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4. Abstract 

In order to survive in their permanent struggle for life, several microorganisms have developed 

antibiotics in order to combat hostiie competitors. Antibiotics are capable of effectively 

destroying adversary bacteria or of inhibiting their further growth . 

The family of the naturally occurring enediyne antibiotics is a masterpiece of Nature's ingenuity. 

Members of this subclass of antibiotics show exceedingly high cytotoxicity, and furthermore do 

Feature a fascinating mode of action. 

Enediyne antibiotics share a modular design - their three functional domains can be divided 

into a delivery sysrem, a rriggering device and a warhead. While the delivery system directs the 

antibiotic agent precisely to the construction plan of the cell (which is the DNA), the rriggering 

device initiates the "explosion" of the warhead. 

The warhead contains a highly reactive structural unit - an enediyne moiety. The unique 

mechanism of action lies in the Bergman cyclization of this key unit. This leads to a powerful 

weapon: A belligerent biradical intermediate, which can tear off hydrogen atoms from the DNA. 

The entire process can lead to strand breaks in the DNA helix - and the destruction of its 

essential genetic material ultimately leads to the death of the target cell. 

The natural enediyne antibiotics are not only bioactive as highly bacteriotoxic compounds -

they were also studied as candidates for potential antitumor drugs. 

The Fight against the scourge cancer is a top priority issue for the pharmaceutical industry. In 

Switzerland, cancer is responsible for the second most frequent cause of death , while death cases 

due to cancer do range in the third position worldwide. 

A great number of the naturally occurring enediyne antibiotics, as weil as their synthetically 

designed derivatives were investigated as potential anticancer agents. But unfortunately, their 

clinical application was found to be hampered by severe and unacceptable toxic side effects -

their cytotoxicity to ordinary tissue cells is too high. 
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How can the therapeutic range of enediyne antibiotics be increased ? 

A novel approach highlighting a modification of the warhead itself was elaborated previously in 

our group: 

In a computational study, the singlet - triplet gaps of three isoelectronic biradicals were 

compared - the para-benzyne biradical (5) (this is the reactive intermediate formed upon 

cyclization in the natural antibiotics), its nitrogen-analogue (the 2,5-didehydropyridine biradical 

(31)) and the protonated nitrogen-analogue (the 2,5 -didehydropyridinium biradical (34)). The 

results suggested a clear trend in reactivity and thus, the ability to destroy DNA. While 

incorporation of a nitrogen atom (transforming the enediyne into an azaenediyne system) should 

decrease the reactivity, the protonation of that nitrogen should increase the reactivity 

dramaticall y. 

Several tumor species show lower extracellular pH-values than normal tissue cells. What is 

more, the cytoplasm of some tumor cells can be selectively acidified. As a consequence, their 

intracellular pH could be used as a trigger for DNA-damage by the modified biradical. Using this 

microphysiological protonation handle, the chemist could tune the biradical reactivity - and 

create a drug being more selective for tumor cells, but leaving cells from healthy tissue 

unaffected. 

The previously synthesized C,N-dialkynylimines, C,N-dialkynylimidates and C,N-dialkynyl

amides represented good model compounds for azaenediyne systems, which could serve as 

potential pH-selective anticancer drugs. However, in thermolysis experiments they turned out to 

be too sensitive to hydrolysis, heat or eise they showed no convincing evidence of cyclization 

products. 

Therefore, the aim of this thesis was to synthesize azaenediyne systems that are stable under the 

employed thermolysis conditions. 

The goal was achieved by developing ade novo-synthesis, which led to the first representatives 

of the new class of functionalized C,N-bisalkynylated benzimidazole-azaenediynes in good 

overall yield. This class features heterocyclic alkynylimines with a triple bond at each the N-1-

nitrogen atom and the C-2-carbon atom. The N-3-nitrogen atom of the benzimidazole system can 

act as an acceptor for activators, triggering the Bergman rearrangement. Side products of the 
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synthetic palhway were subsequentl y characteri zed and mechanisms proposed ror their 

formati on. 

First, the novel heterocyclic azaenedi ynes 198 and 199 (see Figure 4- 1) wcre prcparccl , ancl f'ull y 

characteri zecl . They turned out to be astonishingly stab le: They showed no reacti vity at all in 

multitudinous cyc li zation experiments, under a variety of conditions in thc liquid phase (in 

solution) as weil as in Lhc gas phase. 

F*~ N~~-n 
F ,,-;;.N~ 

F ~ 
Si(C H

3
)
3 

198 

CC
N~ 

N~ 

~ 
Si(CH 3)3 

199 

Figure 4- 1: The nove \ heterocyc \i c, benzimidazo le-base cl azaenecli ynes 198 ( left co lumn ) ancl 

199 (ri ght co lumn), cli splayecl as va lence-bond stru ctures (top) and as sca lecl bal\ 

and -st ick mocle ls (bottom) 

Protonation attempts or compounds 198 and 199 mainl y led to decompos ition and loss o f starling 

materi al. Melhylation. however. is an alternati ve soluti on, as it should result in the same 

elec tronic effect. 

Therefore, lhe novel methyl-az.aenedi ynes 206 and 208 (see Figure 4-2) were prepared, and fu ll y 

characleri zecl. Unfortunately, they were also relati vely stable, similar to the parent azaened iyncs 

198 and 199. Onl y in a few cases a reacti v ity coulcl be observecl. which, however, gave no clear 

hints for cyc li zati on products. 
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Fig ure 4-2: The nove l heterocyc li c, ben zirnid azo le-based rneth y l -azae necli ynes 206 ( le ft 

co lumn) ancl 208 ( ri ght co lumn), di sp layed as va lence-bo ncl structures ( top) and 

as sca lecl ba ll -a nd -s ti ck rnocle ls (botto rn) 

The feas ible reasons fo r the inac ti vity (regarding Bergrnan cyc li zation) of the azaenedi ynes 

prepared in the course of thi s thes is were elucidated. 

Suggestions for further functional rnocl ificat ions of these challenging cornpounds were macle -

in orcler to enable Future cherni sts the cles ign of a powerfu l antitumor clrug that is basecl on the 

concepl of azaened iynes. 
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5. Zusammenfassung 

Um in dem permanenten Überlebenskampf bestehen zu können, haben zahlreiche Mikro

organismen Antibiotika für den Kampf gegen ihre Kontrahenten entwickelt. Antibiotika können 

konkurrierende Bakterien abtöten oder diese an ihrem Wachstum hindern. 

Die Gruppe der in der Natur vorkommenden Endiin-Antibiotika umfasst wahre Meisterwerke 

biochemischen Einfallsreichtums. Vertreter dieser Antibiotika-Klasse weisen eine extrem hohe 

Zelltoxizität auf, und darüber hinaus zeigen sie eine faszinierende Wirkungsweise. 

Endiin-Antibiotika sind nach dem Baukastenprinzip aufgebaut - ihre drei funktionellen 

Einheiten können in einen Zielmechanismus, einen Auslöser und einen Sprengkopf eingeteilt 

werden . Während der Zielmechanismus das Antibiotikum präzise zu dem Bauplan der Zelle 

steuert (die Konstruktionspläne sind in der DNS niedergeschrieben), initiiert der Aus/iiser die 

"Explosion" des Sprengkopfes . 

In dem Sprengkopf ist eine hochreaktive Struktureinheit enthalten - eine Endiin-Funktion. Der 

einzigartige Wirkungsmechanismus beruht auf der Bergman-Cyclisierung dieser Schlüssel

funktion. Die Cyclisierung führt zu einer mächtigen Waffe: Einern aggressiven Biradikal

lntermediat, welches in der Lage ist, Wasserstoffatome von der DNS zu abstrahieren. Der 

gesamte Prozess kann zu Strangbrüchen in der DNS-Helix führen - und die Zerstörung des 

essentiellen Erbmaterials führt schliesslich zum Tod der betroffenen Zelle. 

Die in der Natur vorkommenden Endiin-Antibiotika sind nicht nur als extrem bakterien-toxische 

Substanzen bioaktiv - sie wurden auch als Kandidaten im Hinblick auf potenzielle Antitumor

Wirkstoffe untersucht. 

Der Kampf gegen die Geissel Krebs zählt zu den Projekten höchster Priorität für die pharma

zeutische Industrie. Tumorerkrankungen sind die zweithäufigste Todesursache in der Schweiz; 

und weltweit nehmen durch Krebs bedingte Todesfälle den dritten Platz ein. 

Viele der natürlich vorkommenden Endiin-Antibiotika, sowie ihre synthetisch hergestellten 

Derivate, wurden auf ihr Wirkstoff-Potenzial gegen Krebs hin untersucht. Bedauerlicherweise ist 

ihre klinische Anwendung auf Grund gravierender, unakzeptabler Nebenwirkungen nur in 

Ausnahmefällen praktikabel - die Toxizität gegenüber normalen Gewebezellen ist zu stark. 
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Wie kann die Therapie unter Verwendung von Endiin-An1ibio1ika oplimierl werden ? 

Eine neuartige Strategie, die auf einer Modifizierung des eigentlichen Sprengkopfes beruht, 

wurde in unserer Arbeitsgruppe ausgeklügelt: 

In computergestützten Berechnungen wurden die Singulett - Triplett-Llicken von drei iso

elektronischen Biradikalen verglichen - dem para-Didehydrobenzol-Biradikal (5) (dieses ist 

das reaktive Intermediat, welches bei der Cyclisierung in den Naturstoff-Antibiotika gebildet 

wird) , seinem Stickstoff-Analogon (dem 2,5-Didehydropyridin-Biradikal (31)) und dem proto

nierten Stickstoff-Analogon (dem 2,5-Didehydropyridinium-Biradikal (34)). Die Ergebnisse 

deuteten auf einen klaren Reaktivitätstrend, und somit auf das Potenzial zur Zerstörung von 

DNS: Während der Einbau eines Stickstoffatoms (wodurch das Endiin-System in ein Aza

endiin-System umgewandelt wird) die Reaktivität herabsetzen sollte, sollte die Protonierung 

dieses Stickstoffs zu einer drastischen Reaktivitätssteigerung führen. 

Einige Tumorarten weisen einen niedrigeren extrazellulären pH-Wert als normale Gewebezellen 

auf. Des Weiteren besteht die Möglichkeit einer selektiven Ansäuerung des Zellinneren von 

Tumorzellen. Ihr intrazellulärer pH-Wert könnte somit als Auslöser für eine Schädigung der 

DNS durch das modifizierte Biradikal benutzt werden. Durch die Betätigung dieses physio

logischen Protonierungs-Schalters könnte der Chemiker die Reaktivität des Biradikals 

regulieren - und somit ein Medikament entwerfen, welches selektiv Tumorzellen zerstört , 

jedoch gesunde Gewebezellen nicht angreift. 

Die bereits synthetisierten C,N-Dialkinylimine, die C,N-Dialkinylimidate und die C,N-Dialkinyl

amide stellen gute Leitstrukturen für Aza-endiin-Systeme dar, die als potenzielle pH-selektive 

Antikrebs-Wirkstoffe dienen könnten. Allerdings stellte sich in Thermolyse-Experimenten 

heraus , dass sie zu hydrolyse- beziehungsweise zu hitzeempfindlich waren , oder dass kein 

überzeugender Beweis für Cyclisierungsprodukte erbracht werden konnte. 

Das Ziel dieser Arbeit bestand somit in der Darstellung von Aza-endiin-Systemen, die unter den 

verwendeten Thermolyse-Bedingungen stabil bleiben . 

Diese Zielvorgabe wurde erreicht durch die Ausarbeitung einer de novo-Synthese, welche in 

guter Gesamtausbeute die ersten Vertreter der funktionalisierten C,N-bisalkinylierten Benz

imidazol-aza-endiine lieferte. Diese neue Substanzklasse enthält heterocyclische Alkinylimine 
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mit j eweil s einer Dreifachbindung an dem N- 1-Sticksto ffatom und dem C-2-Koh lenstolTatom. 

Das N-3-Sticksto tTatom des Benzimidazol-Systems kann währenddessen als Ak zeptor rür 

Akti vierungsmittel fungieren, welche die Bergman-Cyclisierung auslösen. Im Rahmen der 

angewandten Synthesestrategie aufgefundene Nebenprodukte wurden charakteri siert , und cs 

wurden Vorschläge für den Mechanismus ihrer Bildung gemacht. 

Zunächst wurden die neuen heterocycli schen Aza-endiine 198 und 199 (s iehe Figur 5- 1 (vide 

infra)) dargestellt und voll ständig charakteri siert. Sie erwiesen sich al s erstaunlich stabi le 

Verb indungen: Sie ze igten keinerlei Reaktivität in zahlreichen Cyc li sierun gs-Ex perimenten, 

wobei verschiedene Reakti onsbedingungen sowohl in der Flüss igphase (i n Lösung) . als auch in 

der Gasphase untersucht wurden. 

F~N"-~(} 
FYN~ 

F ~ 

fiYN~ 
~N~ 

~ 

Figur 5-1 : 

Si(CH) 3 

198 

Si(CH
3

)
3 

199 

Die neuen heterocyc li schen Ben zi midazo l -aza -endi ine 198 ( linke Spa lte) un d 199 

(rechte Spa lte), dargeste llt al s Va lenzs trukturformeln (oben) so wie als skali erte 

Ku gel-Stab-M ocle lle (unten) 

Die durchgeführten Versuche zur Protonierung der Verbindungen 198 und 199 lieferten haupt

sächlich Zersetzungsprodukte. Eine Meth y lieru ng stellt in diesem Fall eine interessante A lter

nati ve dar, da diese zu demselben elektro ni schen E ffekt führen sollte. 

Daher wurden die neuen Methyl-aza-endiine 206 und 208 (s iehe Figur 5-2 (v ide il~fra)) synthe

ti siert und ebenfalls voll ständig charakter isiert. Bedauerlicherweise stellten sich auch diese 
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- analog den Aza-endiinen 198 und 199 - al s relativ stabil heraus. Nur in wenigen Fäll en wurde 

eine Reakti vität beobachtet, welche allerdings keine eindeutigen Hinweise auf Cyclisierungs

produkte lieferte. 

Fig ur 5-2: Di e ne ue n he terocyc li sc he n, rne th yli e rt e n Be nzirnicl azo l-aza-e ndiine 206 ( linke 

Spalte) und 208 ( rec hte S pa lte), darges te ll t a ls Va le nzs trukturforrne ln (o be n) 

sowi e al s s ka li e rte Ku ge l-S tab-M odell e ( unte n) 

Mögli che Gründe für die Passivität (bezüglich Bergman-Cycli sierun g) der im Rahmen dieser 

Di ssertation syntheti sierten Aza-endiine wurden erläutert und ausführlich diskutiert. 

Des Weiteren wurden Vorschläge für zusätzliche, funkti onelle M odifi zierungen dieser heraus

fordernden Substanzen gemacht - um Chemikern in Zukunft das Design eines effi zienten 

A ntitumor-Medikamentes au f Aza-encliin-Basis zu ermöglichen. 
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6. Introduction 

6.1. The Enediyne Antibiotics - Background 

6.1.1. General and Introduction 

According to a definition by Waksman 1 in the year 1941 , antibiotics (from Greek: anti= against 

and biorikos = concerning life) were defined as bacteriostatic or bacteriocidal mctabolites from 

microorgani sms. Antibiotics are capable of inhibiting growth of othcr bacteria or of killing 

them - already at relatively low concentrations. Nowadays also their hall·- and fully synthetic 

derivatives are called antibiotics, as weil as compounds from algae, Fungi , plants and animals. 2
· 

3 

No antibiotic agent is effective against all species of bacteria - each compound has its particular 

spectrum of activity and acts at a specific location in the target cell. 3 

In the l 980s, the discovery of the majority of the naturally occurring enediyne antibiotics took 

place.
4

· s. 6 They could be isolated from bacterial sources, and afterwards were also round in other 

organisms. The members of the family of the enediyne antibiotics share the same interes ting key 

structural element: an enediyne moiety, or more precisely, a (Z)-hex-3-ene-1,5-diyne systc111. 

Three representatives of these challenging natural compounds - calicheamicin y1
1 (1), espera

micin A1 (2) and dynemicin A (3) - are shown in Figure 6-1 . 
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OH 

Figure 6-1: Some naturall y occ urring enediyne antibiotics bearing the cis-hex-3-ene-

1,5-cliyne moi ety 

The exc itement surrounding the above mentioned molecules li es in their molecular architecture, 

their biological activity, and their fascinating mode of action.4 Enediyne antibiotics are highly 

cytotox ic compounds, ancl are therefore also candidates for potent anticancer drugs . 

6.1.2. Why are Enediyne Antibiotics Highly Cytotoxic? 

Enecliyne antibiotics show a modular design - they possess three functional domains: a delivery 

system, a triggering device and a warhead.4 

• The warhead is clestinecl to "explocle" upon suitable activation. 

lt consists of an enediyne system or a system with similar reactivity. Upon activation, the 

ivarhead unclergoes a Bergman cyclization reaction (see below) - the consequence is that 
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the enediyne unit forms a biradical intermediate. The newly formed biradical is reactive and 

therefore a powcrful weapon: it is capable of stripping hydrogen atoms from the sugar 

phosphate backbone of the DNA. 

• The deliverv svsrem directs the warhead - the enediyne moiety - to its target. 

The target is a speciric base sequence in the minor groove of the DNA. Thc reactive 

diradical formed upon cyclization is henceforth perfect ly positioned in order to rip hydrogen 

atoms off the target cell's DNA. 

• The rriggering device activates the warhead. 

The rriggering device is a structura l unit that initiales the cascade or reactions. which leads to 

the generation of the damaging biradical. 

The entire process can lead to single strand breaks or to double strand breaks of the DN A in the 

target cell. While single strand breaks can be repaired by enzymes. scissions in the DNA double 

helix are difficult to repair - and the destruction of the genetic material of a ce ll ultimatcly leads 

to its death. 

Hence it fo llows that the biological action of naturally occurring enediyne antibiotics lies in their 

ability to cleave DNA. The toxicity of these natural products is based on a unique mechanism of 

action: the cyclization of the enediyne moiety. 

6.1.3. The Bergman Cyclization 

The mechanism of the crucial cyc li zation was extensively studied by Bergman7
·
8 er al. in the 

early l 970s. Prior to Bergman's work, cyclization reactions involving the enediyne unit were 

also investigated by Masamune9 er al. and Mayer and Sondheimer; 111 and past these studies, but 

prior to the discovery of the naturally occurring enediynes, by Wong and Sondheimer. 11 

Earlier studies were already carried out in 1965 by Berry1 2 er al. (compare 1
\ who investigated 

the photo-initiated decomposition of benzenediazonium-4-carboxylate. They suggested a 

biradical intermediate and the hex-3-ene-1,5-diyne system as relatively stable species formed 

upon the decomposition reaction .12 
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200 °C 
• 

0 
• 

)

1 

4-t112 = 30 sec 
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(abstracted from cc1. 
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H Cl 
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Fi gure 6-2: The Bergman rearrangement of (Z) -hex-3-ene-1 ,5-diyne (4) and subseque nt 

trappi ng product s 

Bergrnan7 8 dernonstrated that heating of (Z)-hex-3-ene-1 ,5-diyne (4) to 200 °C in 2,6, 10, 14-

te trarnelhylpentadecane as a solvent led to exc lusive Formation of benzene (6) ; and upon 

ernployment of tetrachlorornethane as a so lvent , they only found 1,4-dichlorobenzene (7) (Figure 

6-2). This experime nt , together with further investigations with deuteriurn labeled cornpounds, 

led to the fo llowing conclusions: 

The cycloarornatization reactio n of enediynes proceeds via the para- be nzyne biradical (5) 

(Figure 6-2). The biradical interrnediate is highly reactive: lt is capable of abstracting hydrogen 

atoms frorn solvents, and thus of undergoing a radical trappin g reaction . Another ex it channel 

from the 1,4-benzeno id diradica l intermediate is the reverse reaction , leading to ring opening -

as educt 4 and product 4 are identical , the Bergrnan cyclization is a degenerate rearrangernent in 

thi s case. The Arrhenius activation energy for the cyclization was deterrnined to be E;1 = 

32 kcal·rno l- 1
• 

The abstraction of hydrogen atoms is apparently also the key reaction used by Nature - upon 

cyc loaro mati zation , the biradical intermediate abstracts hydrogen atoms from DNA, thus 

intlict ing lethal damage on the target cell. 
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6.1.4. Different Cleavage Mechanisms of DNA by Hydrogen Atom 

Abstraction 

39 

lf the enedi yne unit finall y is pcrfcc tly pos itioned at a specific s ite of the targct ce ll's DNA, how 

does the biradica l formed upon cyc lization rip off hydrogen atoms? According to thc structure 

and reac tivity of the parlicular enediyne antibiotic , hydrogen atoms can be abstractcd at different 

locations from the sugar phosphate backbone of the DNA . The fir st abstraction lcads to a DNA 

radica l upon conversion of the para-benzyne biradical into a phenyl radica l. The phcn yl radi cal 

it se lf is even more reac ti ve than its biradical precursor and is capable of abstracting hydrogen 

atoms at o ther s ites of the DNA. thus inflicting even more damage. 

Mechani sms for hydrogen abstract ion at the positions C-5' , C-4' and C- 1' of the sugar moicties 

were iclentifi ecl: 4
·

5 

C-5'-abstract ion represents the major ancl the initial pathway in the course of DNA clamage. In 

detai l, an abstraction at position C-5' of cleoxyribose 8 leads to rad ical 9 (F igure 6-3). The latter 

one then reacts with molecular oxygen to form a peroxyradica l. which itse lf abstracts hydrogen 

to g ive peroxicle 10. Subsequent reduction by g lutathione transform s 10 into hemiacc tal 11. The 

hemiacetal is ins table and eliminates the 5'-phosphate res idue 13, yielding a ldehyde 12. This 

elimination causes a s ingle s trand break in DNA. 
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Figure 6-3: Hydrogen atom abstraction at C-5' of cleoxyribose as initiation of DNA s trand 

c leavage 

Hydrogen abstraction can also start at position C-4' of deoxyribose 8 (Figure 6-4). The following 

addition of molecular oxygen to radical 14 and hydrogen abstraction give peroxide 15. The latter 

one can e ither fragment to give 3'-phosphate 16 and carboxylic acid 17 or be reduced to hemi

acetal 18. Upon addition of water, hemiacetal 18 can lose the base to give 19, which itself 

eliminates the 3'-phosphate res idue 16 yie lding the enone 20. 
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Figure 6-4: Hydrogen atom abstraction at C-4' of deoxyribose as initiation of DNA strand 

cleavage 

In several cases, first single strand breaks are caused by hydrogen abstraction at C-5' from the 

biradical intermediate. Thc subsequent second hydrogen abstraction is then caused by the 

resulting phenyl radical. This second abstraction rips off hydrogen atoms at position C-4' or C-1 ', 

respectively, of deoxyribose units of the complementary strand - and therefore leads to double 

strand sc issions. Hence, the double strand cleavages due to C-4'- and C- 1 '-abstraction inflict the 

final letha l blow on the ce ll. 

The C-1' pathway (Figure 6-5) follows the principles discussed above: Addition of oxygen to 

radical 21 , hydrogen abstraction and reduction lead to hemiacetal 23. 23 then e liminates the base, 

andin a subsequent step al so 3'-phosphate 16 is eliminated, causing a strand break. 
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Figure 6-5: Hydrogen atom abs tracti o n at C-1' of deoxyribose as initi at ion of DNA strand 

cleavage 

Recent studies do not suggest the para-benzyne biradical being the ultimate warhead, but a 

quinone, which is formed upon the addition of oxygen. 14
• 

15 The quinone itsel f showed much 

higher toxic ity than its enediyne precursor. 14 

6.1.5. Naturally Occurring Enediyne Antibiotics - Properties and 

Mechanism of Action 

6.1.5.1. Calicheamicin y1
1 (!) 

The calicheam icins are a family of enediyne antibiotics isolated from Micromonospora echino

spora ssp. ca!ichensis and were discovered by Lee 16
· 

17 et a/. in 1987. Cal icheamicin y1
1 (1) (see 

Figure 6- 1) is the most prominent member of this class of compounds.18
· 

19 The iodine containing 
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calicheamicin fam ily was found to be extremely active against a variety of bacteria (down to 

concentrations of 1 pg·ml- 1
). Most importantly, they exhibited extraordinary potency against 

murine tumors 16
• 

17
' 

18
· 

19 such as some leukemias and solid neoplasms with doses of 0.15 -

5 µg·kg- 1
• 

The calicheamicin y 1
1-molecule (1) is a masterpiece of Nature's ingenuity. lts structure features 

the following three functional elements: the enediyne system embedded in a ten-mcmberecl ring 

as the warhead, the oligosaccharide Fragment as the delivery system, ancl thc trisulficle moiety as 

the triggering device. The following mechanism is thought to account for the clamaging action on 

DNA: 16
· 

17
' 
20

· 
21 Calicheamicin y1

1 (1) binds to the minor groove of double helical DNA. Binding 

occurs specifically at 5'-TCCT-3' sites. The oligosaccharicle-de/ivery system aicls in the 

recognition ancl the orientation of the oligosaccharicle tail towards the 3'-end or DNA. 22
· 
2

' A 

nucleophile (e.g. glutathione) then attacks the triggering device - the central sulfur atom of the 

trisulfide group 16
· 

17
· 

24 (Figure 6-6) . 

0 

Nu -
S- S-SMe v 

1 26 

27 

j 
0 

+ DNA 

- DNA diradical 

i 0 2 

29 DNA double 28 
strand cleavage 

Figure 6-6: DNA c \eavage mechani s m of calicheamicin y 1
1 ( 1) (res idues were omitted for 

c larity) 

This biorecluction process causes the Formation of thio late 26, which then attacks intra

molecularly the a ,ß-un saturated ketone in the adjacent six-ring to give compouncl 27 (Figure 

6-6). Upon conversion of the sp2-carbon at the point of attack into an sJJ'-carbon, the clistance 
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between the terminal sp-carbon atoms of the enediyne unit is shortened significantly (from 

3.35 Ä in 1 to 3.16 Ä in 27).25 The highly strained intermediate 27 - the warhead - is excee

dingly susceptible to Bergman cyclization. The subsequently formed biradical 28 is already weil 

positioned to abstract two hydrogen atoms (to give 29), one from the C-5' position of deoxy

cytidine and the other from a ribose C-4' position of the opposing strand. 26
· 
27 The DNA radicals 

so generated then proceed to react as described in Figure 6-3 and Figure 6-4 - the entire process 

leads to sequence specific double strand cuts. 28
· 
29 

6.1.5.2. Esperamicin A1 m 
The esperamicins were first isolated from cultures of Actinomadura verrucosospora by Konishi 

et a/. in 1985.30 They represent a subclass of enediyne antibiotics showing similarities to the 

calicheamicins regarding structure, biological activity and mode of action. The most prominent 

member is esperamicin A 1 (2) 3
1.1

2 (see Figure 6-1). 

Like the calicheamic ins, the esperamicins feature an enediyne moiety within a ten-membered 

ring as a warhead, a polysulfide-triggering device as weil as an a ,ß-unsaturated ketone and an 

oligosaccharide-delivery system. Their DN A cleavage mechanism is therefore identical , 16
· 

17
' 

211
· 

21 

however, esperamicin A 1 (2) shows Iess sequence selectivity than calicheamicin y1
1 (1). 33

·
34 

Esperamicins are amongst the most potent anticancer agents, showing activity against various 

murine tumor models down to injected doses of 100 ng·kg-i w. 21 

6.1.5.3. Dynemicin A (;}.) 

The first member of the dynemicin family , dynemicin A (3) (see Figure 6-1 ), was discovered in 

1989 in a culture of Micromonospora chersina.35 lt exhibits very potent acti vity against a variety 

of cancer cell lines. 36 

The dynemic ins feature an embedded enediyne unit in a ten-membered ring as a warhead (like 

the calicheamicins and the esperamicins), and an anthraquinone chromophore as a delivery 

system.36 The epoxide se rves as a triggering device: After bioreduction of the anthraquinone unit, 

a nucleophilic attack leads to epoxide opening, which causes the distance of the sp-carbons to 

shorten (as previously discussed) and hence facilitates Bergman cyclization.37
• 
38

· 
39

· 
40

· 
4 1

·
42 

Dynemicin A (3) cleaves double-stranded DNA , causing both single and double strand cuts,3u 8 

and preferably attacks the 3'-site of purine bases (adenine and guanine). 37
· 

39 
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The DNA recognition takes place by both minor groove binding ancl intcrcalat ion o f the planar 

anthraquinone unit.' 7 A n impressive illustration of the perfect positioning or clynemicin A (3) in 

duplex DNA is shown in Figure 6-7: 4
) 

Figure 6-7 : Co 111puter genera tecl 111 ocl e l s o f free cl yne 111i c in A (3 ) ( top) ancl DNA-bouncl cly nc-

111i c in A (3 ) (bol1 0111) ( i 111ages taken fro m43
) 

6.1.5.4. Further Enediyne Antibiotics Occurring in Nature 

Several other naturall y occurring enediyne antibiotics are known, which all show potent anti 

tumor and antibacterial acti vity. Neocarzinostatin was alreacly reportecl by lshida44 et a/. in 1965: 

it was isolated from Strepromyce.1· carzinostaticus Var. F-41. Neocarzinostatin occurs as a 

complex, consisting of a protein component (the apoprotein) and a chromophore (the ened iync 

compound neocarzinostat in itse l f) .45
·

46
·

47 Its active structural unit is, strictl y speak ing, a 

cumulene (an enyne-allene systern ) and not an enediyne. 

