NMR (400 MHz, CDCl3): δ (ppm) 7.65 (s, 1H, Ar), 7.57 (d, J = 7.8, 1H, Ar), 7.34 (d, J = 7.8, 1H, Ar), 

3.95 – 3.89 (m, 1H, -CH2-N=), 3.76 – 3.71 (m, 1H, -CH2-N=), 3.69 (s, 3H, -C(O)OCH3), 3.47 (t, J = 7.0, 

2H, -N=C-CH2-), 3.26 – 3.17 (m, 1H, H3C-CH-CH2N=), 3.03 (td, J = 6.9, 1.4, 2H, -CH2-C(O)OCH3), 2.46 

(s, 3H, -CH3 (Ar)), 1.33 (d, J = 6.8, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 178.0, 17.57, 140.3, 

138.7, 138.4, 130.0, 127.4, 124.2, 52.5, 47.6, 31.8, 29.6, 27.8, 21.2, 17.7. IR (ATR, cm-1): 2875, 2747, 

1732, 1660, 1567, 1437, 1274, 1103, 832. HRMS (ESI+): m/z [M+H]+ calc. for C15H19NO2: 246.1500; 

found: 246.1504. Elemental analysis: calc. for C15H19NO2: C 73.44%, H 7.81%, N 5.71%; found: 

C 73.54%, H 7.42%, N 6.02%. 

 

7.7.4 Synthetic Approach IV – Macrolactamizationn as Key Step 

4-(5-(Cyanomethyl)-2-methylphenyl)-4-oxobutanoic acid (204)  

 

4-Methylphenylacetonitrile (300 mg, 2.29 mmol) and succinic anhydride (229 mg, 2.29 mmol) were 

dissolved in CH2Cl2 (4.6 ml) and AlCl3 (1.22 g, 9.16 mmol) was added at once. The slurry was kept at 

r.t. for 20 h and 1 M HCl solution (5 ml) was added carefully. Extraction with CH2Cl2 (3 x 15 ml), 

washing with brine (15 ml) and drying with MgSO4, followed by removal of the solvent and 

recrystallization from CH2Cl2/petroleum ether afforded carboxylic acid  204 (400 mg, 76%) as an off-

white solid. 

Mp: 80.5 °C (CH2Cl2/petroleum ether) 
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1H NMR (400 MHz, CDCl3): δ (ppm) 7.61 (s, 1H, Ar), 7.35 (d, J = 8.1, 2H, Ar), 7.27 (d, J = 8.1, 2H, Ar), 

3.77 (s, 2H, Ar-CH2-CN), 3.21 (t, J = 6.5, 1H, -C(O)-CH2-), 2.81 (t, J = 6.5, 1H, -CH2-), 2.48 (s, 

3H, -CH3 (Ar)). 13C NMR (100 MHz, CDCl3): δ (ppm) 201.3, 177.9, 138.3, 138.2, 132.9, 130.9, 127.8, 

127.6, 36.1, 28.1, 23.35, 20.9. IR (ATR, cm-1): 2980, 2927, 2634, 2253, 1702, 1678, 1413, 1329, 1206, 

1155, 926, 799. HRMS (ESI+): m/z [M+H]+ calc. for C13H13NO3: 232.0968; found: 232.0978.  

4-(5-(1-Cyanoethyl)-2-methylphenyl)-4-oxobutanoic acid (205)  

 

4-Methylphenylacetonitrile (3.70 g, 25.5 mmol) and succinic anhydride (2.55 g, 25.5 mmol) were 

dissolved in CH2Cl2 (18 ml) and AlCl3 (13.6 g, 102 mmol) was added in two portions. The slurry was 

kept at r.t. for 23 h and 1 M HCl solution (100 ml) was added carefully, followed by extraction with 

CH2Cl2 (3 x 50 ml). The organic phase was extracted with sat. NaHCO3 solution (3 x 100 ml). The 

aqueous phase was acidified with conc. HCl and extracted with CH2Cl2 (3 x 100 ml). The organic 

phase was dried with MgSO4 and concentrated in vacuo. Purification via flash column 

chromatography (SiO2, petroleum ether/ethyl acetate 2:1) and recrystallization from 

CH2Cl2/petroleum ether afforded carboxylic acid 205 (4.5 g, 72%) as an off-white solid. 