Amongst the rnore 1·ecentl y discovered enedi yne antibiotics are kedarcidin (Fi rst reported in 199 1 

as the fermentat ion product of an actinorn ycete stra in),48 C- 1027 (fi rs t reported in 1988 and 

isolated from a culture of Streptomyces globisporus C- 1027),49 rnaduropcpt in ( isolated from 

Actinomadura madu. rae H7 J 0-49 in J 990).50 namenamicin ( first reportccl in 1996)51 ancl thc 

shishij imicins A , B ancl C (s tructu re ancl acti vity elucicl at ion in 2003) 52
' 
53 



6. INTRODUCTION 46 

While the majority of the enediyne antibiotics discovered up to the present are of terrestrial 

origin, namenamicin was isolated from the ascidian (or the tunicate, respectively) Polysyncraron 

lirhosrrorum (from the coast of Namenalala Island, Fiji) - it is the first marine enediyne anti 

tumor antibiotic. ' u 4
: 

52 However, another suggestion features a symbiotically co-existing micro

organism being responsible for the biosynthesis of namenamicin.'4 

Recently, the shishijimicins A - C could be isolated from the thin encrusting orange ascidian 

Didemnwn prolifentm.53
· 
52 They do represent fw1her bioactive enediyne metabolites founcl in 

Japanese marine invertebrates. 
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6.2. The Scourge Cancer -

Applications of Enediyne Antibiotics in Cancer Treatment 

In Switzerland, tumors causecl more than 24 % of the total cleath cases in 1980, while this 

number increased to nearly 26 % in the year 200055 These numbers clemonstrate cancer being 

responsible for the second most frequent cause of cleath in Switzerlancl, arter carcliovascular 

diseases ( 1980: 48 %. 2000: 40 % of all death cases):11 Concerning the worldwicle causes of 

cleath, cancers did range in position 3 with 12 % of all cleath causes, after infcctious ancl parasitic 

diseases (ca. 30 %) and diseases of the circulatory system (ca. 30 %) in the recent ycars. 56 

The lang duration of the disease and the monumental suffcring it causes the paticnts, thcir 

relatives and friends, has macle it a high priority issue for scientists to continue with cancer 

research - in order to consiclerably improve prevention, early detection, cliagnosis as weil as the 

effective treatment of cancer. 

Could enediyne antibiotics as broad spectrum antibiotics and highly potent DNA cleaving agents 

be employed in order tu cumba1 cancer? 

Several of the naturally occurring enediyne antibiotics were investigated as potential anticancer 

agents by the pharmaceutical industry. 57 However, in clinical trials their cytotoxicity for orclinary 

tissue cells turnecl out tobe too high, or too many unacceptable siele effects were observecl.57 As 

an example, calicheamicin y1
1 (1) is too toxic for use as a clrug - its mean effective close is 

greater than the median lethal dose:17 

In order to either increase the toxicity against degeneratecl cells or to lower the toxicity against 

ordinary cells, groups like the ones of Nicolaou,18
·
4 Toshima,59 Hirama60 ancl Boger6 1 designecl 

modified, novel enediynes as antineoplastic agents.62 For example. the synthetic calichea

micin 01
1 created by Nicolaou6

J et al. is considerably more potent than any previously known 

natural and synthetic enediyne; and a targeted therapy approach using calicheamicin 01
1 attachecl 

to a tumor-selective monoclonal antibocly was reported. 64 But unfortunately, despite a few 

promising results, there has been no real breakthrough in the fight against the scourge cancer up 

to the present. 
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6.3. Tuning the Reactivity of Enediyne Antibiotics 

6.3.1. The Concept of the Singlet - Triplet Gap 

As for a biradical in general, also for the intermediary para-benzyne biradical (5) occurring in 

the Bergman cyclization, two different electronic spin states can be assigned: The spins of the 

two unpaired electrons can be parallel or antiparallel (see Figure 6-8). In case of antiparallel 

spins (for example due to coupling between the two electrons), the biradical is in a singlet state 

(ground state), andin case of parallel spins, it is in a triplet state (first excited state). 65 

energy 

0
. 1 
; 1 

0
. ~ 

; 1 

E5r - 2.0 kcal/mol 

Figure 6-8: Concept of the s in glet - triplet gap 

triplet state 

parallel spins 

non-interacting electrons 

less electronic coupling 

singlet state 

antiparallel spins 

interacting electrons 

improved electronic coupling 

The energy difference between the two spi n states is called singlet - triplet gap (EsT) or singlet 

stabilization and defined as: 66 

Es, = E, - E5 , whereby Er= triplet energy and Es = si nglet energy. 
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The stronger the interaction (or in other words, the coupling) between bolh electrons in the 

biradical, or the shorter the distance between the two radical sites in a molecul e, respec ti ve ly, the 

!arger is the singlet - triplet gap.65 

6.3.2. A Comparison of Reactivity of Monoradicals, Tri pi et Biradicals 

and Singlet Biradicals 

Logan and Chen67 compared the reactivity of the para-benzyne biradical (5) vers us the phenyl 

radical using ab initio computational methods. They found that the p-benzyne biradical (5) is less 

reactive (with regard to hydrogen abstraction) than the corresponding phenyl monoradical, and 

that the rate of hydrogen abstraction at rt should be about 14 times slower for p-benzyne 5.67 The 

singlet - lriplet gap was computed to be Esr"" 2 kcal·mol- 1
• The triplet state was assigned to a 

hypothet ica l "non-interacting" triplet biradical, and lhe s inglet to a state allowing inlcracl ion 

between the radical sites. 

Wenthold, Squires and Lineberger6x determined an experimental value of 3.8 kcal·mol- 1 for lhe 

singlet - triplet energy splitting of p-benzyne. This value was obtained from lhe photoelectron 

spectrum of the para-benzyne radical anion in the gas phase by using UV-PES. 

Schottelius and Chen69 employed lhe 9, 10-dehydroanthracene biradical as a modcl for lhe 

para-be nzyne type biradicals implicated in DNA cleavage by enediyne anlilumor antibiotics. 

They found that the biradical abstracted hydrogen aboul 100 - 200 times slower lhan the 

corresponding 9-anthryl radical or the phenyl radical. 
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Summa summarum, Chen67 et al. elucidated the singlet - triplet gap being a measure of reactivity 

of diradicals relative to monoradicals: The phenyl monoradical was found to be more reactive 

than the p-benzyne biradical , and the p-benzyne biradical in triplet state is more reactive than the 

corresponding singlet biradical. For corresponding radical systems can be written (see Figure 

6-9): 

Reactivity (hydrogen abstraction ability) increase 

Reactivity: singlet biradical < triplet biradical << monoradical 

Figure 6-9: Qualitative scheme comparing the reactivity of a pam-benzyne singlet biradical 

with the triplet biradical and its corresponding phenyl monoradical 

As energy can be correlated with reactivity (with respect to a specific reaction, e.g., hydrogen 

abstraction), a smaller singlet - triplet gap should lead to an increased hydrogen atom abstraction 

rate. lf the hydrogen abstraction by the biradical formed in the Bergman cyclization is relatively 

slow, then other competing processes are more likely to occur (for example, the retro-Bergman 

reaction , which is a ring-opening reaction). 

6.3.3. Nature's Ingenuity of Using Biradical Intermediates instead of 

Monoradical Intermediates 

What is the advantage of a biradical intermediate compared to a monoradical intermediate in the 

course of rearrangement of the naturally occurring enediyne antibiotics? 

Generally speaking, as a biradical shows lower reactivity than the corresponding monoradical , it 

does also show greater selectivity. The para-benzyne biradical (5) and the phenyl radical also 

show differential reactivity: While the first hydrogen abstraction by a p-benzyne-type biradical 

proceeds relatively slow (and therefore more selectively), it yields the phenyl radical, which is 

more reactive by two orders of magnitucle.711 With this concept , Nature increases elegantly the 

probability for the second hydrogen abstraction to take place nearby, which, in the case of DNA 

cleavage, leacls to a higher probability of double strand breaks.70 
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6.3.4. Improving Nature's lngenious Mechanism - Basic Thoughts 

As mentioned above, several naturally occurring and synthetically designed enediyne antibiotics 

displayed high activity against a number of tumor cell lines, both in vitro and in vivo.71 But 

unfortunately, they also showed unacceptable toxic side effects in both animal and human 

trialsn 

How could the reactivity of biradicals like para-benzyne 5 be tuned in order to optimize their 

reactivity and selectivity? 

The aim could be approached by a novel idea: In order to create a biradical intermediate that is a 

DNA-damaging agent with greater selectivity against tumor cells as compared to the parent 

p-benzyne biradical, the enediyne warhead itself could be modified. 7
"· n The langer a biradical 

"Jives" before it is quenched, the more selectively it can act. 

A redesign of the warhead part of the enediyne drugs could lead to a modified coupling between 

the radical sites. 7
" This, in turn, could then lead to a smaller singlet - triplet gap and therefore to 

a more reactive biradical. With this concept, the chemist could be able to tune the reactivity of 

biradical-based DNA-cleavage agents.7
" 

What handles does a synthetic chemist have to modify the enediyne unit in order to create novel 

drug candidates with a reactivity different from the naturally occurring products? 

6.3.5. Novel Drug Candidates - Created by Reactivity Tuning of the 

Biradical Intermediate by Modifying the Singlet - Triplet Gap 

As aforementioned, the magnitude of the singlet - triplet splitting in arene biradicals depends on 

the extent of through-bond coupling between the two radical sites. Hence it follows that by 

incorporating different substituents into the cr-framework of a biradical structure, the biradical 

should favor or di sfavor through-bond coupling, respectively. 7
" By setting different magnitudes 

of through-bond coupling, the chemist is able to tune the rate of hydrogen abstraction of a 

biradical , and therefore could optimize the effective abstraction process. 7
" 

Summa summarum , changing the singlet - triplet gap leads to a reactivity change of the 

biradical , which in turn allows a control of toxicity of enediyne anticancer drugs . 
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Chen71 el al. explored the brilliant idea of a formal substitution of one C-H-fragment in 

para-benzyne biradical (5) by an isoelectronic nitrogen atom, thus obtaining the 2,5-didehydro

pyridine biradical (31). They calculated the singlet - triplet gaps of the para-benzyne biradical 

(5) , the 2,5-didehydropyridine biradical (31) and the 2,5-didehydropyridinium biradical (34) 

using CASSCF(6x6)/6-3 l G* and CASMP2(6x6)/6-31 G* methods. 73 In detail, the calculations 

gave the following values for the singlet - triplet gaps (the values were taken from ab inilio 

calculations at the CASSCF level for the adiabatic transitions): Esr (para-benzyne biradical 

(5)) = 1.1 kcal·mol- 1
, Esr (2,5-didehydropyridine biradical (31)) = 4.0 kcal·mol- 1 and Esr 

(2,5-diclehydropyridinium biradical (34)) = 1.6 kcal·mol- 1 (see Figure 6-10; further calculations 

were performecl later by Cramer74 in 1998, and afterwards by Kraka and Cremer75
· 
76

) . 

• • H,ö 0 0 1 ,,.,:; 1 ,,.,:; 

• • • 
5 31 34 

Esr = 1 .1 kcal/mol E8 r = 4.0 kcal/mol Esr = 1.6 kcal/mol 

Figure 6 - 10: Cornparison of the singlet - triplet gaps of the para-benzyne biradical (5) , the 

2 ,5-didehyclropyridine biraclical (31) and the 2,5-clidehyclropyridinium biradical 

(34) 

In summary, they founcl a clear trend indicating that incorporation of a nitrogen atom into the 

ring increases the singlet - triplet splitting of the biradical by several kcal·moi- 1 relative to the 

p-benzyne biradical (5).n Moreover, protonation of this nitrogen was found to reduce the 

singlet - triplet spl itting back to a value comparable to that in the hydrocarbon system 5. 
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Figure 6-11: Compari so n of the Bergman rearrange ments of enediyne 4, azaenedi yne 30 and 

the protonated azaenediyne 33 

A comparison of the Bergman cyclization o f the computed biradical s 5, 31 and 34 is presented in 

Figure 6- 11. As the unsubstituted azaenediyne 30 and the protonated azaenediyne 33 are elusive 

molecules , Chen73 et al. employed imine 36 as a more stable model compound. In trapping 

experiments, they heated 36 in diisopropyl ether as a solvent and a hydrogen donor, and searched 

for products deriving from biradical 37 (Figure 6-12). However, no hydrogen abstraction 

products were found, but mainly the ring opening product 38. Addition of 2.5 equivalents of an 

acid with a buffer mainly led to decomposition products, but also yielded 38 in small amount, 

and additionally traces of the trapping product 39. 
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As mentioned above, an increased electron density in the cr-bonds connecting the two radical 

sites could increase the through-bond coupling, and hence increase the singlet - triplet sp litting. 

Converse ly, if the cr-framework is electronically poor, the through-bond coupling is weaker, 

which reduces the singlet - triplet gap. 73 

Could 1he sing/et - 1rip/e1 gaps of 1he 2,5-didehydropyridine syslem 31 be farther luned - by 

adding e/eclron donating or e/eclron wi1hdrawing subs1iluenls ? 

The in-plane lone pair of the 2,5-didehydropyridine biradical (31) li es anti-periplanar to the 

scaffold of the cr-bonds, wh ich couple to the orbitals bearing the two radical elec trons, and 

therefore could donate e lectron density. However, when the nitrogen is protonated, the effec t is 

reversed: 73 

The singlet - triplet gap for 2,5-didehydropyridine biradical (31) was calculated to be much 

!arger than for the para-benzyne biradical (5). The consequence is a much slower hydrogen 

abstraction rate of 31 compared to 5. 

Protonation, on the other hand, both reduced the si nglet - triplet sp litting and showed a rate of 

hydrogen abs traction simil ar to the one of the parent p-benzyne 5. The calculations suggested 

hydrogen abstraction to occur 10 - 100 times faster for the protonated species 34 than for 

didehydropyridine 31. 
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6.3.6. The Concept of a pH-Selective Anticancer Drug 

As shown above, the rate difference regarding hydrogen abstraction was founcl to be about two 

orders of magnitude, triggered by protonation. lt was therefore preclictecl lhal biradicals, which 

are based on a 2,5-cliclehydropyricline core, do Feature a pH-dependenl abstraclion abilityn The 

handle for reactivity tuning is given by the nitrogen atom. 

In 1927, Warburg77 et al. assumed that tumor ce ll s, in orcler to sa ti sfy the ir neecls of energy, 

could undergo respiralion (by "burning" glucose lo carbon dioxicle ancl waler). as weil as 

fermentation (by converting glucose into lactic acicl). The fir st indicali ons po inling lo 

fermentation were found when they investigated cut pieces of tu mors in vitro .78
· 

79
· 

811
· 

81 The 

tumor tissue was found lo be aciclic in comparison lo normal li ssue. Cori82
· 

83 et al. founcl lhat thc 

concentration o f lactic acicl generally is higher than the one of glucose in tumor ti ssue. 

A reason for the observed more acidic microenvironment in so lid tumors than in normal li ssues 

coulcl be the poor delivery of oxygen (hypoxia;) - a low oxygen concenlration woulcl prompt 

the ce ll to choose the anaerobic fermenlation palhway ancl lherefore to produce lactic acicl .84 

Concluding, in several cases normal cells and solid tumor cells could be clifferentiatecl by their 

pH-va lues. More exactly, the extracellular pH in solid tumors was frequently founcl to be lower 

than the extracellular pH in normal tissues (due to the export of lactic acid), but the inlracellular 

pH is regulated to physiological levels. 85 While healthy ti ssue showecl values of pH = 7.2 - 7.5, 

the ex tracellular pH of tumor cell s was found to be in a range of pH = 5.8 - 7.6.86
· 

84 How then, 

coulcl the intracellular pH -value be droppecl down? 

Accorcling to Song87
· 

88 et al„ the major mechani sms regulating the inlracellular pH in 

mammali an cells are the Na•/H+ exchange and the HCO,-/Cl- exchange through the plasma 

membrane via ion channels. Tannock85 et al. reportecl cell killing in an aciclic environment in 

li ssue culture by nigericin , which acidifies cells by transporting H+ from lhe extracellul ar space 

into the cytoplasm. Nigericin belongs to the class of cyclic polyethers ancl is capable of 

exchanging intracellular K+ for ex trace llular H'.85
· 

89 In general , lhe appli calion of clrugs thal 

inhibil the pH-regulatory mechanisms by blocking the parti cular ion channels was founcl lo lower 

the inlracellular pH , ancl therefore could increase lhe acidily o f tumors in vivo. 85
· 

87
· 

88
' 

911 

' Hypox ia is a state of oxygen deficiency in cell ti ss ue. and is caused by the reduction of partial pressurc of oxygen, 

by inaclequate oxygen transport. or by the inabilit y o f tissue to use oxygen. 
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Under certain physiological conditions, the pH in tumor cells could even be reduced by 

1.7 units: 86 The effect of hyperglycemia;; caused a further, significant acidification84 
- from a 

pH of 7.2 down to an intracellular pH of 5.5. 

Summa summarum , the Fact that tumor cells can be selectively acidified offers a micro

physiological handle for the selection of tumor over normal cells: 

As the hydrogen abstraction rate was found to be pH-dependent - because the 2,5-didehydro

pyridine biradical (31) abstracts hydrogen atoms more readily at low pH-values - the intra

cellular pH could be used as a trigger for DNA-damage by the biradical. Therefore, biradical 

system 31 could serve as the prototype for a DNA-damaging agent, which is more selective for 

tumor cells. In turn , cells from healthy, non-hypoxic tissue would largely be left unaffected. 

6.3.7. Further Considerations 

Ir a singlet ground-state 1,4-arene biradical undergoes a radical reaction like the hydrogen 

abstraction reaction, it first has to overcome the singlet - triplet gap and go from the stabilized 

singlet ground state to the triplet state that is higher in energy.7
' This is shown in Figure 6-13. In 

other words, in order to reach the triplet transition state (where the two unpaired electrons are 

uncoupled), the stabilization energy (given by through-bond coupling between the two unpaired 

electrons) of the singlet state has tobe paid back.7' 

ii Hyperglycemia is an increase in glucose level in the blood sugar. The consequence is an enhanced glycolysis rate 

of cancer cells. whicil causes a signiricant drop in the intracellular pH. 
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Figure 6-13: Qualitative energy profile of the Bergman cyclization of azaenediync 33 

57 

Figure 6-11 shows, apart from the Bergman cyclization reaction of enediyne 4. azaenediyne 30 

and the protonated azaenediyne 33, also a second exit channel: The particular biraclicals 5, 31 

and 34 can not only be trapped, but also undergo a ring opening reaction (a retro-Bergman 

cyclization). In case of enediyne 4, the rearrangement is degenerate ancl yields lhe same product 

4 upon ring opening. However, retro -Bergman cyclization of 2,5-didehydropyridine biradical 

(31) and 2,5-didehyclropyriclinium biradical (34) leads to the nitriles 32 and 35, respectively. 

Figure 6-13 shows that the nitriles are a thermodynamical sink, making the reverse reaction via 

the biracli cal irreversible. 
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6.4. The Impetus for This Thesis 

The previously synthesized C,N-dialkynylimines, C,N-dialkynylimidates and C,N-dialkynyl

amides did represent good model compounds for azaenediyne systems, which could serve as 

potential pH-selective anticancer drugs. However, in thermolysis experiments they turned out to 

be too sensitive to hydrolysis, heat or eise they showed no convincing evidence of cyclization 

products.n. 91 What is more, the temperatures required for the trapping studies were in the 

majority of cases about 100 °C, which is much too high for an application under physiological 

conditions. Other previously realized syntheses failed, 92 or they resulted in unstable 

compounds.
9

' 

Therefore, the primary aim of this work was to synthesize and characterize novel azaenediyne 

systems that are stable under the employed thermolysis conditions. The proximale aim was to 

investigate the reactivity of the novel compounds regarding cyclization and to find out whether 

they could be employed as pH-selective antitumor agents. The ultimate goal would be the 

creation of an azaenediyne featuring high toxicity against acidified tumor cells and low toxicity 

to ordinary tissue cells. 

The novel approach featured azaenediynes that are based on an imidazole core - it was 

supposed that functional ized imidazole or benzimidazole systems could provide the desired 

stability. Another advantage of employing imidazole-based azaenediynes was that these 

compounds cannot ring-open to the corresponding nitriles , and therefore are more likely to 

undergo a Bergman cyclization reaction with subsequent hydrogen abstraction. 
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7. Syntheses of Azaenediynes 

7.1. Retrosynthetic Analysis 

At the beginning of this work, azaenediynes based on an imidazole or a ben zimidazole core were 

unknown. The following retrosynthetic analyses do summarize the approaches toward these 

systems. In the same orcler as displayed here, the approaches are di scussecl in cletail in the 

fo llowing chapters. Most of the approaches shown were carriecl out. 

The First scheme (Figure 7- 1, see page 60) shows the retrosynthesis concerning the cli sco nnection 

of an alkynyl moiety bouncl to pos iti on N-1 of an imidazole system. 
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Fi gure 7- 1: Retrosynthet ic approaches in order to build up an alkynyl moiety at positi on N- 1 

or an imiclazole sys tem 

First, Würthwein's method rcacting a tosylated imidazole with an ( 1-alkynyl)-cuprate could be 

employed (Figure 7-1 , (a)). Second ly, alkynyl cation equivalents could be used on an imid

azolate anion (b). The tri ple bond could also be built up with the aldehyde approach (c). Then, 

the retrosyn thetic approach (d) suggests a coupling reaction. The base catalyzed isomeri za tion 

reaction (e) and the dehyclrohalogenation react ion (f) are further ways to design an N- 1-alkynyl 

unit in an imidazole heterocyc le. Finall y, also 1-chloro-alkynes could be used to synthes ize the 

desired sy lern (g). 
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The second scheme (Figure 7-2) highlights the retrosynthetic analysis concerning the 

disconnection of an alkynyl moiety bound to position C-2 of a benzimidazole system. 

o=N 
(J(N02 (J(N02 

N7-Hal 0 ==> 0 

"l~, ~ ~N~ 
R

4 ~ 
ij 

R 

+ R R 

R H 

I (h)~ (J(N0
2 

N=C=O 

o=> 

(j) 

o=N R N'>-CHO 

R
4 ~ R

4 ~ 
R R 

(m) ij gxo 
o:NH

2 
o:NH

2 

0 

NH2 NH2 
~ 

R4 R4 

+ + + 
OEt /? 0 

~ + -

lt 
R R - C R - C 

\ \ 
NH2 BF4 H H 

Figure 7-2: Retrosynthetic approaches in order to build up an alkynyl moiety at position C-2 

o f a benzimicla zo le sys tem 

Approach (h) in Figure 7-2 shows a coupling reaction. Another way to build up a benzimidazole

based azaenediyne could be realized by the isocyanate route (i): An isocyanate could be attacked 

by an acetylide anion, and the resulting amide then could be deprotonated and reactecl with an 

alkynyl cation equivalent. The nitro group of that product could be reduced and the resulting 

amine then condensed with the carbonyl function to give the benzimidazole. 
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The retrosynthesis shown in Ul displays an aldehyde approach. Also various condensation 

approaches coulcl be employed for the design of an alkynyl moiety at position C-2: First , 

o.,o.'-diketones coulcl be condensecl with a propargyl aldehyde, if an aclclitional ammonia donor is 

used (k). Secondly, conclensation approach (1) shows the reaction of a 1,2-diamine wilh a 

propargyl aldehycle. Ancl finally , a 1,2-diamine could also undergo a conclensation reaction with 

an imidate salt (m). 
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7.2. Previous Works Carried out in our Group and 

Known Syntheses of Azaenediynes 

7.2.1. Previous Works Conducted in our Group 

63 

Hoffner9 1 synthesized some azaenediynes. which represented good model compou nds with 

regard to cyclization reactions. However, in thermolysis experiments they turned out lo be too 

sensitive to hydrolysis, heat and / or they showed no evidence of cyc li zation proclucts'>I. 71 

(Figure 7-3). 

R 

ß 
N 

//Ph 

ß" 
N 

~ 
R 

"o~ 
Ph 

36 R =Ph 41 
40 R = 4-(IBu)Ph 

Figure 7-3 : Some azae ned iy nes in vest igated by Hoffner91 

ß"
Si(CH 3) 3 

Ph ' N 

o~ 
Ph 

42 

The imines 36 ancl 40 were eas il y clestroyed upon hydro lys is, and heating gave barely ev idence 

of cyclizal ion products. lmiclale 41 was more stable than 36 ancl 40; and the thermo lyses resull s 

indicated the formation of traces of cyclized producl. Amide 42 was a slable compound, 

however, healing dicl nol leacl lo cyc li zation products at all.9 1 
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Schön93 followed the procedure by Hoffner91 and also prepared amide 42, starting from phenyl

acetylene (43) and phenylisocyanate (44) (Figure 7-4). However, various deprotection attempts 

in order to cleave the trimethylsilyl group failed for amide 42 and related systems. 

1. Buli 

2. N=C=O 1. Buli 
Ph„ 

Ph,N„H 2. 69 44 
Ph - H 

o~ 43 
45 Ph 

1. Buli R 
2. N=C=N"' 1. Buli 

R„ 
R,N„H 2. 69 

46 
X Ph == H 

43 R-N~ 
47 Ph 

69 (CH
3
)ßi----lc._Ph BF4 

R = 4-(CH3)Ph 

Ph 
'N 

ßSi(CH3)3 

o~ 
42 Ph 

R 
'N 

ßSi(CH3)3 

„ 
R-N~ 

48 Ph 

Figure 7-4: Synthesis of an amide-based azaenediyne and attempted synthesis of an amidine

based azaenediyne by Schön93 

An attempt in order to synthesize amidine 48 starting from phenylacetylene (43) and carbo

cliimicle 46 lecl to compound 47, which could not be converted into the clesirecl product 48 

(Figure 7-4). 
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As amide-based azaenediynes were thought to be relatively stable and less acid sensitive 

compounds, Redmond92 tried to synthesize azaenediyne 52, which is based on a pyridone system 

(Figure 7-5). 

6/S,(CH,), 

51 

O ,.,...-/Si(CH3) 3 

K N 

52 R 

Figure 7-5: Attempts to build up a pyridone-based azaenediyne by Red111011d '12 

However, the synthesis of 52 failed: All attempts in orcler to N-alkynylate pyriclone 49 (not only 

with alkynylioclonium salt 69) gave the 0-alkynylatecl 50 insteacl of the clesirecl N-alkynylatecl 

51. 
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7.2.2. Reaction of (1-Alkynyl)-cuprates with Oximes or Imines -

The Würthwein Method 

7.2.2.1. Overview and Conclusion 

66 

Würthwein94
"
95 et a/. reported an interesting access to l -alkylidene-amino-1 -alkynes of type 55: 

Upon reaction of 1 eq of ( 1-alkynyl)-cuprate;;; 54 with 2 eq of ketoxime derivative 53 (a Tos

protected imine), 2 eq of the N-alkynylated 55 were formed (Figure 7-6). 

+ u2 [(Ph-c:=c),Cu] 

54 

- 2 LiOTos 

- Ph-c:=c-cu 

Figure 7-6: Synthesis of an N-alkynylatecl imine by Würthwein"· "' 

lnstead or tosylatecl ketoximes, also N-chlorinated imines were used% 

"' Dilithium-tris(phenylethynyl)-cuprate Li,[(Ph-C=C).1Cu] (54) can be synthesized from 2 eq of phenylacetylene 

Ph-C=C-H (43), 2 eq of BuLi and 1 eq of phenylethynyl-copper(I) Ph-C=C-Cu, according to the equation: 

2 Ph-C=C-H + 2 ßuLi + Ph-C=C-Cu--> Li, [(Ph-C=C),Cu]. During the course or the reaction, 2 eq of butane 

(ßuH) are lost. 
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Würthwein's method was also successfully applied by Kerwin97 et al. for the preparation of the 

C,N-dialkynyl imine 59 (Figure 7-7). 

56 

Ph- C=:C- Li HO,N TosCI / Py 

)l 
Me C.s-c 

57 'Ph 

Li2 [( Ph-C=:C) 3Cu] 

54 

Figure 7-7: Synthesi s o f a non -cyclic azaenediyne by Kerwin 97 

However, the method of Würthwein was not used to build up N-alkynylatecl heterocycles so far. 

7 .2.3. Synthesis of an Azaenediyne with an lmidazole Core by Kerwin 

In October 2002, Kerwin98 et al. published the synthesis of azaenediyne 62 (Figure 7-8). 

N 1. NaH / THF N Ph - H N [}--1 
l':._ Ph 

[}--1 [~ Ph 
N 2. Ph N Pd(PPh3) 4 , Cul N 
H Tosü 

~ 
Et3N 

~ 60 235 

Ph Ph 
61 62 

Fi gure 7-8: Synthes i s o f an imidazo le-based azaenediyne by K erwin 98 

Kerwin98 claimecl !hat no N-alkynyl benzimidazoles or imidazoles had been reported up to 

October 2002. However, a literature search proved that this statement is not correct (compare the 

literature cited in this thesis) . What is more, compound 198, the first benzimiclazo le-basecl aza

ened iyne at all , was synthes ized in the framework of thi s thesis already in June 2001 . 
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7.3. Building up the Ethynyl Moiety at Position N-1 of 

Imidazole and Benzimidazole Systems 

7.3.1. Ethynylation Reactions Employing Alkynyl Cation Equivalents 

7.3.1.1. Access to Alkynyl Cation Equivalents by the Radioactive Decay of 

Tritium Compounds 

7.3.1.1.1. Introduction, Overview and Syntheses 

68 

An unusual way to prepare an alkynyl cation was reported by Hanack and Speranza99 et al.: They 

synthesized a tritiated terminal alkyne 63 (see Figure 7-9). 

R-c=c-T 

63 

decay 3 + R-c=c-He 

64 

- 3He 

R-c=c- Nu 

66 

Figure 7-9: Synthesis of an alkynyl cation by nuclear decay of a tritium compouncl by 

Hanack and Speranza99 

The spontaneous nuclear clecay of the tritium atom under emission of ß-radiation led to the 

formation of cation 64, which released the 'He-isotope as a leaving group. The resulting alkynyl 

cation 65 (see also 11111
· 

101
) could then react with nucleophiles (Nu-) to yield acetylene 66. 

The drawback of this reaction was not only the reaction time of six months at rt, but also the 

employment of radioactive material. 



7. SYNTHESES OF AZAENEDIYNES 

7.3.1.2. Alkynyliodonium Salts as Alkynyl Cation Equivalents -

The Stang Approach 

7.3.1.2.1. General Introduction and Overview 

69 

Groups like Stang 1112
· to' et al. reported that alkynyliodonium salts can scrve as alkynyl cation 

equivalents, or, more precisely, as e lectrophilic acetylene equivalents. 

An unsubstituted carbon-carbon triple bond is relatively electron-rich. Hence it follows that an 

attack of other electron-rich species like nucleophiles is not favored. Even haloalkynes 

(R- C=C-Hal). which carry the halide as a potential leaving group, do not react following the 

typical SN 1- or SN2-mechanism reaction. 104 This is explained with the instability of alkynyl 

cations (R-C=C+) - the consequence is that nucleophi lic subs titution reactions at an acetylenic 

carbon do take place via an addition-elimination mechani sm. 1110 

The alkynyliodonium salts are known for several years; 101
' · 

107
· 

108
· 

1119 the first example was 

reported in 1965. 11 11 Non-nucleophilic counterions, such as te trafluoroborate , do stabilize these 

salts. In case of the alkynyl(phenyl)iodonium salts (R-C=C-1+-Ph BF4- ). the leaving group is 

neutral iodobenzene (Ph-1). 111 The former ones belong to the polyvalent organic iodine species, 

where an alkynyl moiety and a phenyl group are bound to a positively chargecl iocline(III) atom. 

7.3.1.2.2. Synthesis of Alkynyliodonium Tetrafluoroborates 

General lntroduction and Overview 

The groups of Fujita 112 et al. and Ochiai rn et al. reported syntheses towarcl trimethylsilyl

ethynyl(phenyl)-iodonium tetratluoroborate (69), starting from iodosobenzene (67). The reaction 

of a complex of 67 and BF,·Et20 with alkynylsilanes like 68, fo llowecl by treatment with 

aqueous NaBF4 afforded alkynyliodonium salts 69 (Figure 7-10). 

1. BF3-Et,0 / CH2Cl2 

2. (CH 3) 3Si Si(CH3)3 68 
Ph-1=0 (CH3)3Si l'-Ph BF4 

3. NaBF4 l•q> 67 69 

Figure 7- 10: Schematic sy nthes is of trimethylsilylethynyl(phenyl)-iodonium tetrafluoroborate 

(69) by Fujita and Ochiai 112
· rn 
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Iodosobenzene (fil) ((Ph-10)„) 

Introduction and Overview 

A procedure for the synthesis of iodosobenzene (iodosylbenzene) (67) was described by 

Sharefkin 114 er al„ The formed iodosobenzene (67) is a polymer and better described by the 

formula (Ph-10)„. 

Description of Synthesis 

The reported synthesis 114 started from purchasable diacetoxyiodobenzene (70). Addition of an 

excess of an aqueous solution of sodium hydroxide gave product 67 in good yield (Figure 7-11), 

beside sodium acetate and water. 

Ph-1(0Ac)2 

70 

NaOH laqJ 

Ph-1=0 

67 

Figure 7-11: Synthesis of iodosobenzene (67) by Sharefkin 114 

Compound 67 was obtained as a pale yellow solid in a yield of 78 % (lit. 114: 85 - 93 %). 

Conclusion and Product Analysis 

Procluct 67 was only cletectecl by its melting point, which was found tobe 204 - 208 °C (decom

position took place, lit. 114: 210 °C). 

Trimethylsilylethynyl(phenyl)-iodonium tetrafluoroborate W 

lntroduction and Overview 

Fujita 11 2 er al. ancl Ochiai 11 ' er al. reported the synthesis of trimethylsilylethynyl(phenyl)

ioclonium tetrafluoroborate (69) (compare also Figure 7-10): The First step requires the activation 

of ioclosobenzene (67) with the aid of bortritlourid-ethyletherat, BF"Et20, in dichloromethane 

(Figure 7- 12). The formed complex 71 then attacks bis(trimethylsilyl)acetylene (68) in an 

electrophilic addition to give intermediate 72. The lauer one eliminates BF1 to form compound 

73. Treatment with aqueous sodium tetrafluoroborate, Na8F4, induces the elimination of 

NaOSi(CH1h and yields the alkynylioclonium salt 69. 



7. SYNTHESES OF A ZAENEDIYNES 

Ph-1=0 

67 

BF3-Et,0 

. . (; Si(CH3)3 
(H3C) 3S 1-C~ ~ _ 

1- 0 - BF 
1 3 

Ph 
72 

~ Si(CH3)3 / (GH3)301------=68 

Ph-l'-O_:BF
3 

71 

- BF
3 

(' . 
(CH 3),Si-=~-1-os1(CH3) 3 

Ph 
73 

j + NaBF4 laqJ 

- Na0Si(CH3)3 

69 

71 

Figure 7- 12: Synthesis of trimethylsilylethynyl(phenyl) -iodoniu111 tetrafluoroborate (69) by 

Fujita and Ochiai and the reaction rnechanism 11
2. '" 

Description of Synthesis 

The synthesis was carried out according to the procedure given by the groups of Fujita 11 2 and 

Ochiai. 1
" In an argon atmosphere, iodosobenzene (67) was suspended in dichloromethane and 

bortriflourid-ethyletherat was added as an activator (see Figure 7-12). As the alkynylsilane 

compound, 1,2-bis-trimethylsilyl -ethyne (68) was subsequently added and the reaction 

afterwards quenched by addition of a saturated solution of sodium tetrafluoroborate in water. 

After work-up, alkynyliodonium salt 69 was obtained as an ocher yellow solid in 44 % yield. 

Conclusion and Product Analysis 

An IR spectrum showed the stretching vibrations of the acetylenic band at v = 2143 cm- 1
• The 

vibrations of the aromatic and the aliphatic C-H-bonds could be seen at v = 3063 cm- 1
, and 

v = 2959 cm- 1 and 2900 cm- 1
, respectively. 

The ESl -MS showed the cation mass at m/z = 301 and the anion mass (of BF4- ) at 111/z = 87. 

However, the use of self-prepared 69 led to lower yield in alkynylation reactions compared to the 

employ ment o f purchasable 69. 
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7 .3.1.2.3. Mechanism of' the Reaction of' Alkynyliodonium Salts with Nucleophiles 

The first step in the reac tion of alkynyl(phenyl)iodonium tetrafluoroborates 69 with nucleophiles 

(Nu- ) consists in a nucleophilic attack on the electron-deficient ß-carbon atom 115 (Figure 7-13). 

The formed ylide 74 is resonance-stabilized and undergoes lass of iodobenzene (Ph-1) to give 

carbene 75 as an intermediate.110
· 

11 7
· 

118 The carbene can rearrange to yield alkyne 76, if e ither of 

the two substituents on the ß-carbon is a group with a high migratory aptitude (which is the case 

for the trimethyl silyl group). The resulting alkyne 76 is a nucleophilic acetylenic substitution 

product, formed in an addition-elimination-rearrangement reaction. 

~Nu-
(H3C)3Si-C='C-l-Ph -

69 

Nu, : C=C=l-Ph 
(H

3
C)

3
S( 

74 

Nu-c:=:C-Si(CH3)3 

76 

Figure 7-1 J: Mech ani sm of the reac tion of trimethyl s ilyl et hynyl(phe nyl )-iodonium tetra

fluorob ora te (69) (a nion omitted for clarity) with a nucleop hile 

7.3.2. Synthesis of N-1-Ethynylated Imidazoles and Benzimidazoles 

with Alkynyliodonium Salts 

7.3.2.1. 1-Trimethylsilylethynyl-lH-imidazole@ - A NOVEL COMPOUND 

7.3.2.1.1. Introduction and Overview 

At the beginning of lhis thesi s, only some simple ynamines synthesized wilh the aid of alkynyl

iodonium sa lts had been reported by Stang 119 et al .. However, imidazoles that were ethynyl

substiluted at position N-1 were not known. A nucleotide containing an imidazole- 1-ethynyl unit 

was described later by Kalman 120 et a/. in 2001; and in 2002, Kerwin98 et al. reported some 

1,2-bis-ethynyl- I H-imiclazoles. 
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The first aim was to synthesize the novel compound l-trimethylsilyl ethynyl - 1 H-imidazole 

(78) - in order to see whether the ethynyl moiety could be attached to N-1 of 1 H-imidazole (77) 

by the Stang approach at all (Figure 7-14) . 

7.3.2.1.2. Description of Synthesis 

Introducing a trimethyl silyl -protected ethynyl moiety by the employment of trimethyl silyl 

ethynyl(phenyl)-iodonium tetrafluoroborate (69) seemed to be the most convenient starting 

move: First , the TMS unit can be substituted later (substitution of TMS versus H 12
1. 

122
· m . 124

· 
125 

or substitution of TMS versus Ph 120
• 1

27
· 

128
) and second, the SiMe1-group has a high migratory 

aptitude, 11 5 which should facilitate the reaction. 

(
N)> 1. base /solvent 

N 2. (CH3)3Si lc._Ph BF4 

H 69 

77 

Figure 7-14: Synthesis of 1-trimethylsi lylethynyl-1 H-imiclazole (78) 

The different conditions for the synthesis of 1-trimethylsilylethynyl- I H-imiclazole (78) using 

trimethylsilylethynyl(phenyl)-iodonium tetrafluoroborate (69) are Iisted in Table 7-1. 

The reaction worked better at a certain dilution of the reaction mixture (concentration of educt 

c ::::: 10- 2 molr 1
, entries 3, 4 and 5). Too high concentrations (c > I0- 1 molr 1

, entries 1 ancl 2) 

lecl to a decrease of yielcl. 

At reaction times (stirring time at rt after the addition of 69) of Y2 h, 1 h ancl 2 h no procluct could 

be cletectecl, traces appearecl after about 5 h. The highest yielcls were obtained after stirring for 

24 h - 48 h. 1 eq (entry 5) or 2 eq (entry 7) of 69 worked best. Stronger cooling (below 0 °C , 

entry 8) prior to addition of 69 or subsequent heating (entry 9) after the addition of 69 both 

resultecl in a decrease of yielcl. 

Concerning the sol vents, toluene and benzene (entry 10) worked best ; 11 -hexane (entry 11) gave 

onl y traces ancl CH 1CN (entry 12yv. 129 gave no yie ld at all. Et20 as a sol vent with NaH as a base 

clicl not work (entri es 13 and 14). 

" Aceton itrile as a so lvent did not work at all as the u-acidic proton of CH _1CN is deprotonated by ßuLi. That anion 

then attacks another CH_1CN-molecule. leading finall y to a dimerization product. 
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Table 7-1: Yarious conclitions for the synthesis of 1-trimethyls i lyl e thynyl-1 f/-i rniclazole 

(78). The best conclitions are shadecl in gray 

# educt 77: conc. ' solvent base 69 I conditions reaction time yield 

c "=' 10- molT toluene 1 eq BuLi 1 eq 2h 

2 c "=' 10- 1 rnolT 1 toluene 1 eq BuLi 1 eq 24 h traces 

3 c "=' 10-2 molT 1 toluene 1 eq BuLi 1 eq 1 h or 2 h 

4 c "=' 10-2 molT1 toluene 1 eq BuLi 1 eq 5h traces 

5 c "=' 10-2 mol·l- 1 toluene 1 eq BuLi 1 eq 24 h or 48 h 4% 

6 c"" 10-2 mol·r' toluene 1 eq BuLi 0.5 eq 24 h traces 

7 c"" 10-2 moIT' toluene 1 eq BuLi 2 eq 24 h - 48 h 4-5 % 

8 c"" 10-2 molT' toluene 1 eq BuLi l eq'' 24 h or 48 h traces 

9 c "=' 10-2 molT 1 toluene 1 eq BuLi 1 eq\'i i 24 h or 48 h traces 

10 c"" 10-2 mol ·r' benzene 1 eq BuLi 1 eq 24 h or 48 h 3% 

II c "=' 10-2 moIT' 11-hexane 1 eq BuLi 1 eq 24 h traces 

12 c "=' 10-2 molT 1 CH3CN 1 eq BuLi 1 eqvii1 5h 

13 c"" 10-2 molT 1 Et20 1.05 eq NaH 1 eq 24 h 

14 c "=' 10-2 molT' Et20 1.05 eq NaH 1 eq" 24 h 

7.3.2.1.3. Conclusion and Product Analysis 

The synlhesis worked best (see entry 5) using 1 eq of imidazole 77 in toluene and 1 eq of BuLi. 

At rt, addition of l - 2 eq of solid trimethylsilylethynyl(phenyl)-iodonium tetratluoroborate (69) 

and subsequent stirring for 24 - 48 h gave - after work-up and chromatography - the desired 

product as a yellow film in a yield of 4 %. 

l-Trimethyls ilylethynyl - 1 H-imidazole (78) was the first TMS-protected alkynylimine with a 

triple boncl at a nitrogen atom that forms part of an imidazole system . Detection was mainly 

carried out by GC/MS-analysis: The GC showed a pure compound, and the molecular peak ion 

Nt was found at 111/z = 164. The loss of methyl (~ 111/z = -15) is characteristic for compounds 

carrying a TMS-group,"0 so also an intensive peak at 111/z = 149 could be found. 

' In eac h case, 1 eq of 77 was used . 

,., Further conditions: prior to addition cooling to -25 °C. 

"' Further conditions: after addition heatin g to +50 °C or +75 °C for 20 min or 2 h, resp. 

"
111 Furthcr conditions: prior to addition cooling to -10 °C. 

"Further conditions: after addition heatin g to 40 °C for 2 h. 
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A 1 H-NMR spectrum in [06]-benzene showed the chemical shifts of the protons of the imidazole 

core and the TMS-group. In the 13C-NMR spectrum the imidazole carbons and the carbons of the 

TMS-group were found ; however, due to their longer relaxation times the acetylenic sp- 13C 

nuclei were not detected. 

lt was found out that compound 78 is unstable - it is sensitive to hydrolysis , acids and air: 

Hence it decomposed while standing at the air and in a CHCh-solution after 1 d. Compound 78 

is also quite volatile, it coevaporated with toluene (even if toluene was blown off by a nitrogen 

stream and the solution kept at rt). However, it was much less volatile with EtOAc or n-hexane. 

Due to its sensitivity and volatility, the product was stored under argon and in the cold. Solvents 

after column chromatography were evaporated at low bath temperature (ca. 20 - 30 °C). 

7.3.2.2. 1-Trimethylsilylethynyl-lH-benzimidazole (fil!) -

A NOVEL COMPOUND 

7 .3.2.2.1. Introduction and Overview 

l-Trimethylsilylethynyl-1 H-imidazole (78) was a novel compound. However, its sensitivity and 

volatility and the obtained low yield made it unsuited for further investigations. The idea was 

that a benzimidazole core instead of an imidazole core could improve the stability. 

7 .3.2.2.2. Description of Synthesis 

The synthetic conditions for the preparation of l-trimethyl silylethynyl-1 H-benzimidazole (80) 

followed the ones that were improved for its imidazole derivative 78 (Figure 7-15). 

1. base / toluene 

69 
79 

Fi gure 7- 15 : Synthes is of 1-tri methylsilyleth ynyl-1 H-benzimidazo le (80) 

Under exclus ion of moisture and air, 1 H-benzimidazole (79) was suspe nded in toluene, the 

concentratio n not exceeding c;:::; 10-2 mol·i- 1
• Then, the base was added s lowly in the cold 
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- LDA , DBU and BuLi were e mployed as different bases - , followed by the addition of 

trimethylsily le thynyl(phenyl)-iodonium te trafluoroborate (69). The reaction time was 24 hat rt . 

After work-up and tlash column chromatography, the desired product was obtai ned as a 

yellowish o il in a yield of 12 %. lnte rest ingly, also a side product cou ld be isolated in amounts 

up to 10 %, depending on the condi tions (Figure 7-16). 

~N~ 
~N 

H 

79 

1. LOA / toluene 

2. 69 

80 

~N~ 
~N 

~ 
H 

81 

Figure 7- 16: Product distribution upon the reaction of IH-be nzimidazo le (79) wi th alkynyl

ioclo nium sa lt 69 

Table 7-2 shows the obtained yie ld of 80 after the use of LDA, DBU and BuLi as bases. BuLi 

(entry 1) ancl LDA (entry 2) gave 12 % yielcl, whereas DBU (entry 3) gave 2 % . LDA was 

freshly prepared and BuLi was titratecl prior to use, whereas DBU was used without prior 

purifi cat io n. Both LDA and DBU are sterica lly hinclerecl bases , w ith a pK„::::: 36 fo r LDA 131
·x and 

a pKa ::::: 12 fo r DB U .1
'

2
· x BuLi is even a stronger base (pKa > 40' ) than LDA, but it can also act 

as a nucleophile leacling to unclesi recl siele react ions. 

The pK„-value founcl for 1 H-benzi miclazo le (79) is pKa = 16.4' and for IH-imidazole (77) it is 

pKa = 18.6, 111
· ·' showing that l H-benzimidazole (79) is more aciclic. 

ln case of DBU (entry 3) the yie ld of side product 81 was 5 %, showing a low overall yie ld . In 

contrast to that , BuLi (entry 1) gives a re lati vely high yielcl ( 10 %) of the undes ired side product. 

The highest product yield together with the lowest side product yield could only be achieved 

w ith LDA (entry 2) . 

' The numbers given represent the pK" (HA)-va lues for the fo llow ing reactions: H-N(iPr),-> LDA, DBU•- H-> 

DBU, Bu-H-> BuU, IH-benzimidazo le (79)-> benzimidazolate or IH-imidazo le (77)-> imidazolate, resp. 
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Table 7-2: Various conditions for the synthesis of 1-trimethyl silylethynyl-I H-benzimidazole 

(80) (and the siele product 81 ). The best conclitions are shacle cl in gray 

# educt: eq solvent base 69 reaction time yield 80 yield 81 

1 eq 79 toluene 1 eq BuLi 1 eq 24 h 12 % 10% 

2 1eq79 toluene 1 eqLDA 1 eq 24 h 12% 6% 

3 1eq79 toluene 1 eq DBU 1 eq 24 h 2% 5 % 

7.3.2.2.3. Conclusion and Product Analysis 

Main Product: 1-Trimethylsilylethynyl-lH-benzimidazole (.!ill) - A NOVEL COMPOUND 

The best reaction conditions were using 1 eq of 1 H-benzimidazole (79) in toluene and 1 eq of 

LDA , with subsequent addition of 1 eq of solid trimethylsilylethynyl(phe nyl)-ioclonium tetra

fluoroborate (69) ancl stirring for 24 h (see entry 5). After a work-up procedure and chroma

tography, the product was obtained as a slightly yellowish oi l with a sweetish srnell. It turned out 

to be more stable and less volatile than its imidazole derivative 78, but it still had to be hanclled 

carefully in presence of water ancl air. Although the yield ( 12 %) was relatively low, it was much 

high er than for 78 ( 4 % ). 

80 

Figure 7-17: 1-Trimethylsi ly lethyny l- 1 H-benzimidazole (80) 

The GC/MS-analysis of 80 (Figure 7-17) demonstrated a pure compound in the gas chromato

gram, and in the mass speclrum the molecular peak W was found at mlz = 214. The base peak 

( 100 % intensity) at 111/z = 199 shows the loss of methyl (t. m/z = -15), which is characteristic for 

compounds carrying a TMS-group. 130 

In the 1 H-NMR spectrurn in [D6]-acetone, the chemical shifts of the protons of the benzimidazole 

core ancl the TMS-group were found. The 13C-NMR spectrum showed - beside the benzimid

azole carbons and the carbons of the TMS-group - clearly the acetylenic sp- 1'C nuclei at 

89.5 ppm ancl a t 76.6 ppm, which were detected as quaternary carbons in the DEPT-135 
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spectrum. A clear distinction between both nuclei could be made as the 11-coupling between Si 

and the adjacent carbon atom could be seen; the coupling constant was found to be 1l c- s; = 

41.3 Hz. 

An NOE-experiment in order to see an interaction of a proton of the TMS-group with H-7 , the 

nearest proton of the benzimidazole core, failed - the distance between the TMS-protons and 

H-7 is too !arge. A molecular stick model suggested a distance of > 3 A for these protons. 

The IR spectrum showed the stretching vibrations of the aromatic C-H bonds at v = 3085 cm- 1
, 

the aliphatic C-H bonds at v = 2960 cm- 1 and the C=C triple bond at v = 2192 cm- 1
• 

Side Product: 1-Ethynyl-lH-benzimidazole (filJ - A NOVEL COMPOUND 

The byproduct 81 (Figure 7-18) was presumably formed upon cleavage of the TMS-group by the 

base. 

81 

Figure 7-18: 1- Ethynyl - IH-ben z imiclazole (81) 

The white so lid was iclentified as a pure compouncl in the GC/MS. The molecular peak ion Nt 

was found at 111/z = 142 with an intensi ty of 100 %. 

A 1 H-NMR spectrum in [D6]-acetone showecl the chemical shifts of the protons of the benzimid

azole core. The acetylenic proton was cletected as a singlet at 4.11 ppm. This signal showed the 

nC-satellites: The 11-coupling between the acetylenic proton and the terminal acetylenic carbon 

was founcl to be 11H -c-'! = 265.9 Hz, the 21-coupling to the internal acetylenic carbon was 

21 11 - c.8 = 57.6 Hz. Both values are in good agreement with the ones given in the literature: 1
'
4 

The 111.1_c-coupling is about 250 Hz, the 21H -c-coupling about 55 Hz for a proton of an 

acetylenic system. 

In the 1'C-NMR spectrum , the benzimidazole carbons were found. The quaternary acetylenic 

carbon appears at 70.8 ppm , the primary acetylenic carbon at 63.6 ppm. 

Compouncl 81 was not stable; it decomposed upon standing within 1 - 2 d. 
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7.3.2.3. 5-Nitro-1-trimethylsilylethynyl-lH-benzimidazole (83) -

A NOVEL COMPOUND 

7.3.2.3.1. Introduction and Overview 

79 

l -Trimethyl silylethynyl - 1 H-benzimidazole (80) was already found to be more stable than l -tri 

methyl silyl ethynyl-1 H-imidazole (78) . The reactive part of compouncls 80 and 78 is the triple 

bond o f the trimethylsilylethynyl moiety (Figure 7-19). In order to further increase the stability 

in air and water and toward ac icl s, the triple bond shoulcl be macle electronically poorer. 

80 (R = H) 

Fi gure 7- 19: Sensiti vity o f the elec tron rich triple bond in compoun ds 78 ancl 80 to oxyge n 

a nd acid s 

This coulcl be achieved by lowering the electron density of the imidazole or benzimidazo le core, 

respecti vely, by the attachment of electron withdrawin g groups. For example, R = H in Figure 

7-1 9 could be formall y replaced by e lectron withdrawing substituents (R = F, C F, or N02, resp.). 

A first simple tes t reaction was carried out by using 5-nitro- I H-benzimidazo le (82) as a starting 

materi a l. The nitro group shoulcl also lead to a solid insteacl of an oil. 

7.3.2.3.2. Description of Synthesis 

For the synthesis of 5-nitro-1-trimethyl silylethynyl - I H-benzimidazole (83), the same reaction 

conditions were applied as fo r l-trimethylsilyle thynyl - 1 H-benzimidazo le (80) (Figure 7-20): 

Excluding moisture and air, 5-nitro- IH-benzimidazole (82) was suspendecl in to luene ; the 

concent ra tion did not exceed c"' 10- 2 mol·l- 1
• LDA as a base was added slowly in the cold, 

foll owed by the addition of trimethyl sil ylethynyl(phenyl)- ioclonium tetra fluoroborate (69). The 

react ion time was 36 h at rt. 
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83 84 

Figure 7-20: Product distribution upon the reaction of 5-nitro-I H-benzimidazole (82) with 

alkynyliodonium salt 69 

After work-up and column chromatography, apart from the desired product 5-nitro-1-trimethyl

silylethynyl- l H-benzimidazole (83), also its positional isomer 6-nitro-1-trimethylsilylethynyl

l H-benzimidazole (84) was isolated (Figure 7-20). The explanation can be found below. 

7.3.2.3.3. Conclusion and Product Analysis 

Upon deprotonation of a benzimidazole system like 79 at position N-1, a symmetrical , 

resonance-stabilized anion 85a / 85b is formed (Figure 7-21 , R = H). The following attack of an 

electrophile EI+ leads to only one product , an N-1-substituted benzimidazole 87. However, if 

R = N02 (for 82) like in the reaction clescribecl above, the anion 86a / 86b is not symmetric 

anymore: An electrophile EI+ can attack at two positions that are energetically nearly equal (see 

Figure 7-21 , R = N02). This leacls to two proclucts 88 and 89, which are positional isomers - the 

product clistribution is about 50: 50. 
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RYl!N) 

~N 
H 

R = H 79 
R = N02 82 

base 

81 

IRü~ -Rü~>l 
l 85a R = H 85b 

86a R = N02 86b 

J '" J EI• 

EI 
3 I 

RtrN RtrN1 
1 ) + ~ 1 ); 

~ N1 N 
1 3 
EI 

87 R=H 87 
88 R = N02 89 

Figure 7-21: Product clistribution upon reac tion of sym metri ca l ancl asymmetrical benzimicl

azolate an ions with an electrophile 

In the case of 5-nitro- I H-benzimidazole (82) as a starting material , the two positional isomers 83 

(the 5-nitro-isomer) and 84 (the 6-nitro-isomer) were generated, one in 2 % yield and the other 

one in 3 % yield, giving a total yield of 5 - 6 %. Both could be separated by flash column 

chromatography. The products were ocher, no n-volatile solids that were stable in air. 

Both positional isomers were characterized by GC/MS and NMR spectroscopy; however, it was 

not possible to unambiguou sly differentiale between either isomer. Other in ves tigation methods 

like X-ray st ructure determination were not employed, because onl y the increased stability of the 

system due to the electron withdrawing nitro-group was investigated here. 

An assignment could be made by means of NMR increme nts, though. In order to es timate the 

chemical shift s 01· benzene protons in the framework of nitro-benzene (90), the following 

increment sys tem fo rmul a was used:"' 

o[ppm]=7.26+ / 

For the N02-substi tuent the ortho-increment is lnnhn = 0.95 ppm and the mela-increment is lm"" = 

0.26 pprn. From this fol lows that for a proton in ortho-position of a NOrgroup the chem ical shi ft 

is exceptecl tobe o = 8.2 1 ppm: 
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o[ppm]= 7.26+1„„,,,, = 7.26+0.95 = 8.21 

The chemical shift of a proton in mera-position of a N02-group is then o = 7.52 ppm: 

o[ppm] = 7.26+ !,,,„" = 7.26 + 0.26 = 7.52 

Table 7-3 shows the presumed assignments based on the incremental calculations. The data 

suggest that the signals at 8.72 ppm, 8.35 ppm and 7.64 ppm correspond to H-4, H-6 and H-7 of 

the 5-nitro-isomer 83, respectively. These signals appear as multiplets. However, if treated as a 

simple first order NMR spectrum, H-4 gives a doublet (due to coupling to H-6), H-6 a doublet of 

doublets (coupling to H-4 and H-7) and H-7 a doublet (coupling to H-6). 

In case of the 6-nitro-isomer 84, in a first order treatment H-7 appears as a doublet at 8.50 ppm 

and the other proton in orrho-position to the NOrgroup, H-5 , as a doublet of doublets at 

8.28 ppm. H-4 appears as a doublet at a chemical shift of 7.90 ppm. 