Mp: 77.0 – 77.5 °C (CH2Cl2/PE) 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.64 (d, J = 2.0, 1H, Ar), 7.38 (dd, J = 7.9, 2.0, 1H, Ar), 7.27 (d, 

J = 7.9, 1H, Ar), 3.94 (q, J = 7.8, 1H, H3C-CH-CN), 3.22 (t, J = 6.5, 1H, -C(O)-CH2-), 2.82 (t, J = 6.5, 

1H, -CH2-), 2.48 (s, 3H, -CH3 (Ar)), 1.66 (d, J =7.8, 3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 201.4, 

177.6, 138.4, 138.2, 134.8, 133.0, 129.6, 126.6, 121.3, 36.1, 30.9, 28.1, 21.5, 20.9. IR (ATR, cm-1): 

3037, 2930, 2242, 1705, 1679, 1437, 1416, 1317, 1202, 1174, 919, 803. HRMS (ESI+): m/z [M+H]+ 

calc. for C14H15NO3: 246.1125; found: 246.1121. Elemental analysis: calc. for C14H15NO3: C 68.56%, 

H 6.16%, N 5.71%; found: C 68.63%, H 6.14%, N 5.78%. 

Methyl 4-(5-(1-cyanoethyl)-2-methylphenyl)-4-oxobutanoate (206)  

 

Ketone 205 (200 mg, 815 µmol) was dissolved in MeOH (1.1 ml) and trimethyl orthoformate 

(0.520 ml, 500 mg, 4.7 mmol) and p-TsOH (4 mg) were added. The mixture heated to reflux for 6 h. 

The solvent was removed under reduced pressure and the residue was subjected to flash column 
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chromatography (SiO2, Petroleum ether/ethyl acetate 10:1) giving pure ester 206 (190 mg, 90%) as 

yellow oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.63 (d, J = 1.9, 1H, Ar), 7.37 (dd, J = 8.1, 2.0, 1H, Ar), 7.28 (d, 

J = 8.0, 1H, Ar), 3.93 (q, J = 7.4, 1H, H3C-CH-CN), 3.71 (s, 3H, -C(O)OCH3), 3.22 (t, J = 6.5, 

1H, -C(O)-CH2-), 2.76 (t, J = 6.5, 1H, -CH2-), 2.47 (s, 3H, -CH3 (Ar)), 1.66 (d, J =7.4, 3H, -CH3). 13C NMR 

(100 MHz, CDCl3): δ (ppm) 201.7, 173.3, 138.6, 138.0, 134.8, 132.9, 129.5, 126.6, 121.3, 52.0, 36.4, 

30.9, 28.2, 21.5, 20.9. IR (ATR, cm-1): 2953, 2242, 1733, 1687, 1437, 1352, 1223, 1164, 829. HRMS 

(ESI+): m/z [M+H]+ calc. for C15H17NO3: 260.1281; found: 260.1282.  

Methyl 4-(5-(1-cyanoethyl)-2-methylphenyl)-4,4-dimethoxybutanoate (207)  

 

Ketone 205 (200 mg, 815 µmol) was dissolved in MeOH (1.1 ml) and trimethyl orthoformate 

(0.520 ml, 500 mg, 4.7 mmol) and p-TsOH (4 mg) were added and the mixture heated to reflux for 

36 h. The solvent was removed under reduced pressure and the residue was subjected to flash 

column chromatography (neutr. Al2O3, Petroleum ether/ethyl acetate 30:1) giving ketale 207 

(120 mg, 48%) as colorless oil, which easily decomposed up on standing. 

1H NMR (400 MHz, DMSO-d6): δ (ppm) 7.52 (d, J = 1.9, 1H, Ar), 7.26 – 7.19 (m, 2H, Ar), 4.28 (q, 

J = 7.3, 1H, H3C-CH-CN), 3.38 (s, 3H, -C(O)OCH3), 3.07 (s, 6H, -OCH3), 2.40 (s, 3H, -CH3 (Ar)), 2.20 (t, 

J = 7.4, 1H, -C(OCH3)2-CH2-), 1.93 (t, J = 7.4, 1H, -CH2-), 1.50 (d, J =7.2, 3H, -CH3). 13C NMR (100 MHz, 

DMSO-d6): δ (ppm) 172.3, 137.6, 134.9, 134.6, 132.5, 127.1, 126.2, 122.3, 102.5, 51.1, 47.9, 29.5, 

28.6, 28.2, 20.7, 19.6. IR (ATR, cm-1): 2981, 2243, 1735, 1436, 1278, 1166, 1124, 1052, 823. HRMS 

(ESI+): m/z [M+Na]+ calc. for C17H23NO4: 328.1519; found: 328.1501. Elemental analysis: calc. for 

C17H23NO4: C 66.86%, H 7.59%, N 4.59%; found: 65.45%, H 7.34%, 4.63%. 

N-(2-(p-Tolyl)propyl)acetamide (211)  

 

Amine 193 (800 mg, 5.36 mmol) was dissolved in toluene (2.9 ml). Acetic anhydride (506 µl, 547 mg, 

5.36 mmol) was added and the mixture stirred 4 h at r.t. Toluene was removed in vacuo. The residue 

was taken up with sat. K2CO3 solution (3 ml) and extracted with Et2O (2 x 20 ml). Drying with MgSO4 

and removal of the solvent afforded amide 211 (1.01 g, 99%) as colorless crystals. 
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Mp: 43 °C  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.14 (d, J = 8.0, 2H, Ar), 7.09 (d, J = 8.0, 2H, Ar), 5.28 (bs, 

1H, -NHAc), 3.63 (ddd, J = 13.3, 7.4, 5.8, 1H, -CH2NHAc), 3.18 (ddd, J = 13.4, 8.0, 4.8, 1H, -CH2NHAc), 

2.94 – 2.85 (m, 1H, H3C-CH-CH2NAc), 2.34 (s, 3H, -CH3 (Ar)), 1.89 (s, 3H, -NH-C(O)CH3), 1.25 (d, J = 7.0, 

3H, -CH3). 13C NMR (100 MHz, CDCl3): δ (ppm) 170.1, 141.1, 136.4, 129.5, 127.1, 46.2, 39.4, 23.4, 

21.1, 19.7. IR (ATR, cm-1): 3302, 2966, 2924, 1644, 1548, 1614, 1455, 1371, 1275, 1125, 1018, 816. 

HRMS (ESI+): m/z [M+H]+ calc. for C12H17NO: 192.1383; found: 192.1377. Elemental analysis: calc. 

for C12H17NO: C 75.35%, H 8.96%, N 7.32%; found: C 75.08%, H 8.87%, 7.08%.  

4-(5-(1-Acetamidopropan-2-yl)-2-methylphenyl)-4-oxobutanoic acid (212)  

 

Amide 211 (830 mg, 4.34 mmol) and succinic anhydride (434 mg, 4.34 mmol) were dissolved in abs. 

CH2Cl2 (3.1 ml). AlCl3 (1.74 g, 13.0 mmol) was added at r.t. After 21 h, 1 M HCl solution (5 ml) was 

added, followed by extraction with CH2Cl2 (3 x 10 ml). The organic phase was extracted with sat. 

NaHCO3 solution (3 x 20 ml). The organic phase was discarded. The aqueous phase was acidified 

with conc. HCl and extracted with CH2Cl2 (3 x 30 ml). Drying with MgSO4, removal of the solvent and 

recrystallization from diethyl ether/n-pentane afforded acid 212 (1.0 g, 79%) as colorless powder.  

Mp: 122 – 124 °C (Et2O/n-pentane) 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.51 (s, 1H, Ar), 7.21 (d, J = 8.0, 1H, Ar), 7.20 (d, J = 8.0, 2H, Ar), 

5.92 (bs, 1H, -NHAc), 4.58 (bs, 1H, -C(O)OH), 3.61 – 3.53 (m, 1H, -CH2NHAc), 3.32 – 3.27 (m, 

1H, -CH2NHAc), 3.20 (t, J = 6.6, 2H, -C(O)CH2), 3.04  – 2.97 (m, 1H, H3C-CH-CH2NAc), 2.79 (t, J = 6.5, 

2H, -CH2-C(O)OH), 2.44 (s, 3H, -CH3 (Ar)), 1.93 (s, 3H, -NH-C(O)CH3), 1.28 (d, J = 6.9, 3H, -CH3). 

13C NMR (100 MHz, CDCl3): δ (ppm) 202.4, 176.7, 171.1, 141.6, 138.0, 136.5, 132.4, 130.2, 127.4, 

46.4, 39.3, 36.3, 28.4, 23.0, 20.9, 19.5. IR (ATR, cm-1): 3346, 2968, 2928, 1711, 1680, 1621, 1553, 

1375, 1227, 1167, 970, 827, 733. HRMS (ESI+): m/z [M+H]+ calc. for C16H21NO4: 292.1543; found: 

292.1542. Elemental analysis: calc. for C16H21NO4: C 65.96%, H 7.27%, N 4.81%; found: C 65.58%, 

H 7.12%, N 4.69%.  
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2-(3-(3-Carboxypropanoyl)-4-methylphenyl)propan-1-aminium chloride (213)  

 

Amide 212 (1.20 g, 4.12 mmol) was heated to reflux in 3 M HCl (30 ml) for 6 h. The solvent was 

removed in vacuo after filtration and the residue solidified by addition of diethyl ether. After 

filtration, aminium chloride 213 (1.0 g, 85%) was received as colorless solid.   