Table 7-3: Calculatecl (with NMR increments) ancl measurecl chemical shifts of the benzene 

protons in compouncls 83 and 84 in ppm and the assumed assignments in 

parenthesis 

calculated shifts [ppm]: nitro

benzene system (90) 

8.21 (ortho-H) 

8.21 (orrho-H ) 

7.52 (meta-H) 

measured shifts [ppm]: 5-nitro

isomer 83 

4 3 
0 2N:a?' 3a N 

1 ') 2 

6 """ ?a N 1 
7 

89~ 
83 

8.72 (H-4) 

8.35 (H-6) 

7.64 (H-7) 

Si(CH3) 3 

measured shifts [ppm]: 6-nitro

isomer 84 

!1
4 3a~ 

') 2 

0 N 6 ?a N 1 2 

7 89~ 
84 

8.50 (H-7) 

8.28 (H-5) 

7.90 (H-4) 

Si(CH3)3 

For compound 83, the remaining NMR signals could be assigned clearly to the corresponding 

protons or carbons, respectively. In the 11C-NMR spectrum the acetylenic sp- 11C nuclei were 

found at 86.9 ppm (C-8) and 78.6 ppm (C-9); both were proven to be quaternary carbons from 

the DEPT-135 spectrum. 
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According to the GC/MS spectrum, 5-nitro- l -trimethylsilylethynyl-IH-benzimidazole (83) was a 

pure compound with a retention time of R, = 18.2 min. The mass spectrum showed lhe molecular 

peak Nr at 111/z = 259 and the base peak at m/z = 244 (typical loss of melhyl , !!. 111/z = -15). 130 

The GC/MS-analysis for 6-nitro- l-trimethylsilylethynyl- l H-benzimidazole (84) also demon

strated a pure compound in the gas chromatogram, the retention time was found to be R, = 

17.5 min. In the mass spectrum, the molecular peak Nr was found at 111/z = 259. The base peak 

(100 % intensity) at 111/z = 244 showed the loss of methyl (!'i.111/z = -15), which is characterislic 

for compounds can-ying a TMS-group. 130 

The remaining NMR signals for compound 84 could be assigned clearly. In lhe 13C-NMR 

spectrum, the sp- 13C nuclei of the triple bond were found at 86.7 ppm (C-8) and 78.9 ppm (C-9). 

Both were quaternary carbons according to the DEPT-135 spectrum. 

7.3.3. Attempted Transformation of a Carbaldehyde at N-1 of Benz

imidazole into an Acetylenic Group: The Aldehyde Approach 

7.3.3.1. Synthesis of a Perfluorinated, Electronically Poor Benzimidazole 

7.3.3.1.1. 4,5,6,7-Tetrafluoro-lH-benzimidazole <W 

Introduction and Overview 

The synthesized nitro-substituted compounds 5-nitro-1-trimethylsilylethynyl-l H-benzimidazole 

(83) and 6-nitro-1-trimethylsilylethynyl-I H-benzimidazole (84) turned out to be stable 

compounds, more stable than the non-substituted benzimidazole 80 and the imidazole 78. lt is 

assumed that this is because of the electronically deactivating NOz-group, which lowers the 

reactivity of the triple bond. However, the overall yield of 5 - 6 % was quite low. What is more, 

the employed trimethylsilylethynyl(phenyl)-iodonium tetrafluoroborate (69) is a relatively 

expensive reagent. 

Another synthetic procedure could build up the triple bond at N-1 by conversion of an aldehyde 

to an acetylenic bond. As a starting material, a perfluorinated benzimidazole could be used. This 

would not only act as an electronically extremely poor compound, but it would also be a 

symmetrical molecule with regard to substitution in position N-1 - which was not the case for 

5-nitro- I H-benzimidazole (82) as an educt. 
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Description of Synthesis 

Heaton er al. described the synthesis of pertluorinated 4,5,6,7-tetratluoro- I H-benzimidazole (92) 

starting from 1,2-diaminotetrafluorobenzene (91) u6 (Figure 7-22): 

F F 

'~JC HCOOH '*' ~' reflux 
~ 1 ') 

F NH2 
F ~ N 

H 
F F 

91 92 

Figure 7-22: Synthesis of 4 ,5,6 ,7-tetrafluoro-lH-benzimidazole (92) 136 

According to this procedure, diamine 91 was refluxed in formic acid to give pale yellow crystals 

01· benzimidazole 92 in a yield of 54 % after work-up and recrystallization (lit. 136
: 71 %). 

Conclusion and Product Analysis 

Product 92 was only detected by GC/MS-analysis: The GC showed a pure compound, and the 

molecular peak ion M' (here iclentical with the base peak) was founcl at m/z = 190. The fragment 

formecl upon loss of hydrogen cyanide (HCN, /:;. m/z = -27) coulcl be cletected at 111/z = 163. 

7.3.3.1.2. 1-Diethoxymethyl-4,5,6,7-tetrafluoro-1H-benzimidazole (2±} 

Introduction and Overview 

A synthesis for compound 94 was not known, however, the protection of IH-benzimidazole (79) 

to give the non-fluorinatecl 1-diethoxymethyl-JH-benzimiclazole (93) was described by 

Suschitzky et al. 137 (Figure 7-23), while others reported analytical data. us 

(XN') 
N 
H 

79 

HC(OEth 

p-TosOH (X} 
Et~OEt 
93 

Figure 7-23: Synthesis of 1-cliethoxymethyl-lH-benzimidazole (93) by Suschitzky 137 
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Suschitzky 137 also described the synthesis of 1 H-benzimidazole-2-carbaldehyde from 

l-diethoxymethyl-1 H-benzimidazole-2-carbaldehyde, however, the immediate object was to 

introduce the carbaldehyde in position N-1. 

The diethoxymethyl-protection of N- l of 1 H-imidazole (77) was carried out by several 

groups. 1w. 140
· 

14 1 lt should be stressed, that Brown 142 et al. obtained the product in 82 % yield, 

but they also admitted that protecting group to be readily hydrolyzed within minutes under 

neutral and acidic conditions. Chadwick 143 et al. underlined the ease of removal of the diethoxy

methyl functionality , leading to decomposition to give the parent IH-imidazole (77). Ohta 144 

et al. did not isolate the protected compound, it was immediately used in a following reaction. 

Description of Synthesis 

Suschitzky 137 et al. protected 1 H-benzimidazole (79) using triethyl orthoformate and p-toluene

sulfonic acid as a Lewis acid catalyst (Figure 7-23). They reported a product yield of 77 %, 

however, they also emphasized the instability of compound 93 (see Figure 7-23) and they 

admitted the microanalysis tobe unsatisfactory. 

According to their procedure, 4,5,6,7-tetrafluoro- l H-benzimidazole (92) was used as a starting 

material (Figure 7-24). 

F F F*N HC(OEt)o F*N :/ 1 ') X „ 
:/ 1 ') 

F ~ N rr TosOH F ~ N 
H 

F ~ F 
Etü OEt 

92 94 

Figure 7-24: Attempted synthesis of l-diethoxymethyl-4,5,6,7-te trafluoro-I H-benzimidazole 

(94) 

In the course of the reaction , which was controlled by TLC, and after work-up mainly educt 

could be detected, though. 

Conclusion and Product Analysis 

The product , l -d iethoxymethyl-4,5,6,7-tetrafluoro-l H-benzimidazole (94), could not be detected 

or its tiny fraction decomposed during work-up. Another reaction in order to introduce an 

aldehyde functionality at posi tion N-1 had tobe found. 
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7 .3.3.1.3. 4,5,6,7-Tetrafluoro-lH-benzimidazole-l-carbaldehyde (~ 

Introduction and Overview 

The conversion 01· alclehydes (C-carbaldehydes) into terminal alkynes was alreacly clescribecl in 

the literature (see, e.g.: 145
· 

146
· 

147
· 

148
). lt cloes proceed via the chain elongation reaction by one 

carbon atom (Figure 7-25). 

H 
,,# 

+ CH2Cl2 

LOA 

R 

OH 

Cl~R 
Cl 

Buli 

+ TosCI 

R H 

Figure 7-25: Ex arnples of conversions of C-carbaldehycles into terminal alkynes by 

Villieras 14
·'· 

146 et al. (upper sequence) and Wang 14 7
· 

148 et ol. (lowe r seq uence) 

lt shoulcl also be mentioned that apart frorn aldehydes, also methyl ketones (e.g. 149
) could be 

converted into terminal acetylenes. Aryl ketones were converted into aryl alkynes (e.g. 150
). 

Could N-carbaldehydes be convertecl into N-alkynylimines? 

Preparations of N-formyl compounds (N-carbaldehydes) like l-formyl-IH-imidazole 151
· 

152
• 1" or 

1-formyl - IH-ben zimiclazole (97) (benzimidazole- l-carbaldehyde) 151 were clescribed (see Figure 

7-27). These compouncls were used as effective formylating agents, especially for introducing 

the CHO-group at a nitrogen atom. 151
· 

154 
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A synthesis for the perfluorinated 95 (4.5,6,7-tetratluoro-1 H-benzimidazole-1-carbalclehycle) 

(Figure 7-26), however, was not known. 

F*F N ~ 1 ') F ~ N 
F )=o 

H 

95 

Figure 7-26: 4 ,5,6,7-Tetrafluoro- l H-benzimidazole - 1-carbaldehyde (95) 

Description of Synthesis 

Staab 151 et al. reacted 1 H,1 'H-1, l '-carbonyl-bis-benzimidazole (N,N'-carbonyl-bis-benzimicl

azole) (96) with formic acid in THF (Figure 7-27). Apart from the carbonylated proclucl 97, also 

1 H-benzimiclazole (79) and C02 were formed: 

HCOOH 

79 

96 97 

Figure 7 -2 7: Synthesis of 1 H-benzimidazole-1-carbaldehyde (97) by Staab 151 

Conclusion 

The above-mentioned groups clid stress that the N-formylated imidazole derivatives were not 

isolatecl. They were found to be extremely hygroscopic ancl unstable (lhey converlecl into lhe 

non-substituted heterocycles under elimination of CO) - therefore they were usecl clirectly in a 

subsequent formylation reaction. 

As a conclusion. the carbonylated imidazole derivatives may be employecl as formylating agents, 

however, in orcler to convert the aldehycles into alkynes, a greater stability was requirecl. 

Synthetic attempts employing the conditions clescribecl by Staab 151 et al. in orcler to prepare 97, 

failed. No formylated product coulcl be isolated or detected, respectively. 



7. SYNTHESES OF AZAENEDIYNES 88 

7.4. Building up the Ethynyl Moiety at Position C-2 and N-1 of 

Imidazole Systems Concurrently - Coupling Approaches 

7.4.1. General Introduction and Overview 

lt was sought for a method to attach two acetylenic moieties to an imidazole or benzimidazole 

system simultaneously. Such a coupling reaction would lead to an azaenediyne in a few steps 

(Figure 7-28). 

79 

(XN 
)-Hai 

N 
\ 
Hai 

98 

..... „ ....... .... 

Figure 7-28: Planned sy nthe tic strategy for azaenediyne 99 via coupling reactions 

Coupling reactions between s/-carbon and sp-carbon centers are weil explored by the 

Sonogashira coupling. 15
'-

156 However, the preparation of imidazole derivatives with an ethynyl 

moiely at N- 1 by lransition meta! couplings was not known at that time. 

In 2001 , Kaiman 120 et al. claimed to have synthesized a nucleotide carrying an N-ethynylated 

imidazole unit by a palladium(O)-catalyzed coupling reaction. 

There was one example for the synthesis of an ynamide with the aid of ( 1-alkynyl)-cuprates, 

though: Balsamo 157 et al. reported the Cu 1-catalyzed synthesis of ynamide 103 by reacting 

ß-lac tam 100 with propiolic acid ester 102 (Figure 7-29). The reaction proceeded via the 

copper( l)-acetylenide Cu1-C=C-C02tBu 101. 

H~C02 tBu 102 

Cu'CI, 0 2 

HMPTA 

Figu re 7 -29: Synthesis of ynamide 103 by Balsamo 157 et a/. 
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The case that the use of 1 eq of Cu1Cl was essential and that the presence of molecular oxygen 

increased the yield , suggests a mechanism similar or equal to the Glaser-coupling 1
'
8

· 
159 

- the 

ox idative coupling of terminal alkynes (compare also 1611
· 

16 1
) . lt is noteworthy here that the 

alkynylated nitrogen is s1l-hybridized and forms part of a cyclic system. 

7.4.2. Activation of Position C-2 oflmidazole Derivatives 

7.4.2.1. 2-Iodo-1-methyl-lH-imidazole (105) 

7.4.2.1.1. Introduction and Overview 

Shvartsberg 162 et al. used the copper catalyzed replacement of halogen by acetylenic groups in 

order to synthes ize acetylenic derivatives of imidazole. This reaction requires first an activation 

of posi tion C-2, which they achieved by iodination. 163 

7.4.2.1.2. Description of Synthesis 

In thi s work, the iodinalion recipe from Knochel 164 et al. was e mployed . They synthesizecl 

2-ioclo-1-methyl- l H-imiclazole (105) from l-methyl- 1 H-irniclazole (104) by cleprotonation with 

BuLi and subsequent ioclination with rnolecular iocline (Figure 7-30): 

N 1. [) 
2. N 

1 
CH3 

104 

Buli / THF 

12 / THF 

N 

[ )----1 
N 
1 
CH3 

105 

Fi gure 7-30: Synthes is of 2-iodo-1-rnethyl-IH-irnidazole (105) by Knoche l164 et al. 

Following these conclitio ns, the procluct could be obtainecl in a yielcl of 56 %. 

7.4.2.1.3. Conclusion and Product Analysis 

Compouncl 105 was identifiecl by GC/MS and NMR analysis. 

However, a certain cl isad vantage here is that the protecting N-rnethyl group is difficult to cleave. 

And genera ll y spoken, the attachment of protect ing groups ancl their proximale c leavage requires 

additional syn thesis steps. 
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7.4.2.2. 2-Bromo-lH-benzimidazole (107) 

7.4.2.2.1. Introduction and Overview 

The preparation of 2-bromo-1 H-benzimidazole (107) was reported to start from 1 H-benzimid

azole (79) 165 or from IH-benzimidazole-2-thiol (106). 166
' 

167 The mentionecl bromination 

reactions are interesting, because they do not require an N-protecting group. 

7.4.2.2.2. Description of Synthesis 

The proceclure followecl the one given by Ellingboe 166 et al„ which reactecl 2-mercapto- I H-benz

imidazole (106) in hyclrobromic acicl and acetic acid with bromine (Figure 7-31 ). 

106 

N 

'J--sH 
N 
H 

Br2 

HBr, HOAc crN 
'}-Br 

N 
H 

107 

Figure 7-31: Synthesis of 2-bromo-1 H-benzimidazole (107) by Ellingboe 166 et al. 

The crude 2-bromo-l H-benzimidazole (107) could be isolatecl in 39 % yield (lit. 166
: 70 %). 

7.4.2.2.3. Conclusion and Product Analysis 

Compound 107 was detected by GC/MS ancl NMR analysis. lt served as an educt for the 

proximale coupling reactions. 
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7.4.3. Coupling Attempts with 2-Bromo-lH-benzimidazole (107): 

1,2-Bis(phenylethynyl)-lH-benzimidazole (108) - Attempted 

Synthesis 

7.4.3.1. Introduction and Overview 

91 

The Sonogashira 155
· i y, coupling is a pallad ium- and copper-catalyzed cross-coupling reaction of 

organohalides with terminal alkynes (Figure 7-32). 

Ar-X + H R 

(PPh3) 2Pd 11Cl2 

Cu'I 

Figure 7 -32: General sc heme of the So nogas hira coupling 

Ar - R 

In the usual recipes (see, e.g.: ir,x. 169
· 

170
· 

17
1. 

172
), first a degassed solution of the organohalide in 

triethylamine or a solvent mixture like NEt1 / THF or NEt1 / DMF was prepared. Then, the Pcl

catalyst (often bis(triphenylphosphine)pallaclium(ll) clichloricle, (PPh1)2 Pcl 11 C'2, or tetrakis(tri

phenylphosphine)pallaclium(O), (PPh1)4Pcl0), the acetylenic compouncl ancl the Cu-catalyst 

(copper(I) iodide, Cu 1l) were adcled in an inert atmosphere. After heating for a certain time, the 

mixture was quenchecl with water, extractecl and filterecl to yie lcl the crucle product. 

7.4.3.2. Description of Synthesis 

Here was investigatecl whether the bis(alkynylatecl) 108 coulcl be obtained clirectly from a 

Sonogashira coupling reaction (Figure 7-33). 

(PPh3) 2Pd11C\2 , Cuil 

((}-Br 
Ph - H 43 

X „ 
H 

107 

Figure 7-33 : Attemptecl sy nthes is of azaenecliyne 108 

(()>----Ph 

~ 
Ph 

108 
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The experimental procedure followed the ones described above. The reactions were carried out 

at rt, at 50 °C and at 80 °C with respective reaction times of 5 h and 20 h. The highest yielcls 

were oblainecl at 80 °C ancl afler stirring for 20 h. 

7.4.3.3. Conclusion and Product Analysis 

Unfortunalely, lhe only coupling product that could be delected was 109 in low yield (Figure 

7-34). Also, apart from not converled educt, tiny amounls of the oxidative homo-coupling 

procluct 1,4-cliphenylbulacliyne (110) from two molecules of phenylacetylene (43) could be 

founcl (formed cluring the generalion of (PPh3) 4Pd0 from (PPh0)iPd 11 Cl2): 

(JCN 
~Br 

N 
H 

107 

(PPh3)2Pd 11Cl2 , Cu11 

Ph - H 43 

Et3N I 80 °C, 20 h 
crN~ Ph N 

H 

109 

+ 
Ph Ph 

110 

Figure 7-34: Products upo n Jh e coupling re action of 2-bromo-I H-be nz imidazole (107) 

lt shoulcl be menlioned thal lto m et al. carried out a coupling reaction of o-iodoaniline (111) 

wilh lrimethyl silylacetylene (112) (Figure 7-35). 

(J(
NH2 

1 

1 

111 

(PPh 3)4Pd0, Cu'I 

TMS H 112 

Et2NH I DMF 

Figure 7-35: Example fo r a coupl in g reaction in presence of an amino group - N-alkynyla1ion 

cloes 1101 1ake place 171 

They reportecl a quantitative yie lcl of coupling product 113 - but they clid not observe any 

alkynylation product of the nitrogen of the amino group. 
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7.4.4. Coupling Attempts with 2-Bromo-lH-benzimidazole (107): 

1-Aza-1,5,6,7 ,8-pentahydro-azecan';-3,9-diyne[l ,2-a] IH-benz

imidazole (115) - Attempted Synthesis 

7.4.4.1. Introduction and Overview 

93 

Attaching two separate molecules of phenylacelylene did not work, but the reaction could 

proceed faster if both acetylenic moieties formed part of one molecule. As such a bis(acetylene) 

compound, oc ta-1 ,7-diyne (114) was employed (Figure 7-36). 

7.4.4.2. Description of Synthesis 

The synthes is procedure followed the o ne described above for the bis(alkynylated) 108 (Figure 

7-36). 

(XN 
)-sr 

N 
H 

107 

~H 
H 114 

X „ 
DMF I Et3N / 50 °C, 20 h 

115 

Figure 7-36: Attempted synt hes is of cyc li c azaenediyne 115 via a coup lin g reacl ion 

The reactions were carried out at var ious temperatures (at rt, at 50 °C and at 80 °C) and reaction 

times (5 h. 20 h and 40 h). 

7.4.4.3. Conclusion and Product Analysis 

Unfortunate ly, under none of lhe studiecl condit ions the desired producl could be obtained. Only 

educt and decomposilion products were found. 

"Azecane is azacyclodecane. a 10-membered carbocycl ic rin g substituted with N-H. 
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Does the N-1-nitrogen of benzimidazole need further activation in order to react in coupling 

reactions? 

7.4.5. Additional Activation of Position N-1 of Benzimidazole 

Derivatives 

7.4.5.1. Potassium 2-Bromo-lH-benzimidazolate (116) - Attempted 

Synthesis 

7.4.5.1.1. Introduction and Overview 

Here was sought for a way to make the N-1-nitrogen of 2-bromo- I H-benzimidazole (107) more 

nucleophilic. The parent benzimidazole monopotassium salt was prepared from 1 H-benzimid

azole (79) with potassium amide 174 or with potassium carbonate as a base.175
' 

176 A synthesis 

starting from the brominated 107 was not known. 

7 .4.5.1.2. Description of Synthesis 

In thi s work, the deprotonation recipe from Weidenhagen175 et al. was employed (Figure 7-37). 

They synthesized potass ium benzimidazolate with anhydrous K1CO, . However, they did not 

isolate the product, but submitted it to a successional reaction di rec tly. 

(X}-Br o=:~Br 
H K• 

107 116 

Figure 7 -37: Sy nthes is o f po tass iu m 2-b ro mo -l /-/-be nzimi dazo late (116) 

Following those concl iti ons, the product coulcl not be obtainecl as a pure compound. 

7.4.5.1.3. Conclusion and Product Analysis 

Compound 116 was only identified by ESl-MS analys is. In the anion mode, two peaks at 111/z = 

19.'i and at 111/ z = 197 were found, corresponding to the anion masses of benzimidazol ate with the 
79 Br- ancl the 81 Br-isotope, respec ti vely. A GC/MS spectrum after ex traction with dry acetone 
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still showed the educt 2-bromo- I H-benz imidazole (107) , though. The procluct was not founcl to 

be pure. 

7.4.5.2. 1,2-Dibromo-lH-benzimidazole (119) - Attempted Synthesis 

7.4.5.2.1. Introduction and Overview 

A bishalogenated compound could serve as a reac tive precursor for coup ling reactions. First, the 

synthesis of the di-brominated 119 (see Figure 7-39) was investi ga ted. The preparation of 

1,2-clibromo- 1 H-imidazo le-4,5-dicarbonitrile (118) was described by Rasmussen 177 et al. (Figure 

7-38): 

117 

N'""')1 N}-Br 
~ ~ N Br 

118 

Figure 7-38: Synthes is of l ,2-d ibromo- IH-imidazo le-4,5-dicarbo nitril e ( 118) by Ras musse n 177 

et a!. 

Another group assumed an N-1-brominated compound as a side procluct. 178 

7 .4.5.2.2. Description of Synthesis 

Rasmussen 177 et a/. startecl from monopotassium 2-bromo- I H-imidazole-4.5-clicarbonitri Je (117). 

Upon react ion with bromine, they obtainecl an unstable solid. 

Here, a slight ly mod ified procedure starting from 2-bromo- I H-benzim iclazo le (107) was appliecl. 

However, an unstable mixture of proclucts was obtainecl (Figure 7-39). 
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1. Hp / NaOH (1 eq) 

(XN 

}-Br 
N 

X • (XN 
}-Br 

N 
H 

2. Br2 

107 

j 1 H20 / NaOH (1 eq) 
? 2·. Br

2 

(XN 
}-Br 

N 
1 
Br 

119 

+ ~~}-Br 
Br Br 

120 

1 
Br 

119 

Br 

+ P:~~fü 
Br Br 

121 

96 

Figure 7-39: Att e rnpt ecl sy nthes is of 1,2-dib rorno- I H-benzirnicl azo le (119) and the ass urned 

bro min ati on pro clu c ts 

7.4.5.2.3. Conclusion and Product Analysis 

A GC/MS anal ysis showed that the reaction die! no t stop at the cli -brorninated spec ies (presurn

abl y 119), also a tri -bro minated (presumably 120) and a te tra-brominated compound (presum

abl y 121) had fo rrned (see Figure 7-39). 

A n ex planatio n is thal the benzimidazo le syste rn 107 is reac ti ve w ilh regarcl to e lec trophil ic 

aro mati c substilution. In the literature rec ipe, 177 thi s problern was c ircum ventecl by the use of a 

substitulecl sys te rn . 

And , what is more, il co uld not be proven whether the bromine atom was connec ted to the N- 1-

nitrogen o f the brornin ation products o r to a carbo n atom. lt should be rnentioned in thi s contex t, 

that al so the N-CI bond in 1,2,4,5 ,6,7-hex achlo ro- I H-benzimidazo le was fo und to be very 

labil e.17'> 

7.4.5.3. 2-ßromo-1-iodo-lH-benzimidazole (122) - Attempted Synthesis 

7.4.5.3.1. Introduction and Overview 

The parent sys tem 2-bromo- I H-benzimiclazo le (107) was fo und to be too reac ti ve with regard to 

bromination - a rni x ture of poly- brorninated products was obta ined. As it was undesirable to 

repl ace the eclucl by an e lec tro nica lly more deac ti vated compound, s irnpl y a less reacti ve e lec tro

phile coul cl be e rnployed. Such an e lectrophile wo uld be the iodine cation, I+. 
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The preparations of an N- 1-iodinated benzimidazole with the aid or iodine in an aqueous 

potassium iodide solution 1811
· 

181
' 

182 or with iodine chloride via an N-1-stannyl compo und 18
) wcre 

mentioned in the literature. Best suited , however. seemed the procedure g iven by Rasmussen 177 

et a/„ who prepared 2-bromo- 1-iodo- 1 H-imidazole-4,5-dicarbonitrile from 2-bromo- I H-imid

azo le-4,5-dicarbonitrile with iodine chloride (compare Figure 7-38). 

7 .4.5.3.2. Description of Synthesis 

Following the procedure given by Rasmussen 177 et a/„ who used a NaOH-solution o r the educt 

and then added 1-CI, onl y educt could be isolated (Figure 7-40). 

(ICN 
')--sr 

N 
H 

107 

1. Hp / NaOH (1 eq) 

X „ 
2. 1-CI (1 eq) 

(ICN 
')--sr 

N 
1 

1 

122 

Figure 7-40: Attemptecl synthesis of 2-bromo- l -i odo- l H-benzimiclazole (1 22) 

7.4.5.3.3. Conclusion and Product Analysis 

A GC/MS ana lysis showed o nl y educt. Rasmussen 177 et al. pointed ou t that the con trol o f 

stoich iometry was essential , although thi s was carefully checked. Another possible reason could 

be that 1-CI had tobe prepared freshly. 
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7.5. Other Approaches for Building up an Alkynyl Moiety at 

N-1 of Non-Cyclic and Cyclic Systems 

98 

Great general overviews concerning the preparation of mainly non-cyclic and some cyc lic (but 

most of them non-aromatic) ynamines were published by Collard-Motte and Janousek 184 and 

Himbert. 185 

7.5.1. Base Catalyzed Isomerization Reactions 

7.5.1.1. lntroduction and Overview 

A terminal acetylenic band can migrate within a hydrocarbon chain to form an internal triple 

band. More spec ifically, propargylic substrates (like 2-propynyl amines 123) may rearrange 

upon treatment with bases to give the corresponding heterosubstituted acetylenes ( 1-propynyl 

amines 125) via allene intermediates (allenyl amines 124, see Figure 7-41 ). 186 

HC:::c- C-NR2 ~ H C=C=C- NR ~ H3c -c:::c - NR2 
H2 2 H 2 

123 124 125 

Fig ure 7-4 1: Base ca tal yzed rea rran ge men t of 2-propy nyl a mine s 

However, the procluct distribution (clepending on the position of equilibrium) of that base 

catal yzecl rearrangement generall y clepends on the substituents of the parent system, the base and 

its strength ancl concentrali on, the solvent ancl other reaction conclitions like reac tion time and 

temperature. 187
· 

188
. 

18r' 

7.5.1.2. Description of Syntheses 

The alkynyl moiety attached to nit rogen that forms part of an aromatic system coul cl therefore be 

built up by base catal yzecl isomerization of a 2-propynyl-moiety: 1 OH-Phenothiazine (126) was 

convertecl into 10-(2-propyn yl)- 1 OH-phenothiazine (128) and than isomerized to 10-( 1-prop

ynyl)- l OH-phenothiaz ine (129) by some groups189
· 1

90
' 

19 1 (Figure 7-42). 
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o=::o 1. NaH / DMF o=::o NaH C(s)) -2. Br"-. N ~ 
H H 1 1 

127 H2C, c 
126 II I 

~,, c 
1 CH CH 3 

128 
129 

Figure 7-42: Synthesis of 10-( l-propynyl )-1 OH-phenothiazin e (129) by a base catalyzed re

arrangement reaction 189
· 

190
: 

191 

In a similar way to that described above, also 10-(2-propynyl)-I OH-acridine-9-one was prepared 

starting from 1 OH-acridine-9-one via 10-( l -propynyl)- l OH-acridine-9-one by various 

groups.192. t9>. 194 

Popov 195 reacted benzimidazole derivative 130 with propargyl bromide (127) in acetone and 

with sodium hydroxide as a base. Amongst several other products, like acetylene 131 and allene 

132, he claimed to have obtained a low yield of alkynyl imine 133 (Figure 7-43). 

Br"-. 
~--==--H 

127 

acetone / NaOH 

130 

(XN (XN (XN ;>--cH20H + ;>--cHpH + ;>--cHpH 
N N N 
1 1 1 
fH2 CH c 

// \\1 

8 c c 
// 1 

HC H2C CH3 

131 132 133 

Figure 7-43: An N-alkynylated benzimidazole as an assumed byproduct in a base catalyzed 

isomeri zation by Popov 195 

7.5.1.3. Conclusion 

The base catal yzed isomeri zation of the 2-propynyl -moiety reveals several drawbacks for imid

azol es ancl benzimidazoles as starting materials. Although compouncl s like IOH-phenothiazine 



7. SYNTl-IESES OF A ZAENEOIYNES 100 

(126), 1 OH-phenoselenazine and 9H-carbazole could be converted into the corresponding 

N-( 1-propynyl)-deri vatives, 190 this was not the case for the following heterocycles: Hubert et a/. 

reported that 1 H-pyrrole, 1 H-pyrazole and 1 H-imidazole only gave the corresponding 1-amino

allenes; 190 and 1 H-indole gave the desired acetylenic compound only in bad yield. 