Mp: >200 °C (decomp.) 

1H NMR (400 MHz, DMSO-d6): δ (ppm) 8.15 (bs, 3H, -NH3Cl), 7.70 (d, J = 1.6, 1H, Ar), 7.36 (dd, J = 7.8, 

1.8, 1H, Ar), 7.25 (d, J = 7.8, 2H, Ar), 3.19 – 3.12 (m, 3H, -C(O)CH2,H3C-CH-CH2NH3Cl), 3.03 – 2.97 (m, 

2H, -CH2NH3Cl), 3.57 (t, J = 6.0, 2H, -CH2-C(O)OH), 2.34 (s, 3H, -CH3 (Ar)), 1.28 (d, J = 6.9, 3H, -CH3). 

13C NMR (100 MHz, DMSO-d6): δ (ppm) 202.7, 173.8, 140.4, 138.0, 135.2, 131.8, 129.9, 127.3, 44.7, 

36.9, 36.0, 28.2, 20.1, 19.3. IR (ATR, cm-1): 3027, 2924, 1717, 1678, 1499, 1372, 1160, 822. HRMS 

(ESI+): m/z [M-Cl] calc. for C14H20ClNO3: 250.1449; found: 250.1451.  Elemental analysis: calc. for 

C14H20ClNO3: C 58.84%, H 7.05%, N 4.90%; found: C 58.63%, H 6.77%, N 4.93%. 

 

7.8 Towards the 7H-Benzo[de]quinolin-7-one Skeleton  

Isoquinoline 2-oxide (215)168  

 

To isoquinoline (5.00 g, 38.7 mmol) in CHCl3 (14 ml) at 0 °C was added mCPBA (75%, 8.9 g, 

38.7 mmol) and the mixture was stirred for 16 h. K2CO3 (21.4 g, 154.8 mmol) and CHCl3 (40 ml) were 

added and stirred for 30 min. The suspension was filtrated and the filtrate was dried with Na2SO4. 

The solvent was removed in vacuo giving 215 (4.4 g, 79%) as reddish solid. 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.75 (s, 1H, C-CH=N), 8.12 (d, J = 7.1, 1H, -N=CH-CH=), 7.78 (d, 

J = 7.4, 1H), 7.71 (d, J = 7.6, 1H), 7.66 (d, J = 7.1, 1H), 7.59 (t, J = 7.2, 2H). 
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Butyl (E)-3-(isoquinolin-1-yl)acrylate (217)167  

 

Isoquinoline N-oxide (219) (500 mg, 3.40 mmol), butyl acrylate (1.99 ml, 2.20 g, 17.2 mmol), 

Pd(OAc)2 (38.6 mg, 172 µmol) and N-methyl-2-pyrrolidone (4 ml) were mixed and stirred for 41 h 

at 110 °C. For work-up, Et2O (10 ml) and water (10 ml) were added and the aqueous phase was 

extracted once more with Et2O (20 ml). The solution was dried with MgSO4, filtrated and the solvent 

removed under reduced pressure. Purification via flash column chromatography (SiO2, 

n-pentane/ethyl acetate/NEt3 50:1:0.01) yielded isoquinoline 217 (140 mg, 16%, E/Z 1:0) as yellow 

oil.   

1H NMR (400 MHz, CDCl3): δ (ppm) 8.59 (d, J = 6.7, 1H, -N=CH-CH=), 8.54 (d, J = 15.8, 1H, 

Ar-CH=CH-C(O)O-), 8.34 (d, J = 8.1, 1H), 7.86 (d, J = 7.7, 1H), 7.74 – 7.65 (m, 3H), 7.23 (d, J = 15.8, 

1H, Ar-CH=CH-C(O)O-), 4.27 (d, J =  7.7, -C(O)OCH2-), 1.73 (quin, J = 7.8, 2H, -OCH2-CH2-CH2), 1.47 

(sext, J =  7.8, 2H, -CH2-CH2-CH3), 0.98 (t, J = 7.4, -CH3). 

Ethyl (E)-3-(isoquinolin-1-yl)acrylate (217b)167  

 

Isoquinoline N-oxide (219) (300 mg, 2.07 mmol), ethyl acrylate (1.12 ml, 1.03 g, 10.3 mmol), 

Pd(OAc)2 (23.2 mg, 103 µmol) and N-methyl-2-pyrrolidone (2.1 ml) were mixed and stirred for 23 h 

at 110 °C. For work-up, Et2O (10 ml) and water (10 ml) were added and the aqueous phase was 

extracted once more with Et2O (20 ml). The solution was dried with MgSO4, filtrated and the solvent 

removed under reduced pressure. Purification via flash column chromatography (SiO2, 

n-pentane/ethyl acetate/NEt3 5:1:0.01) yielded isoquinoline derivative 217b (60 mg, 13%, E/Z 1:0) 

as yellow solid. 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.59 (d, J = 5.7, 1H, -N=CH-CH=), 8.54 (d, J = 15.3, 1H, Ar-CH=CH-

C(O)O-), 8.35 (d, J = 8.6, 1H), 7.86 (d, J = 7.6, 1H), 7.74 – 7.65 (m, 3H), 7.22 (d, J = 15.2, 1H, Ar-CH=CH-

C(O)O-), 4.33 (q, J = 7.0, -C(O)OCH2-), 1.37 (t, J = 7.1, -CH3). 
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(E)-3-(Isoquinolin-1-yl)acrylic acid (220)  

 

Ester 217 (140 mg, 548 µmol), KOH (65.8 mg, 1.60 mmol), MeOH (6 ml) and water (0.5 ml) were 

mixed and stirred at r.t. for 7 h. MeOH was removed in vacuo, water (3 ml) was added and the 

aqueous phase extracted with Et2O (2 x 20 ml). The aqueous phase was acidified with conc. HCl 

solution and extracted with EtOAc (6 x 10 ml). The combined EtOAc layers were dried with Na2SO4 

and the solvent was removed in vacuo. The residue was recrystallized from ethanol affording acid 

220 (100 mg, 92%, E/Z 1:0). 

Alternatively, ester JL217b was used.  

Mp: 148 – 150 °C (EtOH) 

1H NMR (400 MHz, DMSO-d6): δ (ppm) 12.73 (bs, 1H, -C(O)OH), 8.61 (d, J = 5.4, 1H, -N=CH-CH=), 

8.47 (d, J = 15.4, 1H, Ar-CH=CH-C(O)O-), 8.46 (d, J = 8.7, 1H), 8.04 (d, J = 7.9, 1H), 7.91 (d, J = 5.4, 

1H), 7.83 (t, J = 8.3, 1H), 7.75 (d, J = 7.9, 1H), 7.06 (d, J =  15.2, 1H, Ar-CH=CH-C(O)O-). 13C NMR 

(100 MHz, DMSO-d6): δ (ppm) 167.1, 151.1, 142.4, 137.7, 136.2, 130.5, 128.3, 127.3, 126.5, 125.4, 

124.0, 122.1. IR (ATR, cm-1): 2836, 2543, 1689, 1632, 1415, 1290, 1185, 973, 889, 862, 820. 

Elemental analysis: calc. for C12H9NO2: C 72.35%, H 4.55%, N 7.03%; found: C 71.64%, H 4.81%, 

6.85%. 

1-Chloroisoquinoline (221)180  

 

Isoquinoline N-oxide (2.50 g, 17.2 mmol) was suspended in CHCl3 (17 ml) and POCl3 (4.71 ml, 7.90 

g, 51.6 mmol) was added dropwise. The reaction mixture was heated to reflux for 2 h, cooled down 

and poured into ice water (50 ml). The pH was adjusted to pH 8 with NH4OH solution, followed by 

extraction with EtOAc (3 x 50 ml). The organic phase was dried with MgSO4 and the solvent was 

removed in vacuo.   Purification via flash column chromatography (SiO2, petroleum ether/ethyl 

acetate 10:1) afforded 1-chloroisoquinoline (221) (1.74 g, 62%) as yellow oil. 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.36 – 8.29 (m, 2H), 7.86 – 7.61 (m, 4H).  
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1-Iodoisoquinoline (222)148  

 

1-Chloroisoquinoline (222) (500 mg, 3.00 mmol) and NaI (916 mg, 6.11 mmol) were dissolved in 

propionitrile (30 ml), TMSCl (0.390 ml, 332 mg, 3.06 mmol) was added and the mixture heated to 

reflux for 19 h. 2 M NaOH solution (30 ml) was added followed by extraction with Et2O (2 x 50 ml). 