Another drawback of the base catalyzed isomerization of the 2-propynyl-moiety is that the 

1-propynyl moiety of the product then carries a terminal methyl group. This group is difficult to 

substitute and hence impedes posterior functionalization. 

All in all, in several cases rather the allenyl intermediate or the 2-propynyl educt than the 

1-propynyl product was isolated - and the allenyl compound did polymerize in some cases. 197 

According to that, the conducted synthetic attempts failed. 

7.5.2. Dehydrohalogenation Reactions 

7.5.2.1. Introduction, Overview and Syntheses 

7-Ethynyl-theophyllin (136) was prepared by converting the ethenyl-moiety (vinyl-moiety) at 

N-1 of the imidazole system of compound 134 into the 1,2-dibromo-adduct 135 (Figure 7-44) . 

Subsequent twofold dehydrobromination with potassium tert-butylate then gave the desired 

product 136. 198 The ethynyl moiety is here connected to the N-1-nitrogen of an imidazole 

system. 

yH3 yH3 yH3 

Oy~N Br2 OY):N KOIBu Oy~N 
1 ~ N 1 ~ N 1 ~ „N N 

H3C 1 H3C...- ~ H3C...- ~ 
0 CH 0 HC-Br 

0 fo II 1 
CH2 C-Br CH 

134 135 H2 136 

Figure 7-44: Synthesis of 7-ethynyl-theophyllin (136) by base induced dehydrobromination 198 

Pale/ 99 er al. prepared l-ethynyl-1 H-pyrrole from the corresponding 1-( 1,2-dichloro-vinyl)

precursor with methyl lithium as a base in 90 % yield. Okamoto2
"" et al. synthesized 9-ethynyl-

9H-carbazole in a similar way. They used NaNH2 in liquid ammonia as a base, obtaining 31 % of 

crude product. 



7. SYNTHESES OF AZAENEDIYNES 101 

Zemlicka201 et al. reported a synthesis of ynamines clerivecl from nuclei c acicl bases (see Figure 

7-45): Yarious nucleic bases 137 were converted into the corresponding sod ium salts 138. which 

then were ethylenated with tetrachloroethylene (139) to give trichlorocnamines 140. The latter 

ones were finally convertecl into lhe ynamines 141 with butyllithium. Also the enamines 142 

were formed. 

R, Buli 

- NaCI c( 
C=CCl2 -

137 138 140 

R-c=:c-H 
141 

+ 
R Cl 
'c=c' 

c( 'H 

142 

Figure 7-45: Principle of the sy nthes is of N-1-ethynylated nucle ic bases by base induce d 

de hydroc hlorinati o n (R = N- 1-nucleo base) 201 

In this manner, the purine base derivatives l-ethynyl-9H-adeninc ancl 2-amino- 1-ethynyl-

9H-adenine as weil as the pyrimicline base derivatives l-ethynyl-1 H-thymine ancl l-ethynyl-

1 H-cytosine could be obtainecl, at the best, in yields of about 50 %. 

7.5.2.2. Conclusion 

A clrawback of the dehyclrohalogenation reactions is that an ethynyl moiety with a terminal 

proton is formecl. These molecules tend tobe reactive and unstable (like the preparecl l-ethynyl-

1 H-benzimidazole (81 ), which is described above). Instead of a terminal proton , stabilizing 

groups like phenyl or trimethyl silyl would be preferrecl. Ancl , what is more, various clehyclro

halogenations carried out in this group were not successful. 2112 

7.5.3. Reaction of 1-Chloro-alkynes with Imines 

7.5.3.1. Overview and Conclusion 

Him bert211
) et al. used nucleophilic imines of the type H-N=CR2 ancl reactecl them with 1-chloro

alkynes. R-C=C-C I. The ch lorine atom attachecl to the sp-carbon was subst ituted in the course 
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01· this reaction to give an N-alkynylated imine of the type R-C=C-N=CR2. They also used a 

TMS-protected imine of the type TMS-N=CR2 to obtain the same product. 204 

However, the imidazoles and benzimidazoles used in thi s work were thought not be nucleophilic 

enough compared to imines . 

7.5.4. Flash Pyrolysis Reactions 

7.5.4.1. Overview and Conclusion 

1-Ethynyl- I H-pyrazole was prepared in a flash pyrolysis reactio n from l-pyrazole- l -y l-propyn

one.205 The product was obtained in low yield and as an impure mixture - making this reaction 

not o f preparative significance. 
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7.6. Building up the Ethynyl Moiety at Position C-2 of 

Benzimidazole Systems - Condensation Approaches 

7.6.1. General lntroduction and Overview 

103 

lt has been shown in a prev ious chapter that the more difficult synthetic problem - the 

attachment of an ethynyl moiety at position N-1 of imidazole and benzimidazole deri vati ves -

coulcl be solved. 

However, the coupling approaches showecl that the simultaneous attachment of alkynyl moieties 

at position C-2 ancl N-1 was not possible. Only little amounts (yielcl: 6 %) of 2-phenylethynyl

I H-benzimiclazole (109) could be obtainecl as a siele procluct. 

Hence it followecl that the proximale challenge was to find a synthesis for benzimiclazole 

systems bearing an ethynyl moiety at position C-2. 

In general, imidazole and benzimidazole systems can be built up in manifolcl ways. 2116
· 
207 

7.6.2. Synthesis of Benzimidazole Derivatives from 2-Nitro-anilines 

7.6.2.1. Overview and Conclusion 

An interesting reaction is the preparation of C-2-substituted benzimiclazole derivatives from 

N-alkyl-2-nitro-anilines. 2118
· 

2119
· 
2 111

' 
2 11 Uncler bas ic conditions, these anilines undergo a conclen

sation reaction to form 1 H-benzimidazo le-3-oxides, which are in a tautorneric equilibriurn with 

their corresponcling 1-hydroxy-benzimidazoles (benzirnidazol-1-oles). 

Popov2118 et al. prepared 2-vinyl-I H-benzirnidazole-3-ox ide (144) and 2-vinyl-benzirniclazol-1-ol 

(145) (2-ethenyl-1-hydroxy-benzi rnidazole) frorn N-allyl-2-nitro-aniline (143) (a llyl- (2-nitro

phenyl)-arnine) with the aid of soclium ethanolate in ethanol (Figure 7-46). 
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~N02 

~NH 
1 

143 yH2 
CH 
II 
CH

2 

NaOEt / EtOH 
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o

r(Y~;_C=CH VJ--N H 2 

H 

144 

OH 
I o=N 
,)----c =CH2 

N H 

145 

104 

Fi gure 7-46: Synthes is of l /-/-benzimicl azo le-3-ox icles and 1-hycl roxy -ben zimiclazo les by 

Popov 20
' 

However, the involvement of a triple bond instead of a double bond (like in Figure 7-46) would 

lead to siele reactions in the synthesis. 

Other reactions require the reduction of the nitro group with the aid of hydrogen and a platinum 

or pall adium catalyst (e.g.212
·

2 1
\ The drawback is here that a triple bond would also be reduced. 

Therefore, also a synthesis starting from l -isocyanato-2-nitro-benzene (146) would not be 

appropriate (Figure 7-47). lsocyanate 146 could be reacted with a lithium acetylide 147 to give 

amicle 148,2 14 which then - after recluction of the nitro group - could be converted into benz

imidazole 149. 

r(YN02 

~N=C=O 
146 

Li---R 

147 
N02 

N-Z 
H~ 

148 R 

Q:)>---R 
H 

149 

Fi gure 7-47: A poss ible strategy for the synthesis of a C-2-s ubstitutecl benzimicla zo le startin g 

from l -isocyan ato-2 -nit ro- benze ne (146) 

7.6.3. Synthesis of C-2-Ethynyl-Substituted Benzimidazole Derivatives 

7.6.3.1. Overview and Conclusion 

ls it poss ibl e to builcl up a benzimiclazole sys tem carrying an alkynyl moiety at pos ition C-2 in a 

few steps? 

2-Phenylethynyl- l H-benzimidazole (109) was preparecl in base catalyzed dehydrohalogenation 

reac tions from 2-halogenostyryl- I H-benzimidazoles .2 15 Ptleiderer216 er al. synthesized 8-ethynyl-
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theophylline (152) from 150 in a mulli-step reaction via nitroso-uracil deri vati ve 151 (Figure 

7-48). 

o\=~:Yo 
:::::-., N, 

CH3 

H - C,.,NH 

H2 

150 

~NO 
2 

p-TosOH 

dioxane 

152 

Figure 7-48: Synthesis of 8-ethyn y ltheop hy lline (152) by Pfleiclerer 216 

The group of Popov er al. sy nlhesi zed various C-2-alkynyl-substituted imidazoles and bcnzimid

azoles217· 218· 219· 220· 22 1 and employed these in furth er reaction s:222· 22'-2
24· 22

'· 
226 parts 01· their 

work are patented2
27. 

228 

One of their syntheses slarted from the 2-formyl-benzimidazole derivative 153 (Figurc 7-49). 

With the aid of phosphoranc 154, carbaldehyde 153 could be converted into acrylic acid ester 

155 in a Wittig229 reac tion. Base catalyzed dehydrohalogenation and estcr clcavage led to 

propiolic acid derivative 156, which was clecarboxylated to givc lhc N-protectecl 2-cthynyl-bcnz

imiclazole 157. 
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o=N 
')--cHO 

N 
1 
CH 3 

153 

157 

,Br 
Ph3P=C, 

COOCH3 154 
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EtOH / heating 
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N 

')--c=C-COOCH3 
N H Br 
1 
CH3 

j 1. KOH / EtOH 
2. H• 

(X)>------'===--cooH 

156 

1 
CH3 

Figure 7-49: Synthes is of N-pro tected 2-ethy nyl-be nzimidazo le 157 by Popo v"'· rn 
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However, there are several drawbacks concern ing the above-described syn thetic seq uence: 

Popov217
· 
2 19 er al. reported carbaldehyde 153 to polymerize and founcl product mixtures or low 

yields upon clecarboxylation. The numerous steps of their synthes is sequence ancl the require

ment of a protecting group in position N-1 are also cli saclvantageous (the reportecl pro tecting 

groups. methyl ancl phenyl, are relatively clifficult to cleave). 

7.6.4. Synthesis of Imidazole and Benzimidazole Derivatives 

from a,a'-Diketones with Formamide 

7.6.4.1. General Introduction and Overview 

Bredereck23
" er al. syn thes izecl various imiclazoles ( like 160) starting from a,a'-cliketones (a-cli

ketones) like benz il (158) and an aldehycle (Figure 7-50). 

gx: 0 
)l / reflux 

H NH2 

158 159 160 

Figure 7-50: Synthesis of simple imidazoles from u-diketones wi th formamide by Bredereck230 
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They used reflux conditions and formamide (159) as a solvent. At a reaclion lemperature of 

180 - 200 °C, amide 159 lransforms inlo ammonia and carbon monox ide (Figure 7-51 ). 

0 

H)lNH 

159 

180 - 200 °C 

2 

Figure 7-51: Formamide as an am mon ia donor 

The ammonia then delivers the nitrogen for the producls. 

NH3 + CO 

7.6.4.2. 2-Phenylethynyl-1H-phenanthro[9,10-d]imidazole (163) -

Attempted Synthesis 

7 .6.4.2.1. Introduction and Overview 

Here it was tes ted whether imidazole derivati ve 163 could be synlhesizecl by the method 01· 

Bredereck2111 et al. using formamide (159). A condensation reaction of this type in volving 

phenylpropargyl aldehyde was not known. 

7 .6.4.2.2. Description of Synthesis 

Upon relluxing 9, 10-phenanthrenequinone (161) with phenylpropargyl alclehycle (162) in form

amide (159), only clecomposition proclucts and ecluct could be obtained (Figure 7-52). 

0 

+ /H 
Ph 162 

X „ 
0 
)l / reflux 

H NH 2 
161 159 163 

Figure 7-52: Attempted sy nthesis of phenylethynyl - imidazo le 163 wi th fo rm amide as an 

ammonia clonor 
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7.6.4.2.3. Conclusion and Product Analysis 

Bredereck2
'

0 et al. reported difficulties when usi ng phenanthrenequinone 161. They supposed 

that the dicarbonyl compound converted into an enediol , which does not continue with the 

conversion into the imidazole product. 

7.6.4.3. 4,5-Diphenyl-2-phenylethynyl-lH-imidazole (164) - Attempted 

Synthesis 

7.6.4.3.1. Introduction and Overview 

As Bredereck210 er al. reported no problems when they used benzil (158) instead of phen

anthrenequinone 161 , the same conditions as described above were employed with 158 as 

dicarbonyl compound. 

7.6.4.3.2. Description of Synthesis 

Benzil (158) was relluxed with phenylpropargyl aldehyde (162) in formamide (159) (Figure 

7-53). l-lowever, onl y decomposition products and educt could be obtained . 

0 

+ /H 
Ph 162 

X • 
0 
)l / reflux 

H NH2 
158 159 164 

Figure 7-53: Atte rnpted sy nthes is of phe nylethynyl-imid azo le 164 with formam ide as an 

ammonia donor 

7.6.4.3.3. Conclusion and Product Analysis 

A possible reason could be that the conditi ons were too rough fo r the use of propargyl aldehyde 

162. A reaction temperature of ca. 200 °C could have led to side reactions. 



7. SYNTHESES OF A ZAEN EDIYNES 

7.6.5. Synthesis of Imidazole and Benzimidazole Derivatives 

from a,a'-Diketones with Ammonium Acetate 

7.6.S.1. General Introduction and Overview 

109 

Yarious simple imiclazoles,rn. 212
· rn as weil as phenanthroimiclazoles214 ancl imiclazoles cleri vecl 

from benzil ,21
' were preparecl from alclehycles with the aicl of ammonium acetate. NH40Ac. 

When heatecl with aceti c acicl , NH40Ac clelivers NH1 (Figure 7-54). The aclvantage of the 

ammonium satt over fo rmamicle is that lower temperatures ( 100 °C) are rcquirecl in orcler to 

generate ammonia. 

100 °C 

HO Ac 
NH3 + HOAc 

Fi gure 7 -54: A mmonium ace tate as an ammoni a donor 

7.6.S.2. 2-Phenylethynyl-1H-phenanthro[9,10-d]imidazole (163) -

Atternpted Synthesis 

7.6.5.2.1. Introduction and Overview 

The methocl fo r the preparation of imiclazole deri vati ve 163 fo llowecl the proceclure usecl by 

Kesler. 214 A conclensation reaction of this type in volving phenylpropargyl alclehycle was not 

known. 

7.6.5.2.2. Description of Synthesis 

Upon retluxing a solution of 9, 10-phenanthrenequinone (161) ancl phenylpropargyl alclehycle 

(162) in acetic ac icl with ammonium acetate, only clecompos ition proclucts coulcl be founcl 

(Figure 7-55). 
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+ 

161 

0 

~H 
Ph 162 

X 
NH40Ac 

HOAc / reflux 

110 

„ 

163 

Figure 7-55: Altemptecl sy nthesis of phenylethynyl-imidazole 163 with NH 40Ac as an 

ammonia donor 

7.6.5.2.3. Conclusion and Product Analysis 

The approach was not the appropriate way to obtain the product, however, benzil (158) was also 

tried as an a-diketone. 

7.6.5.3. 4,5-Diphenyl-2-phenylethynyl-lH-imidazole (164) - Attempted 

Synthesis 

7.6.5.3.1. Introduction and Synthesis 

For benzil (158) as an ed uct , the same reaction conditions were used as described above (Figure 

7-56). No product , but only decomposition products were obtained. 

+ 

158 

0 

/H 
Ph 162 

X 
NH.OAc 

HOAc / reflux 

„ ~9>----Ph 
164 

Figure 7-56: Attempted sy nthesis of phenylethynyl-imiclazole 164 with NH 40Ac as an 

ammonia donor 

7.6.5.3.2. Conclusion and Product Analysis 

The reac tion conditions used for the condensation reactions were relati ve ly rough. Especially the 

temperature was presumably too high with respect to propargyl aldehyde 162. 
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7.6.6. Synthesis of 2-Phenylethynyl-Benzimidazole Derivatives 

from a 1,2-Diamine and an Aldehyde 

7.6.6.1. General Introduction and Overview 

111 

In order to obtain benzimidazoles that are substituted in position C-2, aldehydes can be reacted 

with o-phenylened iamines.236 Depending on the conditions usecl , clirfercnt proclucts can be 

obta inecl (Figure 7-57) :m 

( a) 

C(NH
2 er=N=CHR o=N~R + 2 R-CHO 

,,,;; - 2 H20 
NH2 N=CHR N 

1 
165 166 CH2 R 

167 

( b) H 
C(NH

2 + 2 R-CHO 
o=N H o=N~R 

,,,;; - H20 )<R 
NH2 

N N 
H H 

165 168 169 

+ + 
R-CHO R-CH,OH 

Figure 7-57: Different prod ucts upon the reacti on of 11-phen y le necl i ami ne (165) with 

a ldehyclesm 

First , upon loss of two equivalents of water, o-phenylenediamine (165) can react with two 

equi valents of an alclehyde (R-CHO, R = alkyl) to yield the Schiffs base 166 (Figure 7-57, 

path (a)). Upon migration of one hydrogen atom, cliimine 166 then rearranges to the N-alkylated 

benzimidazole 167. 

Seconclly, also compound 168 can be formed, which is then oxidized to benzi miclazole 169 in the 

course of the reaction (Figure 7-57, path (b)). The alclehycle is reclucecl to the corresponcling 

alcohol. 
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7.6.6.2. 2-Phenylethynyl-lH-benzimidazole (109) 

7.6.6.2.1. Introduction and Overview 

Thiele2
'' et a/. described a simple reaction following reaction path (a) in Figure 7-57. But which 

products would be obtained if phenylpropargyl aldehyde (162) would be used as an aldehyde? 

As a test reaction, a recipe given by Müller2
'

9 et al. was employed. 

7.6.6.2.2. Description of Synthesis 

Müllerm et al. obtained diyne 170 in a yield of 81 % by refluxing o-phenylenediamine (165) and 

phenylpropargyl aldehyde (162) with formic acid in toluene (Figure 7-58, upper sequence). 

0 

C(NH2 
+ /H 

Ph 162 ccN~ Ph ,,,:; HCOOH / toluene NH2 
N 
1 

165 H2C~ 
~ 

170 Ph 

(+ CCN Ph) ~ N H 
109 

Figure 7-58: Synthesis of cliyne 170 by Müll erm (upper sequence) ancl 2-phenylethynyl 

IH-ben zi miclazo le (109) as aclclitional procluct (bel ow) 

Repeating thi s procedure, a mixture of products was obtained. 

7.6.6.2.3. Conclusion and Product Analysis 

After colurnn chrornatography, the rnixture was analyzed by GC/MS spectrornetry. lt turned out 

that not only the diyne 170, bul also the interesting 2-phenylethynyl- I H-benzirnidazole (109) had 

been forrned in srnall arnount (Figure 7-58, below). 

l-low cou ld lhe yield o f cornpound 109 be increased? 
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7.6.7. Synthesis of 2-Phenylethynyl-Benzimidazole Derivatives 

from a 1,2-Diamine and an Aldehyde with Copper(II) Acetate 

7.6.7.1. 2-Phenylethynyl-IH-benzimidazole (109) 

7.6.7.1.1. Introduction and Overview 

A closer look at the stoichiometry of the reaction of diamine 165 with an aldehyde shows that 

not only one moleetile of water is lost (condensation step), but that also an oxidation is invo lvecl. 

Hence. the addition of an oxidizing agent should lead to a higher yielcl of the C-2-substituted 

benzimidazole. 

Weidenhagen2
'

7 oxidized cyclic o-cliamines with alclehycles in water or ethanol with the aicl of 

copper(Il) salts like Cu 11(0Ac)2 (Figure 7-59). Upon oxiclation, formally two hydrogen atoms are 

abstracted, whereby copper(Il) is recluced to copper(I) (see also
2411

). 

+ R-CHO 

+ Cu 11 (0Ac)2 

- H20 
- 2 HOAc 

CC
NH2 

,,,;:. 
NH2 

165 - [Cu1] 169 

Figure 7-59: Synthesis of C-2-substituted ben z imid azo les from a ldehydes with a copper( ll ) 

sa lt 237. 240 

7.6.7.1.2. Description of Synthesis 

A synthes is involving phenylpropargyl aldehyde (162) was not known, so that modifiecl recipes 

from Weidenhagen2n 24
1. 

242 and others24
'· 

244 were used. 

In a typical proceclure, o-phenylenediamine (165) was di ssolved in ethanol (or water), followecl 

by adclition of copper(ll) acetate and phe nylpropargyl aldehyde (162). After heati ng, the precipi

tatecl benz imidazole-copper(I) salt 171 was filtered and the product 109 then released with the 

aid of hydrogen sulfide, H2S (Figure 7-60). 
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r(YNH2 

~NH 
2 

165 

0 

+ /H Ph 162 

+ Cu"(0Ac)2 

- H,0 
- 2 HOAc 

():)>---Ph 
\ 
[Cu'] 

171 

j + H2S 
- Cu1

2S 

():) Ph 
H 

109 

114 

Figure 7- 60: Sy nthesis of 2-phenylethynyl-IH-benzimidazole (109) from a d iam ine and an 

a lde hyde with a copper( ll ) sa lt 

7.6.7.1.3. Conclusion and Product Analysis 

The crucle proclucl was purifiecl by co lumll chromatography allcl allalyzecl by GC/MS 

spec trometry. Ullfortunale ly, 109 was ob tai llecl in re lati ve ly low yie lcl (4 %). An explanation 

coulcl be thal phenylpropargyl alclehyde (162) is a relatively instable compound: Decomposition 

coulcl be seen a lready Oll a si li ca TLC plate. Allolher drawback of thi s synthesis was a lso that it 

was quite uncomfortab le to work with hydrogen su lfide. 

7.7. Synthesis of 2-Phenylethynyl-Benzimidazole Derivatives -

The Final Route 

7.7.1. General lntroduction and Overview 

The previously clescribecl allcl conducted synthe ti c approaches displayecl several downsides, such 

as numerous react ion s teps, low yie lds or the demand for a protect ing group in position N- 1. 

Unangst245 ancl Soulh wick reported a great way Oll the preparation of a 2-phenylethynyl-benz

imiclazole (Figure 7-6 1 ): T hey starled from o-chlo ro-phenylprop io lic acid (172) and conve11ed it 

in lwo steps into the corresponding amide 173. The !alter one was then transformed into imidate 
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salt 174. Upon a condensation reaction with o-phenylenediamine (165) ancl elimination of 

ethanol and ammonium tetralluoroborate, benzimiclazole 176 was formecl. They supposecl the 

reaction to proceed via intermediate 175.245 

~o 
1. SOCl2 / benzene 

2. NH3 (aql 

"=< OH 
Cl 

172 

t~~Et -j Cl --0 
175 H

2
N 

j -E<OH 

~:=o 
Cl H 

176 

+ o=NH2 

NH 
165 

2 

- NH/ BF
4 

-

173 

J 

Et
3
0+ BF

4 
-

CH2Cl2 

OEt 

NH + BF -
2 4 

Cl 
174 

Figure 7-61: Synthetic raute tow ard s 2-(2-chloro-phenylethynyl)- 1 H -be nzimidazo le by 

Unangst 240 

In this work, in orcler to synthesi ze a C-2-alkynyl-substitutecl benzimiclazole, the basic proceclure 

given by Unangst245 et al. was employecl. Apart from several moclifications concerning the 

preparation itself, instead of the chlorinated 172, the parent compound phenylpropiolic acicl 

(177) was used. As cliamines, o-phenylenediamine (165) as weil as its pertluorinated analogue 91 

were usecl (Figure 7-62). 
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Ph----'o/~O 
OH 

SOCl2 

benzene 
reflux 

177 

Ph~~~~N*R 1 R 

N ::,.... R 
H 

R 

R = F 191 
R = H 109 

Ph----'o/~O 
Cl 

178 

NH3 l•ol 

+ R~NH, 
RYNH2 

R 

R = F 91 
R = H 165 

CH2Cl2 I reflux 

- NH/ BF
4 

-

- EtOH 

Ph----'o/~O 
NH2 

179 

Etp+ BF
4 

-

CH2Cl2 

reflux 

OEt 

Ph ~ + _ 
NH2 BF4 

180 

116 

Figure 7-62: Synthesis of 2-phenylethynyl-1 H-benzimidazoles from aromatic diamines and an 

imidate sa lt 

The procedure displayed in Figure 7-62 does not only lack the disadvantages of the syntheses 

described above - a great advantage is also that the educts allow a manifold substitution 

pattern. Both the phenyl ring of the phenylpropiolic acid and the o-phenylenediamine can be 

modiried in order to change the substitution pattern and the reactivity - both of the 2-phenyl

ethynyl-benzimidazole and the subsequently prepared corresponding azaenediynes. 

7.7.2. Preparation of the lmidate Salt 180 - A NOVEL COMPOUND 

7.7.2.1. Introduction and Overview 

The synthes is of imidate salt 180 followed in the main the procedure for the synthesis of the 

analogous chloro-imidate salt 174, which was described by Unangst2
-i

5 and Southwick. Good 

yields were obtained, and the novel compound 180 was characterized. 

7.7.2.2. Description of Synthesis 

Correspondingly, phenylpropiolic acid (177) was converted into phenylpropiolic acid chloride 

(178) by retluxing in benzene with thionyl chloride (Figure 7-63). Acid chloride 178 was then 
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transformed into phenylpropiolic acid amide (179) by reaction with a concentrated aqueous 

solution of ammonia. The amide 179 could be obtained in a yield of 76 % after recrysta ll ization 

(U nangst245 et al. reported a yield of 82 % for the analogous 173). 

Carboxylic acid amide 179 was afterwards act ivated with the aid of Meerwein's rcagent, 

Et30+ ßF4-, by retluxing in dichloromethane (Figure 7-63). A yield of 82 % was obtained for 

180 (Unangst245 et al. reported 77 % for the analogous 174). 

0 
SOCl2 

~o ~o ~ 
benzene NH3 (aql 

Ph Ph Ph 

OH 
reflux 

Cl - NH4CI NH2 

177 
- 802 

178 179 
- HCI 

(y. =76%) ! "p• BF, 
CH2Cl2 

reflux 

OEt 

Ph ~ + -
NH2 BF4 

180 

(y. = 82 %) 

Figure 7-63 : Synthesis of the novel imidate tetrafluoroborate 180 

7.7.2.3. Conclusion and Product Analysis 

The novel im idate salt 180 could be synthesized in good yield. After recrystalli zation from 

dich loromethane, the colorless crystals of 180 were analyzed by UY/Yis and IR spectroscopy 

(the stretching vibration of the acetylenic bond was found at v = 2233 cm- 1
). The elementary 

analys is and the HiRes-ESl-MS were in pe1fect agreement with the calcu lated values. The cation 

mass and a cluster cation (consisting of two cat ions and the tetrafluoroborate an ion) could also 

be seen in the ESl-MS spectrum. 
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7.7.3. Preparation of the Perfluorinated Diamine 91 

7.7.3.1. Introduction and Overview 

An electronically highly deactivated, aromatic diamine is the perlluorinated o-phenylenediamine 

91. lt is also a symmetrical molecule and therefore a good precursor for a 2-phenylethynyl-benz

imidazole. As a starting material for the synthesis of 91 , the purchasable pentafluoro-nitro

benzene (184) was used. The lauer one could be submitted to amination and subsequent 

reduction of the nitro group. 

Seko246· 247 et al. (see also248) synthesized various o-nitro-aniline derivatives in nucleophilic 

aromatic substitution reactions. For example, o-nitro-aniline (182) was prepared from nitro

benzene (90) with 0-methyl-hydroxylamine (181) (H2N-OMe) as aminating agent and 

potassium rerr-butylate as a base (Figure 7-64). Both o- (182) and p-nitro-aniline (183) were 

formed in a ratio of o:p = 65:35 , in a total yield of 60 %. 

90 

H2N-0Me 181 

tBuOK 

DMF crN02 NH2 

+ ,.,::; 

182 

Figure 7-64: Synthe si s o f o-nitro-aniline (182) by Seko 246
· 

247 

Q 
NH2 

183 

The preparation 01· perlluorinated o-phenylenediamine 91, however, was described by other 

groups: Selivanova249 er al. obtained a mixture of isomers by reacting pentafluoro-nitrobenzene 

(184) with liquid ammonia. This reaction gave the desired o-isomer only in low yield, though. 

Brooke250 er a!. treated pentalluoro-nitrobenzene (184) in diethyl ether with gaseous ammonia. 

They obtained an isomeric mixture, from which the desired o-isomer 185 could be isolated in a 

yield of 21 % afler recrystallization. Upon reduction with hydrogen over Raney nicke! in 

ethanol , the perlluorinatecl cliamine 91 was obtained in 66 % yield.250· 251 

Tanaka252 er al. reacted pentafluoro-nitrobenzene (184) with gaseous ammonia in benzene. The 

clesired o-isomer 185 coulcl be isolatecl in a yielcl of 48 % from the isomeric mixture. 

l-leaton 136 et al. usecl the most appropriate conditions in order to prepare compound 91: They 

aminatecl pentafluoro-nitrobenzene (184) with gaseous ammonia in cliethyl ether, separated the 

mixture consisting of four isomers and obtained o-isomer 185 in a yield of 66 %. Reduction of 
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the latter one with tin(ll) chloride in acidic, protic medium resulted in tetratluoro-diamine 91 in 

64 % yield (Figure 7-65). 