The organic phase was washed with sat. Na2S2O3 solutiob (20 ml) and brine (30 ml) and dried with 

MgSO4. The solvent was removed giving 1-iodoisoquinoline (222) (580 mg, 76%) as reddish solid, 

which was used without further purification.   

1H NMR (400 MHz, CDCl3): δ (ppm) 8.26 (d, J = 5.5, 1H), 7.75 – 7.65 (m, 4H), 7.58 (d, J = 5.6, 1H). 

3-(Isoquinolin-1-yl)prop-2-yn-1-ol (223) 

 

1-Chloroisoquinoline (221) (2.50 g, 15.3 mmol), CuI (146 mg, 764 µmol), PPh3 (601 mg, 2.29 mmol), 

Pd/C (10%, 488 mg, 458 µmol) were given to water (50 ml) and NEt3 (4.24 ml, 3.09 g, 30.5 mmol) 

was added and the mixture was stirred for two minutes. Tetrabutylammonium bromide (2.46 g, 

7.64 mmol) and propargylic alcohol (1.28 g, 22.9 mmol) were added and the reaction mixture was 

heated to 70 °C. After 9 h, the mixture was cooled to r.t., followed by addition of PE (100 ml). The 

PE layer was separated from the insoluble oil. To this residue was given CH2Cl2/water (30 ml/20 ml). 

After filtering and separation of the layers, the aqueous phase was extracted with CH2Cl2 (2 x 30 

ml). The organic phases were dried with MgSO4 and concentrated in vacuo giving alkyne 223 (2.6 g, 

70%) as brown oil.   

1H NMR (400 MHz, CDCl3): δ (ppm) 8.48 (d, J = 5.6, 1H, -N=CH-), 8.41 (d, J = 8.3, 1H), 7.81 (d, J = 8.2, 

1H), 7.70 (t, J = 6.9, 1H), 7.66 – 7.62 (m, 2H), 4.69 (s, 2H, -CH2OH), 2.64 (bs, 1H, -OH). 13C NMR 

(100 MHz, CDCl3): δ (ppm) 143.8, 142.7, 135.9, 130.8, 129.3, 128.2, 127.1, 127.0, 121.0, 92.6, 77.3, 

51.6. 
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(Z)-3-(Isoquinolin-1-yl)prop-2-en-1-ol (224)  

 

Alkyne 223 (550 mg, 3.00 mmol), quinoline (40.0 mg, 300 µmol), Pd/CaCO3 (5%, 319 mg, 150 µmol) 

and abs. EtOH were mixed, evacuated and flushed with hydrogen gas. The suspension was stirred 

under hydrogen atmosphere (balloon) for 19 h, when it was filtered over celite and the solvent 

evaporated. The crude was purified via flash column chromatography (SiO2, CH2Cl2/EtOH 50:1) 

giving cis-alkene 224 (300 mg, 50%) as beige solid. 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.48 (d, J = 5.8, 1H), 8.23 (d, J = 8.5, 1H), 7.85 (d, J = 8.2, 1H), 

7.73 – 7.61 (m, 2H), 7.60 (d, J = 5.6, 1H), 7.43 (d, J = 11.7, 1 H, -CH=CH-CH2OH), 6.81 – 6.31 (bs, 1H, 

-OH), 6.57 (dt, J = 11.3, 6.7, 1H, -CH=CH-CH2-), 4.30 (dd, J = 6.6, 0.9, 2H, -CH2OH). 13C NMR (100 MHz, 

CDCl3): δ (ppm) 154.7, 141.0, 138.8, 136.7, 130.5, 127.8, 127.7, 127.4, 127.3, 125.2, 120.4, 58.8. 

MS (EI): m/z = 184.1 [M+-H].  

(Z)-3-(Isoquinolin-1-yl)acrylic acid (220b)  

 

CrO3 (143 mg, 1.42 mmol) and conc. H2SO4 (0.12 ml) were mixed at 0 °C, before water (0.53 ml) and 

5 min later, acetone (2.00 ml) were added. A solution of alcohol 224 (220 mg, 1.19 mmol) in acetone 

(2.00 ml) was added dropwise. The suspension was stirred for 3 h, i-PrOH (0.3 ml) was added and 

the mixture was stirred for another 30 min. The solvent was removed and the residue taken up in 

water (10 ml) and extracted with EtOAc (3 x 10 ml). The EtOAc phase was discarded. The aqueous 

phase was extracted with CH2Cl2 (3 x 20 ml) and the combined phases were dried with MgSO4. The 

solvent was removed and the residue recrystallized from EtOH. Carboxylic acid 220b (154 mg, 65%) 

was received as colorless solid.  

Mp: 140 – 141°C (EtOH) 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.48 (d, J = 5.8, 1H), 8.40 (d, J = 8.7, 1H), 7.98 (d, J = 8.1, 1H), 

7.90 – 7.87 (m, 2H), 7.81 (t, J = 7.5, 1H), 7.74 (d, J = 13.5 ,1H, Ar-CH=CH-C(O)OH), 6.61 (d, J = 13.4, 

Ar-CH=CH-C(O)OH). IR (ATR, cm-1): 2836, 2543, 1689, 1632, 1415, 1290, 1185, 973, 889, 862, 820. 

Elemental analysis: calc. for C12H9NO2: C 72.35%, H 4.55%, N 7.03%; found: C 71.64%, H 4.81%, 

6.85%. 
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3-(Isoquinolin-1-yl)propan-1-ol  

 

To a solution of alkyne 223 (950 mg, 5.18 mmol) in EtOH (8 ml) was added Pd/C (5%, 401 mg, 

156 µmol). The reaction flask was evacuated and flushed with hydrogen gas. The mixture was 

stirred under hydrogen atmosphere (balloon) for 15 h, filtered and concentrated in vacuo. 

Purification via flash column chromatography (SiO2, EtOAc) gave 3-(isoquinolin-1-yl)propan-1-ol 

(730 mg, 75%) as beige powder.      

Mp: 64.5 °C  

1H NMR (400 MHz, CDCl3): δ (ppm) 8.39 (d, J = 5.8, 1H, H (C3)), 8.19 (d, J = 8.4, 1H, H (C8)), 7.82 (d, 

J = 8.1, 1H, H (C5)), 7.68 (t, J = 7.6, 1H, H (C6), 7.60 (t, J = 7.6, 1H, H (C7)), 7.52 (d, J = 5.8, 1H, H (C4)), 

4.03 (bs, 1H, -OH), 3.75 (t, J = 5.8, 2H, -CH2OH), 3.51 (t, J = 6.5, 2H, Ar-CH2-), 2.17 (quin, J = 6.3, 2H, 

-CH2-CH2OH). 13C NMR (100 MHz, CDCl3): δ (ppm) 161.5, 141.2, 136.4, 130.2, 127.5, 127.4, 127.1, 

125.3, 119.7, 62.5, 32.2, 30.9. IR (ATR, cm-1): 3151, 2930, 2836, 1623, 1589, 1562, 1504, 1386, 1043, 

1005, 826, 755. HRMS (ESI+): m/z [M+H]+ calc. for C12H13NO: 188.1070; found: 188.1073. Elemental 

analysis: calc. C12H13NO: C 76.98%, H 7.00%, N 7.48%; found: C 76.95%, H 7.11%, N 7.61%. 

N-Phenethylacetamide (227)172  

 

Phenethylamine (4.00 g, 33.0 mmol) and NEt3 (6.86 ml, 5.01 g, 49.5 mmol) were dissolved in CH2Cl2 

(160 ml) and cooled to 0 °C. Acetyl chloride (2.36 ml, 2.50 g, 33.0 mmol) in CH2Cl2 (40 ml) was added 

dropwise. The mixture was allowed to stir for 20 h, before the solvent was removed in vacuo and 

the resulting solid was re-dissolved in EtOAc (40 ml) and washed with brine (40 ml). After drying 

with MgSO4, the solvent was removed affording amide 227 (4.96 g, 92%) as yellow solid. 

1H NMR (400 MHz, CDCl3): δ (ppm) 7.33 – 7.30 (m, 2H, Ar), 7.25 – 7.19 (m, 3H, Ar), 5.45 (bs, 

1H, -NHAc), 3.52 (q, J = 6.2, 2H, -CH2NHAc), 2.82 (t, J = 6.2, Ar-CH2-), 1.94 (s, 3H, -C(O)CH3). 