F~NO, 
F~F Et20 

F 

184 

F~NO, 
F~NH2 

F 

185 

+ 
3 isomers 

Sn 11 Cl2 I HCI 

EtOH 

reflux 

Figure 7-65: Synlhesis of perfluorinated diamine 91 by Heaton 116 

7.7.3.2. Description of Synthesis 

F~NH, 
F~NH2 

F 

91 

The synthesis of diamine 91 followed basically the procedure reporled by Healon. 1>r' Generally , 

good yields were obtained (in agreement with the literature). 

The amination of pentafluoro-nitrobenzene (184) with the aid of ammonia gas was carried out in 

diethyl ether. The nucleophilic aromatic substitution reaction led to a mixture of four isomers 

(Figure 7-66), which could be separated by column chromatography. The first fraction contained 

the desired o-isomer 185, which was a low boiling, volatile solid. The p -isomer 186, a red solid, 

was found in the second fraction ; and the third fraction contained both disubstituted isomers 187 

and 188. 
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F~N02 
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J 
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F~NH, 
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F F=9=NO, F*NO, + 1 ,,-:;:; + 1 ,,-:;:; 

H2N NH2 F NH2 
F F 

187 188 

Figure 7-66: Synthesis of perfluorinated o-phenylenediamine 91 and its precursor 

120 

The perfluorinated o-nitro-aniline 185 was reduced with tin(II) chloride in concentrated hydro

ch loric acid and e thanol (Figure 7-66). Subsequent neutrali zation of the mixture yielded diamine 

91. 

7.7.3.3. Conclusion and Product Analysis 

The overall yie ld of the reaction was good; precursor 185 could be obtained in 66 % yield and 

lhe desired pertluorinaled diamine 91 in 67 % yield. 
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7.7.4. Synthesis of a Perfluorinated 2-Phenylethynyl-benzimidazole: 

4,5,6,7-Tetrafluoro-2-phenylethynyl-lH-benzimidazole (191) -

A NOVEL COMPOUND 

7.7.4.1. Introduction and Overview 

The preparation of the novel 2-alkynyl-benzimidazole 191 followed in the rnain the proccdure 

described by Unangst245 and Southwick (see Figure 7-61) for an analogous system. They 

obtained a yield of 54 % for the acetylenic benzimidazole 176. 

7.7.4.2. Description of Synthesis 

Two parallel synthetic pathways were combined at that point: The imidate tetrafluoroborate 180 

was refluxed with the perlluorinated diamine 91 in dichloromethane (Figure 7-67). The desired 

product 191 was a novel compound and therefore fully characterized. 

The reaction always led to a mixture of products: and after work-up and chromatography, the 

pertluorinated benzimidazole 191 was obtained in a relatively low yield of 21 %. Several 

atternpts in order to increase the yield were not successful. Therelore, a closer look at the 

reaction mechanisrn and the byproducts should be taken here (see mechanism in Figure 7-67): 

An initial step should be the nucleophilic attack of a nitrogen of diamine 91 on the carbon of the 

imidate group of 180. The newly formed hemiaminal 189 now is capable of reacting in two 

ways: 

First, the elimination of ammonia leads to the formation of imine 190. An analogous inter

mediate was also supposed by Unangst245 and Southwick (compare Figure 7-61 ). Cornpound 190 

was isolated in 2 % yie ld as a solid and only characterized by GC/MS analysis. Upon another 

attack of the rernaining amino group of the diamine Fragment on the carbon of the Schiffs base, 

elimination of ethanol takes place and benzimidazole 191 is forrned. The yield of 21 % of the 

slightly yellow solid suggests that another reaction channel competes with the formation of 191. 

lf ethanol is eliminated from hemiaminal 189, amidine 192 is formed . Protonation then leads to 

amidinium cation 193, and attack from the residual amino group of the diamine Fragment on the 

electronically poor sp-carbon Ieads - upon deprotonation - to enamine 194. The latter one can 

be transformed into it s irnine tautomer, the benzodiazepine 195. lt is supposed that 195 is formed 

as a major byproduct in the course of the reaction. However, 195 was not isolated as it 
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transformed into compound 196 upon refluxing with methanol. The novel benzodiazepine 196 

was isolated as a white solid in 16 % yield. 

F*~N~OEt 
1 + Ph - ~ 

F ~ NH C NH/ BF4 -
2 

180 

CH2Cl2 I reflux 

- HBF4 *
F H ~H2 

F N-C - Ph 
1 

OEt 
~ 

F NH2 

F 

91 

Ph 
F ~ 

F*N=C 1: j 'üEt 

F NH
2 

F 

190 (y.=2%) 

i -EtOH 

F*~ N)>---==-Ph 
F ~ N 

H 
F 

191 (y. = 21 %) 

F 

/ZH 189 

Ph Ph 

F H ~ F H ~ 
1 : ''NH ~ 1 : c;NH2+ 

F*N-C F*N-C 

F NH2 F f'!H2 
F F 

193 

F*F N:::::c ' NH2 
'-::::: 1 

1 CH2 
~ I 

F N::::C, 
F Ph 

195 

- NH3 1 + MeOH f reflux 

F*~ N~(:' 
~ I 

F N::::C, 
F Ph 

196 (y. =16 %) 

Figure 7-67: Synlhesi s of the novel perfl uorin ated 2-a lkynyl-benzimidazole 191 including the 

mec hani s m with in termed iates and the novel benzodiazepine 196 as a byproduct 
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7.7.4.3. Conclusion and Product Analysis 

The novel 2-alkynyl -benzimidazole 191 was completely characterizecl. A GC/MS analysis 

showecl the molecular ion peak M+ at 111/z = 290 (this was also the base peak) ancl a HiRes

MALDI analysis resultecl in 111/z = 291 for M+ + 1 (H). In the IR spectrum, the stretching 

vibration of the acetylenic boncl was founcl at v = 2224 cm- 1
, ancl the acetylcnic carbons 

appeared in the NMR spectrum as quaternary carbons at 92 .5 ppm ancl 80.0 ppm. 

The elementary analysis was in perfect agreement with the calculatecl values, and the pKa-value 

was cleterminecl to be pKa = 7.35 by titration with aqueous soclium hyclroxicle solution. 

Protonation attempts in orcler to cletermine the basicity failed ancl lecl to decomposition. 

Figure 7-68: X-ray structure (ORTEP-3 diagram) of 191 

The X-ray analysis (Figure 7-68) showecl a planar molecule. The angles at the C-2-carbon were 

ca. 120 ° ( < N- I _ c-2 _ c-x = 120 °, < N-) _ c-2 _ c-s = 126 °). The boncl length of the triple bond was 

founcl to be dc.s _ c.9 = 1.20 Ä. 

Benzocl iazepine 196 was also completely characteri zed as a novel compound. The GC/MS 

analysis showed the molecular peak W at m/z = 322 (being also the base peak). A peak at m/z = 

291 inclicatecl the loss of the methoxy group ancl 111/z = 77 indicated the phenyl cation. The 

HiRes-MALDI analysis resultecl in m/z = 323 for M + + 1 (H). 

The 1 H-NMR spectrum showecl a singlet for the methyl protons at 3.89 ppm and a non-resolvecl 

AB-system for the methylene group at 3.42 ppm. In the J)C-NMR spec trum, the quaternary 

carbons of the imine moi ety appearecl at 157.6 ppm and 156.9 ppm, while the methyl carbon was 

founcl at 56.0 ppm ancl the seconclary methylene carbon at 36.6 ppm. IR analysis , elementary 
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analysis ancl X-ray analysis (Figure 7-69) gave further eviclence for the structure of cliazepine 

196. 

0 

Figure 7-69: X-ray structure (ORTEP-3 cliagram) of 196 

The X-ray analysis (Figure 7-69) showecl that the 7-memberecl ring of cliazepine 196 was not 

planar: Both N-atoms were founcl tobe localizecl below the plane of the benzene ring, as weil as 

the phenyl ring ancl the methoxy group. The methylene group was localizecl above that plane. 

7.7.5. Synthesis of 2-Phenylethynyl-lH-benzimidazole (109) 

7.7.5.1. Introduction and Overview 

After having explorecl a synthetic mute for the pertluorinatecl benzimiclazole 191 , the non

lluorinatecl 2-alkynyl-benzimiclazole 109 was preparecl corresponclingly (compare the work of 

U nangst24
' ancl Southwick ancl Figure 7-62). 

7.7.5.2. Description of Synthesis 

lnsteacl or tetratluoro-o-phenylenecliamine 91, its non-tluorinatecl analogue 165 was reactecl with 

imiclate tetratluoroborate 180 in retluxing clichloromethane (Figure 7-70). 
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Figure 7-70: Synthesis of 2-alkynyl-benzirnidazole 109 frorn o-phenylenediarnine (165) and 

irniclate sa lt 180 

The desired product 109 coulcl be obtainecl in 37 % yield, while its pertluorinated analogue 191 

was obtainecl in only 21 % yield. However, also the additional forrnation of a byproduct was 

observed: Compound 197 was isolated in a yield of 20 %. lts formation could be explained with 

the reaction mechanism shown in Figure 7-67 (see there for further cletails), which suggests that 

197 is the analogous intermecliate as 190 (although 190 was obtained in only 2 % yielcl). 

7.7.5.3. Conclusion and Product Analysis 

The preparation of benzimidazole 109 via o-phenylenecliamine (165) ancl imidate satt 180 gave a 

higher yielcl (37 %) than the previously triecl approaches for 109. 

2-Alkynyl-benzimidazole 109 was characterized by GC/MS ancl NMR analysis. The molecular 

ion peak M"' was founcl at mlz = 218, which was also the base peak. In the NMR spectrum, the 

acetylenic carbons appearecl as quaternary carbons at 91.8 ppm and 80.9 ppm. 

Compound 197 showed the molecular ion peak M"' at 111/z = 264 (being also the base peak); the 

phenyl cation was founcl at mlz = 77 with an intensity of 49 %. 
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7.8. Attaching Alkynyl Moieties at Position N-1: 

Building up Azaenediynes 

7.8.1. Synthesis of a Perfluorinated Azaenediyne: 4,5,6,7-Tetrafluoro-

2-phenylethynyl-1-trimethylsilylethynyl-lH-benzimidazole 

(198) - A NOVEL COMPOUND 

7.8.1.1. Introduction and Overview 

As a precursor for azaenediyne 198, the electronica ll y poor tetralluoro-2-phenylethynyl-benz

imidazole 191 was employed. The tluorine atoms were expected to make the target molecule 

stable in air and water. The conditions for the preparation of the novel pertluorinated aza

enediyne 198 were already explorecl in the previous syntheses. 

7.8.1.2. Description of Synthesis 

Uncler exclusion of moisture and air, benzi midazole 191 was suspendecl in toluene, the 

concentration not exceed ing c"' l 0-2 mol r 1
• To achieve deprotonation, LDA was added slowly 

in the cold. Alkynylation was carried out by aclding trimethylsilylethynyl(phenyl)-iodonium 

te tratluoroborate (69) (Figure 7-71). The reaction was complete after stirring for 5 h at rt. 

F F F*N 1. LDA / toluene F*N 1 ~ ~ Ph + 1 ~ Ph 
F .& N 2. (CH3)ßi 1-Ph BF4 F .& N 

H 69 

F ~ F 

191 
198 Si(CH3)3 

(y. = 53 %) 

Fig ure 7-71: Synthesis of perfluorinated azaenecliyne 198 from tetrafluoro-benzimiclazole 191 

After work-up ancl flash column chromatography, the desired product was obtained as a white 

so lid in a yield of 53 %. Diffusion-conlrolled crystallization yielcled fine, long, colorless and 

transparent neeclles. Azaened iyne 198 was a novel compound ancl therefore fully characterizecl. 
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7.8.1.3. Conclusion and Product Analysis 

A GC/MS analysis showed the molecular ion peak M' at m/z == 386 (this was also the base pcak). 

A peak at 111/z == 371 (28 % intensity) indicated the loss of a methyl group (L'l 111/z == -15), which 

is characteristic for compounds carrying a TMS-group. " 11 The peaks corresponding to the phenyl 

cation and the TMS cation could be found at mlz == 77 ancl 111/z == 73, respectively. Thc HiRes

MALDI analysis resultecl in 111/z == 387 for M+ + 1 (H). 

In the lR spectrum, the stretching vibrations of the acetylenic boncls were founcl at v == 

2232 cm- 1 and v == 2198 cm- 1
• The vibrations of the aromatic and thc aliphatic C-H-boncls 

could also be seen. 

In the 13C-NMR spectrum, several carbons appeared as multiplets clue to the 13C- 19F couplings. 

The acetylenic carbons appeared as quaternary carbons: Concerning the phenylethynyl moiety, 

C-8 was found at 76.9 ppm ancl C-9 at 87.1 ppm (see Figure 7-72). 

F 

~~13o 120 1io 100 90 80 70 60 50 

~~1112 
'\ 2 - 10 13 

N 8-9 ~/; 
~~ 15 14 

'\1~7 
Si(CH3)3 

18 

198 

Figure 7-72: 125 MH z- 11C-NMR spectrum of 198 in CD2CI„ including an explocled view 

show in g the resonance frequencies ancl the sp litting of th e acetylenic carbo ns 

lnteresti ngly, the acetylenic carbons of the trimethylsilylethynyl moiely appearecl as multiplets: 

C-16 (connectecl to nitrogen) appeared at 98.0 ppm as a doublet because of the coupling to 

tluorine; lhe coupling constant being 4l c- i == 0.7 Hz. C-17 (adjacent to silicon) appearecl at 



7. SYNTHESES OF AZAENEDIYNES 128 

80.4 ppm and clearly showed the presence of the Si-satellites ( 11c _ s1 = 40.0 Hz). A 1 H- and a 
19F-NMR spectrum gave further evidence of the structure. 

The elementary analysis and the HiRes-MALDI analysis were in perfect agreement with the 

calculated values. 

Fi gurc 7-73: X-ray structure (ORTEP-3 diagram) of 198 

The X-ray analysis (Figure 7-73) showed a planar molecule. The angles at the N-1 -nitrogen and 

the C-2-carbon were !arger than 120 ° (< c-7a - N-1 -C- 16 = 128 °, < c -2 N-l- C- 16 = 125 °; < N- 1-c-2-

c-x = 12 1 °. < N-3 _ c-2 - c-s = 126 °). The bond length of the triple bonds was found to be dc.8 -

C-Y = 1.19 A and dc. io-c- 17 = 1.17 A. The distances between the sp-carbons relevant for Bergman 

cyclization were dc.x - c- 16 = 2.92 A and dc.9 - c-1 1 = 4.15 A, respectively. 

Azaenediyne 198 was found to be unexpectedly stable. lt could be stored on the air and was not 

hydrolyzed in water. 
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7.8.2. Synthesis of the Non-Fluorinated Azaenediyne 2-Phenylethynyl-

1-trimethylsilylethynyl-lH-benzimidazole (199) -

A NüVEL COMPOUND 

7.8.2.1. Introduction and Overview 

Azaenediyne 199 was prepared according to its pedluorinated analogue 198. As a precursor, 

2-phenylethynyl- I H-benzimidazole (109) was employed. lt was interest ing to explore the 

properties of the non-tluorinated azaenediyne 199 and whether it showed a different reactivity 

compared to 198. 

7.8.2.2. Description of Synthesis 

Benzimidazole 109 was suspended in toluene under exclusion of moisture and air. After 

deprotonation with LOA, alkynylation was carried out by adding trimethylsilylethynyl(phenyl)

iodonium tetratluoroborate (69) (Figure 7-74). The reaction was complete after stirring for 3 h at 

rt. 

CC)'---==--ph 
H 

109 

1. LDA / toluene 

2. (CH 3)ßi 

69 

(y. = 50 %} 

Fi gure 7-74: Synthesis of the non-fluorinated azaenediyne 199 from benzimidazole 109 

After work-up and flash column chromatography, the desired product was obtained as a viscous 

yellow oil in a yield of SO %. The oil solidified in a vacuum to give a wax (melting point: 49 -

SO 0 C), but no crystals could be obtained. Azaenediyne 199 was a novel compound and therefore 

fully characterized. 
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7.8.2.3. Conclusion and Product Analysis 

A GC/MS analysis showed the molecular ion peak W at m/z = 314 (this was also the base peak). 

A peak at 111/z = 299 (49 % intensity) indicated the loss of a methyl group (i\. 111/z = -15), which 

is characteristic for compounds carrying a TMS-group. " 0 The peaks corresponding to the phenyl 

cation and the TMS cation could be found at 111/z = 77 and 111/z = 73 , respectively. The HiRes

MALDl analysis resulted in 111/z = 315 for M+ + 1 (H). 

In the IR spectrum, the stretching vibrations of the acetylenic bonds were found at v = 

2228 cm- 1 and v = 2191 cm- 1
• The vibrations of the aromatic and the aliphatic C-H-bonds 

could also be seen. 

The "C-NMR spectrum showed the acetylenic carbons appearing as quaternary carbons: 

Concerning the phenylethynyl moiety, C-8 was found at 78.5 ppm and C-9 at 88.3 ppm (see 

Figure 7-75). The acetylenic carbons of the trimethylsilylethynyl moiety appeared at 96.1 ppm 

(C- 16, adjacent to nitrogen) and at 79.6 ppm (C-17, adjacent to silicon). The latter one showed 

the presence of the Si-satellites. 

1 

100 90 

4 3 11 12 

5~N~13 
6~N~-9 ~ /; 

' " ~·:, " " 
Si(CH3)3 

18 

199 

Figure 7-75: 100 MHz- 11C-NMR spectrum of 199 in CD 2Cl 2, including an exploded view 

showing the re sonance frequencies and the splitting of the acetylenic carbo ns 
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The elementary analysis and the HiRes-MALDI analysis were in perfect agreement with the 

calculated values. 

The non-tluorinated azaenediyne 199 was found tobe less stable than its perfluorinatecl analogue 

198. lt turnecl from light yellow to dark yellow while stancling at the air. 
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7.9. N-Protonation of Azaenediynes -Attempts to Build up a 

More Reactive System for the Bergman Cyclization 

7.9.1. The 4,5,6,7-Tetrafluoro-2-phenylethynyl-1-trimethylsilylethynyl

lH-benzimidazol-3-ium Salts 200, 201 and 202 -

Attempted N-Protonations of Perfluorinated Azaenediyne 198 

7.9.1.1. Introduction and Overview 

In order to convert the pertluorinated azaenediyne 198 into a more reactive system concerning 

the Bergman cyclization, the N-3-nitrogen could be protonated. Yarious protonation reactions 

were carried out. 

7.9.1.2. Description of Synthesis 

Under exclusion of moisture and air, azaenediyne 198 was dissolved in diethyl ether or dichloro

methane. As protonating agents, tritluoromethanesu lfonic acid, tritluoroacetic acid and hydro

chloric acid were employed (in the latter case, inert condi tions were unnecessary) (Figure 7-76). 

solvents: CH2Cl2 or Et20 F 

temp.:0 °Cor rt F*~~ X 

---X*-----• l ~ ~>----Ph 
acids: 1 eq or 1 O eq of F ~ N 

a) CFß03H F ~~ 
b) CF3COOH '\ 
c) 38 % HCI Si(CH3) 3 

buffer: 1 eq or 10 eq of a) X - = F
3
C-S0

3
- 200 

r(NYF 

V 
b) X - = F3C-COO- 201 

c)X - =CI - 202 

Figure 7-76: Protona tion a tt empts of perfluorinated azaened iyne 198 with trifluoromethane

s ul fo ni c acid, trifluoroacetic acid and hydrochloric ac id 
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The acids were added in equimolar amounts or in a tenfold excess. All rcactions were also 

carried out with and withoul 2-fluoropyridine as a buffer. and conducled at rt or at 0 °C. 

respectively. 

7.9.1.3. Conclusion and Product Analysis 

The reactions were all monitored by ESI-MS. Although a product peak at 111/z = 387 [M+ 

(cation)] could be detected, mainly decomposition products were founcl. The isolation 01· a 

protonated procluct failed. 

lt is assumed that azaenediyne 198 is protonated at the N-3-nitrogen first. However, the 

subsequent attack of a nucleophile on a triple boncl woulcl leacl to successional species ancl finally 

to clecomposition (compare Figure 8-4). 
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7 .9.2. The 2-Phenylethynyl-1-trimethylsilylethynyl-lH-benzimidazol-

3-ium Salts 203, 204 and 205 -

Attempted N-Protonations of Non-Fluorinated Azaenediyne 199 

7.9.2.1. Introduction and Overview 

Correspondingly to its pertluorinated analogue 198, also the non-tluorinated azaenediyne 199 

was employed in protonation reactions. Various conditions were tested in order to protonate the 

N-3-nitrogen. 

7.9.2.2. Description of Synthesis 

The synthesis conditions followed the ones described for azaenediyne 198. Compound 199 was 

dissolved in diethyl ether or clichloromethane and reacted with tritluoromethanesulfonic acid, 

tritluoroacetic acicl and hydrochloric acid as protonating agenls in equimolar amounts or in a 

tenfolcl excess (Figure 7-77). 

solvents: CH2Cl2 or Et20 

temp.: 0 °C or rt 

ccN~ Ph X N acids: 1 eq or 1 O eq of 

~ a) CFß03H 

199 
b) CF3COOH 

Si(CH3) 3 c) 38 % HCI 

buffer: 1 eq or 1 O eq of 

"' ()F 

H X 
I CCN+ „ ~ N 
~ 

Si(CH3)3 

a) X - = F3C-S03 

b) X - = F3C-COO 

c) X - =CI 

Ph 

203 
204 
205 

Figure 7-77: Protonation attempts of non-fluorinated azaenediyne 199 with trifluoromethane

sulfonic acicl, trifluoroacetic acicl ancl hyclrochloric acicl 

All reactions were conclucted at rt or at 0 °C and with or without 2-tluoropyridine as a buffer, 

respectively. 
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7.9.2.3. Conclusion and Product Analysis 

All reactions were monitored by ESl-MS. Although a product peak at 111/z = 3 15 [M+ (cation)] 

could be detectecl, mainly decomposition products were found. The isolation of a protonatccl 

procluct failecl. 

Azaenediyne 199 is supposecl tobe protonatecl at the N-3-nitrogen first - like its perlluorinatecl 

analogue 198. The subsequent attack of a nucleophile on a triple boncl woulcl leacl to successional 

species, however, ancl finally to clecomposition of the material (compare Figure 8-4). 
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7.10. N-Methylation of Azaenediynes -Ways of Building up a 

More Reactive System for the Bergman Cyclization 

7 .10.1. 4,5,6,7-Tetrafluoro-3-methyl-2-phenylethynyl-1-trimethylsilyl

ethynyl-lH-benzimidazol-3-ium Tetrafluoroborate (206) -

A NOVEL COMPOUND 

7.10.1.1. Introduction and Overview 

Attempts in order to protonate pertluorinated azaenediyne 198 and the non-tluorinated aza

enediyne 199 failed. Methylation , however, should result in the same effect in order to create a 

more reactive system for the Bergman cyclization. Furthermore, methylation was expected only 

to take place at the nitrogen, thus not affecting the triple bonds. 

N-Methylation reactions can be conducted in several ways: Isbell and Seeman et al. investiga ted 

me1 hyla1ions of pyridine derivatives with methyl iodide and with trimethyloxonium tetratluoro

borate.25>.254 Dimethylsulfate was al so used in the methylation of benzimidazole deri vatives 

(e.g. 25
\ Reichardt256 et al. successfull y employed trimethyloxonium tetrafluoroborate and 

triethyloxonium tetratluoroborate in alkylation reactions of benzimidazoles. 

7.10.1.2. Description of Synthesis 

The reaction of azaenediyne 198 with dimethylsulfate only gave traces 01· product, which were 

cletected in the ES l-MS. Another attempt employing methyl ioclide in acetonitrile led to a bad 

yield of 2 %. The use of Meerwein 's sa tt trimethyloxonium tetrafluoroborate (Me,o• BF4- ) , 

however, gave the desirecl procluct in a yield of 75 % as a white solid. The reaction was carriecl 

ou t in retluxing clichloromethane uncler exclusion of moisture and air (Figure 7-78). 
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a), b) or c) 

conditions: 
0 
II 

a) 1. H C-O-S-0-CH 
3 II 3 

0 

, 2. NaBF 4 (•ql y. = traces 

b) 1. CH31 / CH3CN , 2. NaBF4 1aql y. = 2 % 

c) Me30+ BF4 - I CH2Cl2 , reflux y. = 75 % 

137 

Figure 7-78: Synthetic approaches towarcl the methylatecl, perfluorinate cl a zae necliyne 206 

with climethylsulfate , methyl ioclicle ancl trimethyloxonium 1etrarluoroborate as 

methylation reagents 

After crystallization, the desired product was obtained as colorless, transparent crystals. The 

methyl-azae nediyne 206 was a novel compound and therefore fully characterized. 

7.10.1.3. Conclusion and Product Analysis 

The HiRes-ESl analysis resulted in 111/z = 401 for M + (cation). In the ESl-MS, apart from the 

cation mass (mlz = 401 ), also the addition of water (m/z = 419 [M+ (cation) + 18 (H 20)]) and the 

loss of a methyl group could be seen (111/z = 387 [M+ (cation) + 1 (H) - 15 (Me)]). 

In the IR spec trum , the stretching vibrations of the acetylenic bonds were found at v = 

2217 cm- 1
• The vibrations of the aromatic and the aliphatic C-H-bonds could also be seen. 

The 13C-NMR spec trum of 206 was quite similar to the one of the non-methylated parent 

compouncl 198 (see there). The carbon of the newly introduced methyl group appeared at 

36.3 ppm as tertiary carbon. The 1 H-NMR spectrum showed the protons of this new methyl 

group at 4.24 ppm as a singlet. 

The elementary analysis and the HiRes-ESI analysis were in perfect agreement wilh the 

calculatecl va lues . 
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Figure 7-79: X-ray structure (ORT EP-3 di agram) of 206 (ani on omitted for clarity) 

The X-ray analysis (Figure 7-79) showecl a planar molecule. The angles at the N- 1-nitrogen ancl 

the C-2-carbon were !arger than 120 ° (< C-7a - N-l- C-16 = 128 °, < C-2- N-1-C-1 6 = 124 °; < N- 1-c-2 -

C-8 = 125 °, < N-> _ c-2- C-8 = 126 °). The boncl length of the triple boncls was fo uncl to be dc.8 -

c -9 = 1.1 9 Ä ancl d c. 16 _ c . 17 = 1.19 Ä. The clistances between the sp-carbon s relevant for Bergman 

cyc li zati on were d c .x- c . 16 = 2.92 Ä ancl d c .9 -c. 17 =4.15 Ä, respec ti vely. 

The methylatecl , perlluorinatecl azaenecliyne 206 was founcl to be unstable in air ancl sensitive 

towarcls hyclrolysis. An interesting reaction occurrecl upon cli ssolving compouncl 206 in methanol 

(see below in Chapter 7.10.2). 
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7.10.2. Formation of (E)-1-Ethynyl-4,5,6,7-tetrafluoro-2-(2-methoxy-

2-phenyl-vinyl)-3-methyl-lH-benzimidazol-3-ium Tetrafluoro

borate (207) - A NOVEL COMPOUND 

7.10.2.1. Introduction and Overview 
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Upon spraying a freshl y prepared solution of the methylated, perlluorinatcd azaened iync 206 in 

melhanol in the ESI-MS, the peak at m/z = 401 for M + (cation) clisappearecl ancl a new peak al 

m/z = 361 appeared. This reaction took place within minutes in a syringe, ancl alreacly at slight 

warming (at a temperature of 25 - 30 °C). 

7.10.2.2. Description of Synthesis 

In order to investigate the procluct and lo achieve complete convers ion, the rcaction was repeatccl 

by heating a solution of methyl-azaenediyne 206 in methanol to 35 - 40 °C for \/2 h (Figure 

7-80). 

T = 35 °C, t = 30 min 
y. = 77 % 

Figure 7-80: Conve rs ion of the methylated, perfluorinatecl azaenediyne 206 in methanol int o 

the novel co mpo und 207 

After crystallizat ion. the clesirecl proclucl was obtained as pale yellow, transparent cryslals in a 

yielcl of 77 %. 207 was a novel compouncl ancl therefore fully characterizecl. 

7.10.2.3. Conclusion and Product Analysis 

Methanol attacked as a nucleophile at the acetylenic carbon acljacent to the phenyl group. Due to 

lhe positive charge at the nitrogen atom carrying the methyl group, that carbon is re lati vc ly 
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electrophilic - the situation is similar to the one of a 1,4-nucleophilic acldition to a Michael 

syslem. lnterestingly, only the (E)-isomer was isolated in this addition of methanol. 

Furthermore, methanol also inclucecl the cleavage of the trimethylsilyl group uncler formation of 

an ethynyl group. 

A HiRes-MALDI analysis resulted in mlz = 361 for M+ (cation). The ESl-MS showed the cation 

mass at m/z = 361 and the anion mass at mlz = 87 (tetrafluoroborate anion). A claughter spectrum 

of mlz = 361 indicated loss of methyl (m/z = 346) from the cation. 