1-Methyl-3,4-dihydroisoquinoline (228)172  

 

Amide 227 (2.90 g, 17.7 mmol) was mixed with polyphosphoric acid (10 g) and the temperature was 

raised to 180 °C. After 6 h at this temperature, the mixture was cooled in an ice water bath and ice 
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water (30 ml) was added. The pH was adjusted to pH = 8 with NaOH. The aqueous phase was 

extracted with EtOAc (4 x 50 ml) and the organic phase was dried with MgSO4. Concentration in 

vacuo afforded dihydroisoquinoline 228 (2.13 g, 83%) as brown oil.  

1H NMR (400 MHz, CDCl3): δ (ppm) 7.51 (d, J = 7.6, 1H, Ar), 7.39 (t, J = 7.2, 1H, Ar), 7.32 (t, J = 7.2, 

1H, Ar), 7.20 (d, J = 7.4, 1H, Ar), 3.70 (t, J = 7.0, 2H, -CH2-), 2.75 (t, J = 7.0, -CH2-), 2.45 (s, 3H, -CH3).   

1-Methylisoquinoline (229)  

 

Isoquinoline 228 (2.00 g, 13.8 mmol) and diphenyl disulfide (3.60 g, 16.5 mmol) in tetralin (20 ml) 

were mixed and heated to 200 °C for 20 h. At r.t. the mixture was extracted with 1 M HCl solution 

(3 x 75 ml). The aqueous phase was alkalified with NaOH and extracted with CH2Cl2 (3 x 50 ml). After 

drying with MgSO4, the solvent was removed in vacuo. Purification via flash column 

chromatography (SiO2, petroleum ether/ethyl acetate 2:1) gave 1-methylisoquinoline (229) (1.9 g, 

96%) as pale yellow oil.    

1H NMR (400 MHz, CDCl3)173: δ (ppm) 8.39 (d, J = 5.9, 1H), 8.13 (d, J = 8.2, 1H), 7.82 (d, J = 8.2, 1H), 

7.69 (t, J = 7.6, 1H), 7.61 (t,  J = 7.6, 1H), 7.52 (d, J = 5.8, 1H), 2.98 (s, 3H, -CH3).  

3-(Isoquinolin-1-yl)propanoic acid (231)  

 

At -78 °C, diisopropylamine (0.89 ml, 6.29 mmol) was added to a solution of n-BuLi (1.6 M in 

hexanes, 3.93 ml, 6.29 mmol) in abs. THF (10 ml) and stirred for 10 min at this temperature. The 

temperature was raised to r.t. for 15 min and was again cooled to -78 °C. Isoquinoline 229 (820 mg, 

5.73 mmol) in abs. THF (10 ml) was added. The mixture was warmed to 0 °C for 1 h and again cooled 

to -78 °C.  

In a separate flask, to a solution of bromoacetic acid (954 mg, 6.87 mmol) in abs. THF (8 ml) was 

added LiH (55.0 mg, 6.87 mmol) at -78 °C and stirred for 1 h at r.t. This solution was added to the 

isoquinoline mixture at -78 °C. The reaction mixture was slowly warmed to r.t and stirred for 18 h. 

Sat. NH4Cl solution (10 ml) was added and the solution extracted with CH2Cl2 (3 x 40 ml, decanted). 

The aqueous phase was neutralized with HCl, saturated with NaCl and extracted with CH2Cl2 (5 x 
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50 ml). The combined organic phases were dried with MgSO4 and concentrated in vacuo. Acid 231 

(600 mg, 74%) was obtained as pale yellow solid. 

Mp: 110 – 111 °C 

1H NMR (400 MHz, CDCl3): δ (ppm) 8.43 (d, J = 6.2, 1H, H (C3)), 8.36 (d, J = 8.2, 1H, H (C8)), 8.32 (bs, 

1H,-C(O)OH), 8.01 (d, J = 8.0, 1H, H (C5)),  7.95 (t, J = 8.1, 1H, H (C6)), 7.88 (d,  J = 6.4, 1H, H (C5)), 

7.84 (t, J = 7.4, 1H, H (C7)), 3.86 (t, J = 7.0, 2H, Ar-CH2-), 3.11 (t, J = 7.0, 2H, -CH2-C(O)OH). 

13C NMR (100 MHz, CDCl3): δ (ppm) 174.18, 159.81, 137.72, 134.91, 133.91, 129.90, 128.19, 126.75, 

126.29, 122.57, 33.92, 27.14. IR (ATR, cm-1): 2936, 2501, 1713, 1622, 1388, 1196, 823, 746. HRMS 

(ESI+): m/z [M+H]+ calc. for C12H11NO2: 202.0874; found: 202.0901. 
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