In the IR spectrum, the stretching vibration of the acetylenic triple bond was found at v = 

2175 cm- 1
, ancl the vibration of the acetylenic C-H-boncl at v = 3311 cm- 1

• The aromatic and 

the aliphatic C-H-bonds coulcl also be seen. 

The 1 H-NMR spectrum showed the olefinic proton (H-8) at 6. 19 ppm as a non-resolved multiple! 

(see Figure 7-81). The methyl protons of the methoxy group (H-18, H-18', H-18") appearecl at 

4.06 ppm as a badly resolved cloublet, the coupling constant being 5 
JH. 18 _ H-8 = 1.5 Hz. The 

protons of the N-methyl group (H- 19, H- l 9', H- 19") were found at 4.28 ppm as a singlet, and the 

acetylenic H (H-17) appearecl at 2.83 ppm as a singlet. 

207 

Figure 7-81: 300 MH z- 1 H-NMR spectrum of 207 in [06]-acetone 
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In the "C-NMR spectrum, the olefinic carbon carrying the methoxy group (C-9) appeared at 

175.8 ppm as quaternary carbon, and the other olefinic carbon (C-8) at 8 1.1 ppm as primary 

carbon. The acetylenic carbon (C- 16) adjacent to nitrogen appeared as a quaternary carbon at 

71.0 ppm, and the primary acetylenic carbon (C-17) at 59.6 ppm. Conccrning the carbons from 

the methyl groups, these tertiary carbons were found at 51.0 ppm (C-18, methoxy group) ancl at 

37.0 ppm (C-19, N-methyl group). 

The 19F-NMR spectrum showed the presence of the tetrafluoroborate anion and the four fluorine 

atoms of the benzimidazole moiety. 

The elementary analysis ancl the HiRes-MALDI analysis were in perfect agreement with the 

calculatecl values. 

Jr) 

0 

Figure 7-82: X-ray st ructure (ORTEP-3 diagram) of 207 (anion omittecl for clarity) 

The X-ray ana lysis (Figure 7-82) presented a molecule with a planar benzimiclazole moiety. The 

angles at the N-1 -nitrogen were !arger than 120 ° (< c-7a- N-1 - c- 16 = 126 °, < c-2- N- 1 - c- 11> = 

125 °). The boncl length of the triple bond was founcl tobe de. in- c-11 = 1.18 Ä. 
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7.10.3. 3-Methyl-2-phenylethynyl-1-trimethylsilylethynyl-lH-benz

imidazol-3-ium Tetrafluoroborate (208) - A NOVEL COMPOUND 

7.10.3.1. Introduction and Overview 

After the successful methylation of the petiluorinated azaenediyne 198, the non-fluorinated aza

enediyne 199 was supposed to react under the same reaction conditions. 

7.10.3.2. Description of Synthesis 

The reaction was carried out in refluxing dichloromethane under exclusion of moisture and air 

(Figure 7-83). As a methylating agent, the Meerwein's salt trimethyloxonium tetratluoroborate 

(Me30 + BF4- ) was employed. 

Me
3
0+ BF

4 
-

CH2Cl2 , reflux 

y. = 98 % 

Figure 7 -83: Synthes is of the novel methylated, non-fluorinated azaenediyne 208 with 

trimethyloxonium tetrafluoroborate as a methylation reagent 

The desired product was obtained in a yield of 98 % as a white powder. Subsequent crystal

li zalion yielded colorless, transparent crystals. The methyl-azaenediyne 208 was a novel 

compouncl ancl therefore fully characterized. 

7.10.3.3. Conclusion and Product Analysis 

The HiRes-ESl-MS analysis resulted in 111/z = 329 for M + (cation). In the ESI-MS, apart from the 

cation mass (m/z = 329), also the loss of a methyl group coulcl be seen (111/z = 314 [M+ (cation) -

15 (Me)]). 

In the IR spec trum, the stretching vibrations of the acetylenic bonds were found at v = 

2218 cm- 1
• The vibrations of the aromatic and the aliphatic C-H-bonds could also be seen. 
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The 13C-NMR spectrum was quite similar to the one of the non-methylated parent compound 

199 (see there). The carbon of the newly introduced methyl group appearecl at 35.1 ppm as 

tertiary carbon. The 1 H-NMR spectrum showed the protons of the newly introclucecl mcthyl 

group at 4.27 ppm as a singlet. 

Thc clcmentary analysis ancl the HiRes-ESI analysis werc in perfect agreement with the 

calculatecl values. 

0 

Figure 7-84 : X-ray structure (ORTEP-3 diagram) of 208 (anion omitted for clarity) 

The X-ray analysis (Figure 7-84) showed a planar molecule. The angles at the N-1-nitrogen and 

the C-2-carbon were !arger than 120 ° ( < C-7a- N-1 _ c-16 = 127 °, < c-2 -N-1 _ c-11> = 124 ° ; < N- 1 - c-2-

c-x = 124 °. < N-3 _ c-2 _ c-x = 128 °). Tue bond length of the triple boncls was founcl to be de-x _ 

C-9 = 1.19 Ä ancl dc-16- c- 17 = 1.21 Ä. The clistances between the sp-carbons relevant for Bergman 

cycli zation were de-x- c-16 = 2.90 Ä and dc-Y-c-11=4.11 Ä, respectively. 

The methylatecl. non-fluorinatecl azaenediyne 208 was found to be more stable in air ancl less 

sensitive towarcls hyclrolysis compared to its perfluorinatecl analogue 206. 



7. SYNTHESES OF AZAENEDIYNES 

7.11. N-Ethylation of Azaenediynes -Ways of Building up a 

More Reactive System for the Bergman Cyclization 

7.11.1. 4,5,6,7-Tetrafluoro-3-ethyl-2-phenylethynyl-1-trimethylsilyl

ethynyl-lH-benzimidazol-3-ium Tetrafluoroborate (209) -

Attempted Synthesis 

7.11.1.1. Introduction and Overview 

144 

Elhylation at the nitrogen N-3 of azaenediynes based on benzimidazoles should have a similar 

effect as the carried out methylation. Correspondingly, the analogous reaction conditions were 

used as for the methylation of azaenediynes 198 and 199, and furthermore the ones suggested by 

Reichardt256 er al .. 

7.11.1.2. Description of Synthesis 

The employme nt of Meerwein's salt triethyloxonium tetratluoroborate (Et10+ BF4- ) as an 

ethylating agent, however, gave the desired product in bad yielcl and as an impure sol id (Figure 

7-85). 

Et
3
0 + BF

4 
-

CH2Cl2 , reflux 

y. = traces 

Figure 7-85: Synthesis of the ethy lated, perfluorinated azaened iyne 209 with triethyloxonium 

tetrafluoroborate as ethylation reagent 

The reaction was carriecl out in retluxing dichloromethane under exclusion of moisture and air, 

but educt coulcl sti ll be delected after a reac tion time of 20 h. Various crystallization altempts 

failed. 
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7.11.1.3. Conclusion and Product Analysis 

In the ESI-MS, the cation mass (mlz = 415) of the product could be seen. A claughter spectrum of 

m/z = 415 showed the loss of the ethyl group (111/z = 387 [M+ + 1 (H) - 29 (Et)]). 

The bad yielcl of the reaction, however, suggested to discarcl further ethylation attempts. 
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8. Trapping and Collision Experiments 

8.1. Thermolysis Experiments (Trapping Experiments) 

in the Liquid Phase (in Solution) 

8.1.1. General Introduction and Overview 
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The principle of the thermolysis experiments was to heat the various synthcs izcd azacnediynes in 

different solvents. at different temperatures and for different reaction times. In order to 

absolutely exclude moi sture and oxygen. all employed solvents werc dried and clegassecl, 

respectively ; ancl for the removal of solvent impurities and stabili zers also cli s tilled under argon. 

All reaction mixtures were prepared in closable pressure tubes andin a g lovc box. 

A typical pressure tube contained 1 mg of azaenecliyne in 1 ml 01· so lvent , achieving a 

concentration of c = 2.0· I 0-3 
- 2.6· I 0-3 molr 1

• After heating in an oil bath for a givcn reac tion 

time at a given reaction temperature, the thermolysis mixtures were coolecl ancl analyzecl by 

GC/MS (after a micro-filtration over celite) , on TLC plates coated with silica or RP- 18, and by 

ESl-MS analysis in order to detec t trapping products. 

8.1.2. Thermolyses in Hydrogen Donating Solvents 

Upon Bergman cyclization of the prepared azaenediynes, biradicals were ex pected tobe formed. 

These biradicals coulcl abstract hydrogen from H-clonor-solvents like isopropyl ether (dii so

propyl ether),202
· 

257 l ,4-dioxane258 and l ,4-cyclohexadiene97 (Figure 8-1 ). 

Q 
H H 

Figure 8-1: So lve nt s suited as hydrogen donors for radical trappin g (abstractablc hydrogen 

atorns are show n) 
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8.1.3. TEMPO (210) as a Radical Trap 

The reac tion between two radicals is a termination step, leading to a neutral entily. Therefore, 

another interesting strategy could be the use of a stable radical in order to trap the biradical 

fo rmed in the Bergman cyclization. Nitroxides be lang to a class of persistent radicals,2w. 2611 

which react with a variety of carbon-centered radicals, even at room temperature.261 

A purchasable radical is the 2,2,6,6-tetramethyl- l-oxy-piperidinyl radical (TEMPO) (210), a free 

nitroxide radical. lt is a red , stable and storable solid, can be purified by sublimation and is a 

paradigm of a "radical in a bott le" (Figure 8-2). 
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Figure 8-2: Resonance formu lae of TEMPO (210), a nitroxide rad ica l 

Grissom262 et al. heated several enecliyne arenes of type 211 with an excess of the trapping agent 

TEMPO (210) in chlorobenzene as a solvent (Figure 8-3). 
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Figure 8-3: Emp loyme nt of TEMPO (210) as a raclical trapping agent by Grissom262 

However, they d id not isolate the primary radical trapping products 212, but the corresponding 

quinones 213. 
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8.1.4. Thermolyses of the Azaenediynes 198 and 199 

8.1.4.1. Thermolysis of the Perfluorinated Azaenediyne 198 in Diisopropyl 

Ether 

8.1.4.1.1. Results 

Table 8-1: Therrnolys is results of the perfluorinated a zae nediyne 198 in diisopropyl e the r 

# temp. time appearance of TLC GC/MS ESI-MS 

[OCJ [h] solution (main pcaks) 

40 !12 clear, co lorless ecluct eclucl educt 

2 40 clear, colorless educt educt ecluct 

3 40 2 c lear, co lorless ecluct cducl educt 

4 40 24 c lear, co lorless educt ecluct educt 

5 40 48 clear, colorless educt ecluct ecluct 

6 70 !12 clear, co lorless ecluct ecl uct educt 

7 70 clear, colorless ecluct ecl uct ecluct 

8 70 2 clear, co lorless educt eclucl ecluct 

9 70 24 clear, co lorless ecluct ecluct ecluct 

10 70 48 clear, colorless ecluct; start spot ecluct eclucl ; 388 

11 120 !12 clear, co lorless educt ecluct ecluct 

12 120 clear, co lorless educt ecluct ecluct 

13 120 2 clear, colorless educt eclucl ecluct 

14 120 24 clear, co lorless educt educt educt 

15 120 48 clear, slightly ye\low educt; start spot, ecluct ecluct; 388 

other spots 

16 180 !12 clear, sli ghtly yellow ecluct educl ecluct 

17 180 clear, slightly yellow educt; start spot ecluct ecluct 

18 180 2 clear, ye llowish educt ; start spot mainly educt educt; 388 

19 180 24 clear, yellowish educt; start spot , rnainly ecluct ecluct ; 388, 393 

other spots 

20 180 48 clear, yellowish educt ; start spol, mainly educt ecluct ; 388, 393 

other spots 

8.1.4.1.2. Conclusion 

The thermolysi s ex pe rime nts in diisopropyl ether (Table 8-1) showed no changes at all at 

te mperatures of 40 °C and 70 °C. and neither at 120 °C up to reaction times of 24 h (entries 1 -
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14). Discoloration was observed at 120 °C for 48 h and at 180 °C (entries 15 - 20). The TLC 

plates showed the presence of educt 198 under all conditions, however, at longer reaction times 

(24 hat 70 °C and 120 °C, entries 10, 15) and at 180 °C (entries 17 - 20) also a tiny start spot 

could be detected. A GC/MS analysis always showed the presence of 198, however, at 180 °C 

and longer reaction times (entries 18 - 20) some small other peaks could be seen. The educt 

appeared in the ESl-MS as a peak at m/z = 387 [M+ + 1 (H)]. At higher temperatures and longer 

reaction times (entries 10, 15, 18 - 20), additionally some small peaks at m/z = 388 and mlz = 

393 were found. 

Azaenediyne 198 turned out to be present under all conditions; it was not destroyed at higher 

temperatures and longer reaction times. The only observed changes consisted in weak start spots 

on the TLC plates, some additional peaks in the GC/MS and ESl-MS and slight color changes of 

the reaction mixture. The results did not point at cyclization products, but rather at decom

position products. 

Evaporation of some samples, reweighing and TLC analysis showed that practically all starting 

material could be recovered. Non-identifiable decomposition products occurred in negligible 

amounts. 
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8.1.4.2. Thermolysis of the Perfluorinated Azaenediyne 198 in 1,4-Dioxane 

8.1.4.2.1. Results 

Table 8-2: Thermo lys is results of the perfluorinatecl azaenecliyne 198 in 1,4 -cli oxa ne 

# temp. time appearance of solution TLC GC/MS ESI-MS 

[oC] [h] (main peaks) 

100 y, c lear, co lorless ecluct ecluct ecl uct 

2 100 clear, colorless ecluct ecluct ed uct 

3 100 2 clear, colorless ecluct ecl uct ed uct 

4 100 24 clear, sli ghtly yellow educt ; start spot , ecl uct, othe r peaks ecl uct 

other spots 

5 100 48 clear, slightly yellow educt; start spot, educt, o ther peaks ecluct 

other spots 

6 160 y, clear, colorless educt educt educt 

7 160 clear, yellowish ecluct ; start spot ecl uct, o ther peaks ccl uct 

8 160 2 c lear, yellowish educt ; start spot educt, other peaks ecl uct 

9 160 24 clcar, yellowish educt; start spot , educt, o ther peaks ccluct 

other spots 

10 160 48 clear, yellowish educt; start spot, ed uct, other peaks educt 

other spots 

II 210 y, clear, yellowish educt, start spot educt ed uct 

12 210 clear, yellow educt; start spot ecluct, other peaks educt ; 389 

13 210 2 clear, yellow educt ; start spot ed uct, other peaks educt ; 389 

14 210 24 clear, dark yellow educt; start spot, educt, o ther peaks educt ; 389 

other spots 

15 210 48 clear, dark yellow educt; start spot, ecluct, other peaks ed uct ; 389 

other spots 

8.1.4.2.2. Conclusion 

Thermolyses in 1,4 -dioxane (Table 8-2) showed no changes at all at 100 °C for reaction times up 

to 2 h (entri es 1 - 3). Longer heating and higher temperatures (entries 4 - 15) usually led to 

color changes and then to intens ification of color, to an additional start spot on the TLC plates 

and furth er peaks in the GC/MS. The ESI-MS, however, showed only educt (m/z = 387 [M+ + 1 

( H)]) up to heating for Y2 h at 210 °C (entries 1 - 11 ). Samples heated for longer time at 210 °C 

(entri es 12 - 15) showed a tiny peak at m/z = 389 in the ESI-MS. A closer look at the isotopic 
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pattern and at the daughter spectra showed that the peak at 111/z = 389 did not derive from a 

protonated 198 that added two hydrogen atoms, but is rather an artifact or belongs to the isotopic 

pattern of the protonated educt. 

lt was found that 1,4-dioxane was not suited as a hydrogen donor solvent at higher temperatures. 

A GC/MS analysis showed several clecomposition peaks in samples of neat 1,4-dioxane that 

were heated for longer than 30 min at temperatures higher than J 50 °C. Using 1,4-cyclo

hexacliene as a solvent presentecl similar problems: Temperatures over 120 °C lecl to several 

decomposition products of the solvent. Furth er attempts employing 1,4-dioxane and 1,4-cyclo

hexacliene were therefore discarcled. 

8.1.4.3. Thermolysis of the Perfluorinated Azaenediyne 198 in Neat Chloro

benzene 

8.1.4.3.1. Introduction 

As a contro l experiment for the trapping with TEMPO (210), azaenediyne 198 was heated at 

240 °C for different reaction tim es in neat chlorobenzene without other aclditi ves. 

8.1.4.3.2. Results 

Table 8-3: Thermolysis results of the perfluorinated azaenecliyne 198 in neat chlorobenzene 

(control experiment) 

# temp. time appearance of TLC GC/MS ESI-MS 

[oC] [h] solution (main peaks) 

240 clear, slightly yellow ecluct; start spot, other spots educt educt 

2 240 24 clear, slightly red educt; start spot, other spots ecluct educt 

3 240 48 clear, slightly brown educt; start spot, other spots ecluct educt 

8.1.4.3.3. Conclusion 

Apart from slight color changes and some additional spots on the TLC plate, only ecluct was 

found (Table 8-3) . The color increase and the additional TLC-spots were thought to derive from 

burned material at the tube walls . 
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8.1.4.4. Thermolysis of the Perfluorinated Azaenediyne 198 in Chloro-

benzene with TEMPO (210) 

8.1.4.4.1. Results 

Table 8-4: Thermolys is resull s of the perfluorinated azaenediyn e 198 in c hlorobenzene with 

1 eq or 3 eq of TEMPO (210) 

# tcmp. time appearance of TLC GC/MS ESI-MS 

[OCJ [h] solntion (main pcaks) 

100 clear, salmon educt, TEMPO ecluct , TEMPO educt. TEMPO 

2 100 24 c lear, salmon educt, TEMPO ecluct , TEMPO ecluct, TEMPO 

3 100 48 clear, slightly red educt, TEMPO ecluct, TEMPO ecluct, TEMPO 

4 150 clear, slightly brown educt, TEMPO ecluct , TEMPO educt, TEMPO 

5 150 24 clear, brown educt ; start spot, educt, TEMPO educt, TEMPO 

other spots 

6 150 48 clear, brown educt; start spot , educt, T EMPO educt, T EMPO 

other spots 

7 240 c lear, brownish educt; start spot, ecluct, T EMPO educt . TEMPO 

other spots 

8 240 24 c lear, brown educt; start spot, educt, TEMPO educt , TEMPO 

other spots 

9 240 48 clear, brown educt ; start spot , educt, TEMPO educt , TEMPO 

other spots 

8.1.4.4.2. Conclusion 

Freshly prepared solutions of azaenediyne 198 in chlorobenzene with 1 eq or 3 eq of TEMPO 

(210), respectively , showed a salmon color. The results for the thermolyses with 1 eq and 3 eq of 

TEMPO (210) were identical. 

The trapping attempts for compound 198 with TEMPO (210) (Table 8-4) showed no cyclization 

products. At temperatures higher than 150 °C (entries 4 - 9), an increase of color of the solution 

could be seen, and also additional TLC spots. The GC/MS analyses , however, showed only educt 

and TEMPO';; (210). In the ESl-MS, also only educt (111/z = 387 [M+ + 1 (H)]) and TEMPO 

(210) (111/z = 156 [M+], 140 [M+ - 16 (0)] or 142 [M+ - 16 (0) + 2 (2 H)]) could be detected. 

" 'TEMPO (210) was cletectecl in the GC/MS as follows: 



8. TRAPPING AND COLLISION EXPERIMENTS 154 

As a control, some samples were evaporated, reweighed and analyzed by TLC. The results 

showed that practically all starting material could be recovered. Non-identifiable decomposition 

products occurred in negligible amounts. 

8.1.4.5. Testing the Sensitivity of the Perfluorinated Azaenediyne 198 to 

Hydrolysis and Heat 

8.1.4.5.1. Results 

Table 8-5 : Testing the sensitivity of the perfluorinated azaenediyne 198 to heat and 

hydrolys is in a mixture of water and di isopropyl ether 

# temp. time appearance of solution TLC GC/MS ESI-MS 

[°C] [h] 

120 clear, colorless mixture (2 phases) educt educt ecluct 

2 120 24 aqueous phase clear ancl colorless, ecluct, educt educt 

organic phase clear ancl slightly yellow other spots 

8.1.4.5.2. Conclusion 

A lest whether azaenecliyne 198 was stable in water was carriecl out by heating 0.5 ml of a 

solution of 1 mg of educt in 1 ml of diisopropyl ether with 1.5 ml of water. Only a slight color 

change was detectecl upon heating for 24 h at 120 °C (Table 8-5, entry 2). The TLC plates (the 

ether phase was spo tted on silica plates, the aqueous phase on RP- 18 plates) showed mainly 

ecluct. In the GC/MS ancl the ESl-MS only educt cou ld be observed . 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 5.3 min; MS (EI, 70 eY): 111/z (%): 156 (40 %) [M'], 141 

(3 1 %) [11-r-15 (Me)]. 126 (18 %) [11-r- 30], 123 (14%) [M'-33 (NH,OH)], 83 (25 %) [M'-73], 8 1 (32%) 

[11-r-75], 74 (36%) [M•-82], 73 (19 %) [11-r-83], 70 (52%) [11-r-86], 69 ( 100 %) [11-r-87], 67 ( 14 %) 

[M+ - 89]. 57 (28 %) [M+ -99], 56 (89 %) [M+ - 100], 55 (86 %) [NI'- 101], 53 ( 11 '70) [NI'- IOJ]. 
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8.1.4.6. Thermolysis of the Non-Fluorinated Azaenediyne 199 in Diisopropyl 

Ether 

8.1.4.6.1. Results 

Table 8-6: Thermolysis results of the non-fluorinatecl azaenecliyne 199 in cliisopropyl ethe r 

# temp. time appcarance of TLC GC/MS ESI-MS 

[oC] [h] solution (main pcaks) 

70 2 clear, colorless educt ecluct ecluct 

2 70 24 clear, colorless educt eclucl educl 

3 100 clear, colorless educt educl educt 

4 100 24 clear, yellowish ecluct; start spot, educl educt, other peaks 

other spots 

5 180 clear, colorless educt eclucl ecluct, other peaks 

6 180 24 clear, yellow educt: start spot, mainly eclucl educt, other peaks 

other spols 

8.1.4.6.2. Conclusion 

The thermolysis experiments of 199 in diisopropyl ether (Table 8-6) showecl no changes at all at 

temperatures of 70 °C, ancl neither at 100 °C at a reaction time of 1 h (entries 1 - 3). Color 

changes were observecl at 100 °C for 24 h ancl at 180 °C for 24 h (entries 4 ancl 6). The TLC 

plates showecl the presence of ecluct 199 uncler all conclitions, however, at langer reaction times 

(24 h at 100 °C ancl 180 °C, entries 4 ancl 6) also olher spols coulcl be cletected. A GC/MS 

analysis always showecl the presence of 199. The ecluct appearecl in lhe ESl-MS as a peak at 

111/z = 315 [M+ + 1 (H)]. At higher temperatures ancl longer reaction times (entries 4 - 6) , 

aclclitionally other peaks were founcl. However, the results clid not suggest the presence of 

cyclization products. 

Evaporation of some samples, reweighing ancl TLC analysis showecl that practically all starting 

material coulcl be recoverecl. Non-iclentifiable clecomposition proclucts occurrecl in negligible 

amounts. 



8. TRAPPING AND COLLISION EXPERIMENTS 156 

8.1.4.7. Thermolysis of the Non-Fluorinated Azaenediyne 199 in Chloro-

benzene with TEMPO (210) 

8.1.4.7.1. Results 

Table 8-7: Thermolysis results of the non-fluorinated azaenediyne 199 in chlorobenzene 

with 1 eq or 3 eq of TEMPO (210) 

# temp. time appearance of TLC GC/MS ESI-MS 

[°C] [h] solution (main peaks) 

70 clear, salmon educt, TEMPO educt, TEMPO educt, TEMPO 

2 70 24 clear, salmon educt, TEMPO educt, TEMPO educt, TEMPO 

3 130 clear, salmon educt, TEMPO educt, TEMPO educt, TEMPO 

4 130 24 clear, salmon educt, TEMPO educt, TEMPO educt, TEMPO 

5 240 clear, yellow educt, TEMPO; start educt, TEMPO educt, TEMPO, 

spot, other spots other peaks 

6 240 24 clear, brownish educt, TEMPO; start educt, TEMPO educt, TEMPO, 

spot, other spots other peaks 

8.1.4.7.2. Conclusion 

Freshly prepared solutions of azaenediyne 199 in chlorobenzene with l eq or 3 eq of TEMPO 

(210), respectively, showed a salmon color. The results for the thermolyses with 1 eq and 3 eq of 

TEMPO (210) were identical. 

The trapping attempts for compound 199 with TEMPO (210) (Table 8-7) showed no cyclization 

products. At temperatures of 240 °C (entries 5 - 6), an increase of color of the solution could be 

seen, and also additional TLC spots. The GC/MS analyses, however, showed mainly educt and 

TEMPOxii (210) . In the ESI-MS, also educt (m/z = 315 [M+ + 1 (H)]) and TEMPO (210) (mlz = 

156 [M+], 140 [M+ - 16 (O)] or 142 [M+ - 16 (0) + 2 (2 H)]) could be detected for all applied 

conditions. Only at 240 °C (entries 5 - 6) some additional tiny peaks could be seen, which 

derived from decomposition products. 

As a control , some samples were evaporated, reweighed and analyzed by TLC. The results 

showed that practically all starting material could be recovered. Non-identifiable decomposition 

products occu1Ted in negligible amounts. 
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8.1.5. Thermolyses of the in situ-Protonated Azaenediyne 198 

8.1.5.1. Introduction 

For the in situ.-protonation of the pertluorinated azaenediyne 198 in different solvents ancl with 

different acids and subsequent thermolysis, the acid was addecl directly before heating the tubc. 

The solvent should act as a hydrogen donor and the acid as protonating activator. 

Other attempts made by spraying an acidifiecl solution of the parent azaenecliyne 198 into the 

ESl-MS usually only showed protonated educt. 
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8.1.5.2. Thermolysis after in situ-Protonation of the Perfluorinated Aza-

enediyne 198 in Diisopropyl Ether with Triflic Acid 

8.1.5.2.1. Results 

Table 8-8: Thermolysis results after in situ-protonation of the perfluorinated azaenediyne 

198 in diisopropyl ether with triflic acid 

# temp. time appearance of TLC GC/MS 

[oC] [h) solution (main peaks) 

1)(11 1 100 clear, colorless ed uct; start spot educt, other peaks 

2)(111 100 24 clear, colorless ed uct; start spot, educt, other peaks 

other spots 

3xiii 100 48 clear, slightly ed uct; start spot, educt, other peaks 

yellow other spots 

4xiv 100 clear, slightly start spot, other other peaks 

yellow spots 

5x1 v 100 24 clear, slightly start spot, other other peaks 

yellow spots 

6xiv 100 48 clear, slightly start spot, other other peaks 

yellow spots 

7'"iii 150 clear, yellowish educt; start spot, ecluct ( weak) , other 

other spots peaks 

gxiii 150 24 clear, yellowish educt; start spot, other peaks 

other spots 

9xiii 150 48 clear, yellowish educt; start spot, other peaks 

other spots 

lQxiv 150 clear, yellowish start spot other peaks 

llxiv 150 24 clear, yellowish start spot other peaks 

12)(!\I 150 48 clear, yellowish start spot other peaks 

' '' ' These experiments were carried out with 1 eq of tritlic acid, with and without buffer. 

"'These experiments were carried out with 20 eq of trillic acid, with and without buffer. 

ESI-MS 

(main peaks) 

educt, other 

peaks 

educt, other 

peaks 

educt, other 

peaks 

educt, 391, 

other peaks 

educt, 391, 

other peaks 

educt, 391, 

other peaks 

educt, other 

peaks 

389,391, 

other peaks 

389,391, 

other peaks 

ecluct; 391 

393 

393 



8. TRAPPING AND COLLISION EXPERIMENTS 159 

8.1.5.2.2. Conclusion 

The addition of 1 eq of acid lo the sample led to partial decomposition , with and without the use 

of 2-Ruoropyridine as a buffer (Table 8-8). However, the protonated species could be cletectecl at 

m/z = 387 [M+ + 1 (H)] in lhe ESl-MS. When 20 eq of triflic acicl were usecl (with ancl without 

buffer) , educt 198 usually disappeared. Only non-iclentifiable clecomposition proclucls were 

detectecl , however, the ESl-MS-peaks at m/z = 389 ancl 111/z = 391 suggestecl multiple protonation 

proclucts. No eviclence was founcl for a cyclization procluct that abstractccl two hydrogen atoms 

(see also the last paragraph of Chapter 8.2.1, ancl Chapter 8.2.3). 

At harsh conditions (entry 11 and 12), the analyzed tubes showed a relatively high pressure and 

the smell of propene. The formation of 1 eq of propene (together with 1 eq of iso-propanol ) was 

explainecl by protonation and subsequent cleavage of 1 eq of clii sopropyl ethcr upo n heating with 

Brönsted acicls. 

8.1.5.3. Thermolysis after in situ-Protonation of the Perfluorinated Aza

enediyne 198 in Diisopropyl Ether with Trifluoroacetic Acid 

8.1.5.3.1. Results 

Table 8-9: Thermolysis resulls after in situ-protonation of the perflu o rinatecl azaenecl i y ne 

198 in clii sopropyl ether with 1 eq of trifluoroacetic acicl 

# temp. time appcarance of TLC GCIMS ESI-MS 

[OC] [h] solution (main peaks) (main peaks) 

70 clear, colorless ecluct ecluct educt 

2 70 24 clear, colorless educt; start spot, educt educt 

other spots 

3 120 clear, slightly yellow educt educt ecl uct 

4 120 24 clear, slightly yellow educt; start spot , educt, other peaks other peaks 

other spots 

5 180 clear, brownish educt; start spot, educt, other peaks ecluct, other 

other spots peaks 

6 180 24 clear, brownish educt; start spot, educt, other peaks other peaks 

other spots 
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8.1.5.3.2. Conclusion 

When 1 eq of trifluoroaceti c acid with diisopropyl ether as a solvent was used (Table 8-9), 

relatively short reac tion times and moderate temperatures (entries l - 3) led to mainly educt. 

Harsher conditions (entries 4 - 6) gave mainly decomposition products. 

8.1.S.4. Thermolysis after in situ-Protonation of the Perfluorinated Aza

enediyne 198 in 1,4-Dioxane with Triflic Acid 

8.1.5.4.1. Results 

Table 8-10: The rmo lys is results afte r in s i111-protonation of the perfluorinated azaened iyne 

198 in 1,4-d ioxane with 1 eq of triflic acid 

# temp. time appearance of TLC GC/MS ESI-MS 

[°C] [h] solution (main peaks) 

160 clear, yellow start spot, other spots other peaks educt, 389, 

other peaks 

2 160 24 clear, yellow start spot, other spots other peaks other peaks 

3 210 clear, brown start spot, other spots other peaks other peaks 

4 210 24 clear, brown start spot, other spots other peaks other peaks 

8.1.5.4.2. Conclusion 

Adding 1 eq of tritlic acid to a sample in 1,4-dioxane (Table 8- 10) and heating to 160 °C or 

2 10 °C led to complete decomposition of the material. 
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8.1.5.5. Thermolysis after in situ-Protonation of the Perfluorinated Aza

enediyne 198 in 1,4-Dioxane with Deutero-Hydrochloric Acid 

8.1.5.5.1. Results 

Table 8-11: Thermolysis result s after in situ-protonation of the perfluorinatecl azacnediyne 

198 in 1,4-clioxane with 1 eq of deutero-hyclrochloric acicl 

# tcmp. time appearance of TLC GC/MS ESI-MS 

(oC] [h] solution (main peaks) 

160 2 clear, colorless start spot, other spots other peaks 424, 426, 

other peaks 

2 210 2 clear, colorless start spot, other spots other peaks 424, 426, 

othcr peaks 

8.1.5.5.2. Conclusion 

Adding 1 eq of deutero-hydrochloric acid to a sample in 1,4-dioxane (Table 8-11) ancl heating to 

160 °C or 210 °C led to clisappearance of azaenediyne 198 and clecomposition proclucts. No 

eviclence was founcl for a cyclization procluct. The ESl-MS results suggestecl rather the acldition 

of one molecule of DCl to the protonated product (111/z = 424 from [M+ + 1 (H) + D-35Cl] ancl 

m/z = 426 from [M+ + 1 (H) + D-37Cl]). The tiny procluct amounts macle an isolation impossible. 

lt is assumed that azaenediyne 198 is cleulerated at the N-3-nitrogen first (see Figure 8-4) to give 

imidazolium 214. The subsequent nucleophilic attack of chloride on the positively polarized 

terminal sp-carbon, which forms part of a Michael-type system, woulcl leacl to enamine 215. The 

latter one can undergo tautomerization to give imine 216. During the spray process in the ESl

MS , protonation can take place at the N-3-nitrogen of 216 - the resulting cation would have a 

mass of m/z = 424 or m/z = 426, respectively. 
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Figure 8-4: Possib le DCl-aclclucts formecl in traces upon reaction of the perfluorinated aza

enecliyne 198 with cleutero-hyclrochloric acicl 

8.1.5.6. Thermolysis after in situ-Protonation of the Perfluorinated Aza

enediyne 198 in Chlorobenzene with TF A and TEMPO (210) 

8.1.5.6.1. Results 

Table 8-12: Thermolysis results after in siru -protonation of the perfluorinatecl azaenecliyne 

198 in chlorobenzene with 1 eq of trifluoroacetic acicl ancl 3 eq of TEMPO (210) 

# temp. time appearancc TLC GC/MS ESI-MS 

[°C) [h) of solution (main peaks) 

100 clear, brown educt, start spot, other ecluct, TEMPO, educl, TEMPO, 

spots other peaks other peaks 

2 150 clear, brown educl, start spot, other ecluct, TEMPO, educt, TEMPO, 

spots other peaks other peaks 

3 240 black start spot, other spots TEMPO, other TEMPO, other 

peaks peaks 
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8.1.5.6.2. Conclusion 

An experiment using 1 eq of lrilluoroacetic acid on a solution of azaenediyne 198 in chloro

benzene with 3 eq of TEMPO (210) led to several decomposition producls (Table 8-12). 

8.1.6. Thermolyses of the Methylated Azaenediynes 206 and 208 

8.1.6.1. Thermolysis of the Methylated, Perfluorinated Azaenediyne 206 in 

Diisopropyl Ether 

8.1.6.1.1. Results 

Table 8-13: Therrno lys is re s ult s of the rnethylated , perfluorinat ed azacnediyne 206 in diiso -

propyl e the r 

# temp. [°C] time [h] appearance of solution TLC ESI-MS 

40 clear, colorless slarl spol (educl) educt 

2 40 24 clear, colorless start spot ( educt) ecl uct 

3 70 clear, colorless slarl spot (educt) educt 

4 70 24 clear, slightly yellow start spot (educt) ecluct 

5 100 clear, colorless start spot ( eclucl) educt 

6 100 24 clear, s li ghtly yellow start spo l ( educl) educt: 461 

7 180 clear, sa lrnon start spo t 461 , ecluct, 419 

8 180 24 clear, brownish start spot 461, educt, 419 

8.1.6.1.2. Conclusion 

The thermolysis experiments in diisopropyl elher (Table 8-13) showed no changes at all at 

temperatures of 40 °C and 70 °C (entries 1 - 4). At 100 °C, educt 206 was still the dominant 

peak in the ESI-MS spectrum (m/z = 401 [M+ (cation)]) , but a tiny peak al 111/z = 461 could also 

be seen (entry 6). Heating to 180 °C led to a color change. When heated for 1 h at 180 °C (entry 

7), the peak at 111/z = 401 became smaller, while the one at 111/z = 461 got bigger. A heating time 

of 24 h showed m/z = 461 being the main peak, while 111/z = 401 nearly cli sappearecl ( entry 8). 

How coulcl the peak at 111/z = 461 be explainecl? 
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8.1.6.1.3. Analyses 

First, the reaction was repeated on a bigger scale. In order to separate the presumably ionic 

mixture, first TLC and HPLC attempts were conducted with various solvents, followed by 

preparative TLC on si lica and on RP-18 plates in a glove box. However, mainly educt or non

identifiable decomposition products could be isolated. 

The mass increase of ~ (m/z) = +60 could be explained by add ition of one molecule of iso

propanol. An analogous addition of methanol was already observed: The methyl-azaenediyne 

206 was readily converted into its methanol-adduct 207, and iso-propanol should show a similar 

reactivity. 

To test whether the employed diisopropyl ether remained stable under the thermolysis condit ions 

or possibly transformed into a small amount of iso-propanol and propene, neat samples of diiso

propyl ether were heated under analogous conditions as the reaction mixtures (for detai ls, see 

Experimental Section, Chapter 11.3.6 and Subchapters). Yarious GC/MS ana lyses, however, 

showed no trace of iso-propanol. The heated sample also showed no color change, and no smell 

of propene cou ld be detected. 

8.1.6.2. Thermolysis of the Methylated, Perfluorinated Azaenediyne 206 in 

Chlorobenzene with TEMPO (210) 

8.1.6.2.1. Results 

Table 8-1 4: Thermo lys is resu lt s of the methy lated, perfl uor in ated azaenediyne 206 in chloro-

benzene with 1 eq o r 3 eq of TEMPO (210) 

# temp. time appearance of TLC ESI-MS 

[OCJ [h] solution 

70 clear, salmon sta.rt spot, TEMPO ecluct; 140, 558 

2 70 24 clear, orange start spot, TEMPO, other spots 558, 140; educt, 4 19 

3 130 clear, salrnon start spot, TEMPO, other spots 4 19, 140, 142, other 

peaks 

4 130 24 clear, brown starr spot, TEMPO, other spots 4 19, 142, other peaks 

5 240 clear, li ght brown start spot, TEMPO, other spots 142, other peaks 

6 240 24 clear, clark brown start spot, other spots, TEMPO (weak) 142, other peaks 
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8.1.6.2.2. Conclusion 

Freshly prepared solutions of azaenediyne 206 in chlorobenzene with 1 eq or 3 eq of TEMPO 

(210), respectively, showed a salmon color. Thennolyses with 1 eq and 3 eq of TEMPO (210) 

gave identical results. 

When heated at 70 °C for 1 h (Table 8-14), mainly educt was detected, apart from tiny peaks at 

m/z = 140 and mlz = 558 (entry 1). When heated for 24 h (entry 2), however, the peaks at 111/z = 

558 and m/z = 140 became the main peaks in the spectrum, but also 111/z = 401 (cation mass of 

the educt) and m/z = 419 could be seen. 

At temperatures of 130 °C (entries 3 - 4) , several peaks were found in the ESl-MS spectra. The 

peaks at mlz = 140 and at 111/z = 142 were from TEMPO-fragments.xv The peak at 111/z = 419 

derived from educt and is a water adduct (m/z = 401 is from [M+ (cation)], and 111/z = 419 from 

[M+ (cation) + 18 (H20)]). 

Temperatures of 240 °C (entries 5 - 6) led to a color increase of the therrnolysi s rnixtures. The 

ESI-MS analyses showed several peaks indicating decomposition , however, fragments frorn 

TEMPO (210) could be detected at 111/z = 142. 

8.1.6.2.3. Analyses 

The thermolysis experiments carried out at 70 °C for 1 h, and especially for 24 h (entry 2, Table 

8-14) showed an interesting peak at 111/z = 558. This mass corresponds to the educt cation rnass 

(m/z = 401) plus the mass of TEMPO (210) (111/z = 156) plus the mass of a proton. While 

Grissom262 et al. reported the addition of two equivalents of TEMPO (210) to enediyne arenes 

under similar conditions, a peak corresponding to that respective mass was not found. However 

- due to possible steric reasons - also only one equivalent of TEMPO (210) could be added to 

azaenediyne 206 (Figure 8-5). 

" TEMPO (210) and its respec tive decomposition products appeared in the ESI -MS spectrum as follows : 111/z = 156 

[M•]. 140 [M• - 16 (0 )] or 142 [M • - 16 (0) + 2 (2 H)]. 
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Figure 8-5: Potential mono aclclucts of the methylatecl azaenecl iynes 206 ancl 208 with 

TEMPO (21 0) ancl potential subseq uent clegraclation proclucts (an ions omittecl for 

c larity) 

As shown in Figure 8-5, addition of one moiety of TEMPO (210) and a hydrogen radical to 206 

could lead to the isomers 217 and 218, respectively. These would show a mass of m/z = 558. The 

mono adducts 217 and 218 could then fragment (and add a hydrogen atom) to give a compound 

with the mass mlz = 419. Imaginable for this mass would be the isomeric carbonyl compounds 

219 and 220, as weil as the isomeric phenols 221 and 222. 
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On the other hand, a daughter MS spectrum of the mass at mlz = 558 gave no further hints. The 

intensity was relatively low, and daughter peaks at 111/z = 401 and 111/z = 156 could barely be 

seen. 

This suggests the peak at 111/z = 558 deriving from a gas phase adduct (educt cation mass plus 

TEMPO mass plus 1 ). A further indication for a gas phase adduct could be lhat 111/z = 558 was 

also detected at more gentle conditions (heating at 70 °C for J h, see entry 1 in Table 8-14). 

lf azaenediyne 206 underwent Bergman rearrangement to form a compound like 217 or 218, 

respectively, it remains unclear from where the hydrogen in the product was abstracted (compare 

experiments in deuterated solvents below). 

8.1.6.2.4. Scaling up some Thermolysis Experiments of the Methylated Aza-

enediyne 206 - The Search for Assumed Cyclization Products 

In order to obtain more thermolyzed material, the reaction conditions described in entry 2 (see 

Table 8-14) were repeated for a 50 mg-scale of azaenediyne 206. The following resulls were 

obtained in furlher experiments: 

Changing the Amount of TEMPO (.llQ) 

The thermolysis was conducted with 1 eq, 3 eq and 6 eq of TEMPO (210). Even the 6 eq-excess 

of TEMPO (210) did not lead to increased product-formation. In all cases, still tiny amounts of 

educt 206 could be detected. 

Exploring Deuterated Solvents 

The solvent chlorobenzene was replaced by its perdeuterated analogue [05]-chlorobenzene and 

the sample healed to 70 °C for 24 h. However, no uptake of deuterium could be seen in lhe 

ESl-MS. The reaclion was also caITied out with 1 eq, 3 eq and 6 eq of TEMPO (210). 

In another attempt, chlorobenzene was replaced by deutero-dichloromethane. This experiment 

should not only aid in subsequent crystallization attempts , but also clarify whether a deuterium

uptake took place. The same ESl-MS spectrum was obtained, and no uptake of deuterium could 

be seen. 

These experiments excluded the solvents as potential hydrogen donors: No deuterium uptake or 

olher characteristic mass differences were observed. 
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Separation Attempts by Chromatography 

Several attempts in order to isolate the compound with the peak at m/z = 558 or its possible 

degradation products were carried out. The difficulty that had to be faced here was the separation 

of an ionic mixture of compounds. 

Preparative TLC separations were carried out on silica plates and on RP-18 plates with a huge 

variety of eluents. The separations using water-free eluent mixtures were also repeatecl in a glove 

box with absolute solvents and previously dried preparative TLC plates. Additionally, analytical 

TLC was clone on CN plates and on alumina plates. 

Other attempts were made using HPLC on silica and on RP-18 cartridges. Also column chroma

tography using Sephadex was clone. 

Only in case of the employment of acetonitrile (or even a mixture of acetonitrile ancl water) on a 

RP-18 phase, a partial separation could be achieved. However, no fraction was pure - in all 

cases numerous peaks were found in the ESl-MS analyses: 

• A fraction containing a peak with the mass at mlz = 558 was not found. 

• Degradation products of TEMPO (210) were found in all fractions. These appeared at 111/z = 

140 and mlz = 142 in the ESI-MS. A control experiment consistecl in heating TEMPO (210) 

in neat chlorobenzene for 24 h, which gave the same result: The molecular ion peak at m/z = 

156 [M+ (TEMPO)] disappearecl , and the following peaks were found: 142 [M+ - 16 (0) + 2 

(2 H)] ancl 140 [M+ - 16 (0)]. 

lt is noteworthy that spraying a freshly prepared solution of TEMPO (210) gave a different 

fragmentation pattern: 111/z= 156 [M+ (TEMPO)], 157 [M•+ 1 (H)] , 123 [M•- 33 

(NH 20H)], which is consistent with literature data. 201 

• A main peak with m/z = 419 was found to derive from unreacted educt (mlz = 401 [M+ 

(cation)], 419 [M+ (cation) + 18 (H20))). Also when freshly prepared educt was sprayed, 

addition of water took place after a while. 

Therefore, the peak at m/z = 419 is unlikely derived from a supposed cyclization product 

(217 or 218, respectively) with the mass mlz = 558 , which lost the 2,2,6,6-tetramethyl

piperidinyl Fragment by cleavage of the N-0-bond. 
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Crystallization Attempts and NMR Analyses 

Various attempts were undertaken in order to obtain crystals directly from the thermolysis 

mixtures. Those included direct precipitation attempts from the reaction mixture ancl cliffusion

controlled crystallizations with different combinations of solvents. Usually, oil s showing 

mixtures were obtainecl (see Experimental Section, Chapter 11.3.7.3). 

In a case employing clichloromethane and n-pentane as solvents, however, crystals were 

obtainecl. The X-ray analysis clemonstratecl that the substance was the salt 2.2,6,6-telramethyl 

piperidinium tetrafluoroborate (223), in which the piperidiniurn rnoiety showed chair confor

rnation (Figure 8-6). 

0 

()-' 

BF4 

223 

Figure 8-6: Formula of 2,2 ,6,6- tetramethyl-piperidinium tetrafluoroborate (223) and its 

X-ray structure (ORTEP-3 diagram) 

The X-ray data were in agreernent with literature data for the chloricle salt. 264
' comparc 

265 

Piperidiniurn salt 223 was formed upon degradation of TEMPO (210). In the ESI-MS, the 

co1Tesponding cation rnass was found tobe m/z = 142. 

NMR analyses usually failed because of rernaining TEMPO (210). TEMPO (210), as a free 

radical , is pararnagnetic and caused extreme line broadening in the NMR spectra clue to 

increasecl relaxation tirnes. 
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8.1.6.3. Thermolysis of the Methylated, Non-Fluorinated Azaenediyne 208 in 

Diisopropyl Ether 

8.1.6.3.1. Results 

Table 8-15: Therrnoly s is results of the rnethylatecl , non-fluorinated azae necliyne 208 in diiso-

propyl ether 

# temp. [0 C] time [h] appearance of solution TLC ESI-MS 

70 clear, slightly yellow start spot ( ecluct) eclucl 

2 70 24 clear, slightly yellow start spot (ecluct) educt 

3 100 c lear, slightly yellow start spot (ecluct) educt 

4 100 24 clear, slightly yellow start spot ( ecluct) educt; 389, 374 

5 180 clear, yellow start spot ( ecluct) educt, 389 

6 180 24 clear, yellow start spot ( educt) educt, 389, 374 

8.1.6.3.2. Conclusion 

Heating to 70 °C for 1 h or 24 h in dii sopropyl ether (Table 8-15) showed no changes at all , nor 

did heating to 100 °C for 1 h (entries 1 - 3). At 100 °C and 24 h (entry 4), additional small peaks 

at m/z = 389 and m/z = 374 could be seen. At a temperature of 180 °C, educt 208 was still the 

dominant peak in the ESl-MS spectrum (111/z = 329 [M+ (cation)]) , but also peaks at m/z = 389 

and 111/z = 374 could be seen . Heating to 180 °C also led to a color change. 

How could the peak at 111/z = 389 be explained? 

8.1.6.3.3. Analyses 

Like for the thermolysis sample of its pertluorinated analogue 206, the reaction was also scaled

up. Preparative TLC on silica and on RP-18 plates as well as other separation attempts, however, 

yielcled mainly ecluct or non-iclentifiable decomposition proclucts. 

As in the clii sopropyl ether-thermolysis of 206, the peak at mlz = 389 also showecl a mass 

increase of ~ (m/z) = +60 compared to the educt mass (111/z = 329). Thi s coulcl be explained by 

addition of one molecule of iso-propanol, although it was already found out that diisopropyl 

ether remained stable under the employecl conditions and did not form iso-propanol ancl propene 

(for details , see Experimental Section, Chapter 11 .3.6 and Subchapters). 
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8.1.6.4. Thermolysis of the Methylated, Non-Fluorinated Azaenediyne 208 in 

Chlorobenzene with TEMPO (210) 

8.1.6.4.1. Results 

Table 8-16: Thermolysis results of the methylated, non-fluorinated azaenediyne 208 in 

chlorobenzene with 1 eq or 3 eq of TEMPO (210) 

# 

2 

3 

4 

5 

6 

temp. 

[°C] 

70 

70 

130 

130 

240 

240 

time appearance of 

[h] solution 

clear, salrnon 

24 clear, orange 

clear, dark orange 

24 clear, brown 

clear, brown 

24 clear, dark brown 

8.1.6.4.2. Conclusion 

TLC ESI-MS 

starr spot, TEMPO educ t 

start spot, TEMPO educt ;486, 346, 140 

starr spot, TEMPO, other spots educt; 486, 346, 140 

start spot, TEMPO, other spots 142, other peaks 

starr spot, TEMPO, other spots 142, other peaks 

starr spot, other spots, TEMPO 142, other peaks 

Thermolyses of azaenediyne 208 with 1 eq and 3 eq of TEMPO (210) gave identical results . 

When heated at 70 °C for 1 h (entry 1, Table 8- 16), only educt was detected. Heating to 70 °C 

for 24 h and 130 °C for 1 h (entries 2 and 3) still showed educt as the main peak at 111/z. = 329. 

Additionally, small peaks at 111/z = 486, m/z = 346 and 111/z = 140 were found. 

Higher temperatures and langer reaction times (entries 4 - 6) led to several peaks due to decom

position products. A peak at mlz = 142 was supposed to derive from piperidinium salt 223 (see 

Figure 8-6), which was already detected in the thermolysis experiments of 206. 

8.1.6.4.3. Analyses 

An interesting peak was found at m/z = 486 (see entries 2 and 3, Table 8-16). This mass 

corresponds to the educt cation mass (111/z = 329) plus the mass of TEMPO (210) (m/z = 156) 

plus the mass of a proton (see the isomeric compounds 224 and 225 in Figure 8-5). In case of the 

pertluorinated azaenediyne 206, an analogous peak was found at mlz = 558. 

A daughter MS spectrum of the mass at 111/z = 486 showed peaks at mlz = 329 and mlz = 156, 

although the intensity was relatively low. Therefore, m/z = 486 could simply derive from a gas 

phase adduct (educt cation mass plus TEMPO mass plus 1 ). What is more, no hints for the 
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imaginable isomeric carbonyls 226 and 227 or the isomeric phenols 228 and 229 were found, as 

a peak with the con-esponding mass (at m/z = 347) could barely be detected (see Figure 8-5). 

As for the thermolysis mixture of azaenediyne 206, the conditions given in entry 2 and 3 (Table 

8- 16) were repeated for a bigger scale of 208. 

Upon separation attempts by chromatography (preparative and analytical TLC, HPLC and 

column chromatography, see Experimental Section, Chapter 11.3.7.2), apart from fragments of 

TEMPO (210), mainly unreacted educt 208 could be recovered from impure mixtures (mlz = 329 

[M+ (cation)]). A fraction containing a peak at m/z = 486 was not found . Crystallization attempts 

failed as weil. 

Changing the amount of TEMPO (210) (1 eq, 3 eq and 6 eq) did not lead to increased product

formation. Upon replacement of the solvent chlorobenzene with [05]-chlorobenzene or deutero

dichloromethane, no uptake of deuterium could be seen in the ESI-MS. 



8. TRAPPING AND COLLISION E XPERIMENTS 

8.2. Collision Experiments and Trapping Experiments 

in the Gas Phase 

8.2.1. Introduction and Overview 

173 

Collision experiments were carried out on a modified Finnig{111 MAT TSQ 700 mass 

spectrometer, equipped with an ESI source. The principle was that proclucts that were formed 

upon collision or reac tion in the gas phase could be directly mass-anal yzecl . A 10-5 M so lution of 

the respecti ve azaenediyne in dichloromethane was sprayed into the ES!-MS . All analyses were 

carried out in the cation mocle. The collision potential of the ions coulcl be changed within a 

range of -200 V to +200 V (leading to different collision energies; the higher the acccleration of 

the ions, the more energy is clelivered on impact) . 

After the spray process via a capillary, clesolvation and focusing, the ions enterecl the 24-pole

region, where the first gas phase reactions could be carriecl out. The res idence time in thi s region 

(collision cell) was about 10 ms, and pressures up to 10 mTorr were possible (the hi gher the 

pressure, the hi gher the probability of a collision). In the acljacent quadrupole, a mass scan or 

first mass selection could take place. The daughter ion mode permitted the selection of ions with 

a specific mass-to-charge ratio. 

Afterwards, the ions entered the 8-pole, which served as a seconcl reaction or collision chamber. 

The selected ions then could be collided with an inert gas leading to a collision induced 

dissociation (CID) or with a reactant gas. In the 8-pole-region, the duration of stay was with 

< 1 ms (about 10 - 100 µs) shorter than in the 24-pole-region. The maximum allowed pressures 

were also lower than in the 24-pole. 

After passing through the 8-pole-region, the ions entered the second quadrupole and finall y hit 

the detec tor.266
· 

267 

In some of the ESI-MS spectra of the investigated azaenediynes, occasionally a peak 

corresponcling to a mass at 111/z = M' + 2 was found. This mass could derive from the biradical, 

which picked up two hydrogen atoms. The intensities were very low, ancl it was unclear whether 

the peaks formed part o f the iso topi c pattern, so that collision experimen ts were concluc ted in 

order to clarify the or igin of those peaks. 
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8.2.2. Collisions with Argon and Xenon as Inert Gases 

As inert collision gases, argon (M11r = 40) and xenon (Mx0 = 131) were employed. 

Because of its higher molecular mass, xenon transmits more energy upon collision (due to the 

physical equations of conservation of momentum and center of mass) and therefore a reaction 

occurs more likely.266 

The collision experiments were carried out in the 8-pole-region. 

Table 8-17: Results of the 8-pole-collision experiments of various azaenediynes employing 

various pressures of argon and xenon as inert gases 

# Azaenediyne / Selected m/z p (Ar) [mTorr] m/z p (Xe) [mTorr] m/z 

198 / 387 [M+ + 1 (H)] 0 387 0 387 

2 198 / 387 [M+ + 1 (H)] 387 

3 198 / 387 [M+ + 1 (H)] 10 387 10 387 

4 199 / 315 [M+ + 1 (H)] 0 315 0 315 

5 199 /315 [M+ + 1 (H)] 10 315 10 315 

6 206 / 401 [M+ (cation)] 0 401 0 401 

7 206 / 401 [M+ (cation)] 401 

8 206 / 401 [M+ (cation)] 10 401 10 401 

9 208 / 329 [M+ (cation)] 0 329 0 329 

10 208 / 329 [M+ (cation)] 10 329 10 329 

Concerning the collisions with argon, at higher collision energies as weil as at higher pressures, 

the selected mass usually disappeared, or the signal-to-noise ratio got worse. No hints for 

cyclization products could be seen (see Table 8-17). Analogous results were obtained upon the 

employment of xenon. 

The highest collision energy used was 120 eV (offset = -123 V). The center of mass-energies in 

the collision experiments were calculated to be between 251.0 kcal·mol- 1 and 311.8 kcal ·mol- 1 

(depending on the particular azaenediyne) for the collisions with argon, and between 

681.4 kcal·mol- 1 and 812.8 kcal·mol- 1 for the collisions with xenon (see Experimental Section, 

Chapter 11.4 and Table 11-1 , for details). The center of mass-energy is the kinetic energy 

(released upon impact of the collision partners) that maximal can be converted into internal 

energy - and therefore is available for cyclization or fragmentation reactions.266 
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8.2.3. Collisions with Chloroform and Deutero-Chloroform as Donors 

Collision experiments were also carried out with chloroform as a hydrogen clonor and cleutero

chloroform as a cleuterium clonor. Upon collisions, these solvents could transmit hydrogen or 

cleuterium to the presumably formed biradical. In the spectra was searchecl for peaks with a mass 

increase of /';. = +2 or /';. = +4, respectively. 

Experiments in the 8-pole-region showecl no other peaks than the respectivc cation mass , ncither 

for higher collision cncrgies. The cluration of stay in the 8-pole-region was probably too short in 

orcler to observe a biradical formation with subsequent abstraction of hydrogen or deuterium. 

Hence, the experiments were repeatecl in thc 24-pole as weil. 

Table 8-18: Results of the 24-pole-collision expcriments of various azaenediynes ernp loying 

various pressures of CHC1 3 and CDCl 3 as donor gases 

# Azaenediyne / m/z p (CHCl3) mlz p (CDCl3) 111/z 

[mTorr]"; [mTorr]"; 

198 / 387 [M+ + 1 (H)] 0 387 0 387 

2 198 / 387 [M+ + 1 (H)] 1000 387 840 387; 391 (weak) 

3 198 / 387 [M+ + 1 (H)] 1200 387; 391 (stronger) 

4 199 / 315 [M+ + 1 (H)] 0 3 15 

5 199 / 315 [M+ + 1 (H)] 1190 315; 317 

6 206 / 40 1 [M+ (cation)] 0 401 0 401 

7 206 / 401 [M+ (cation)] 1190 401 1170 401 ; 403 

8 208 / 329 [M+ (cation)] 0 329 

9 208 / 329 [M+ (cation)] 1170 329 

Without using chloroform or cleutero-chloroform as a collision gas, no increase of mass could be 

seen at all (Table 8-18, entries 1, 4, 6, 9). Upon rising the pressure, however, in some cases other 

small peaks coulcl be cletectecl. Entries 5 ancl 7 show for the collisions with CDC!, - apart from 

thc ecluct mass - a tiny peak with a mass difference of /';. = +2, which coulcl not be explainecl. 

The only hint for an abstraction of cleuterium gave entries 2 ancl 3: A small peak at 111/z = 391 

suggestecl the uptake of two cleuterium atoms from a biradical cleriving from 198 (m/z = 387). 

"' Here. the source pressure is given. The pressure in the collision cell was lower. 
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8.2.4. Collisions with Nitrogen Monoxide as a Radical Trap 

Ni1rogen monoxide (•N=Ü) is a radical gas. Similar to the trapping experiments with TEMPO 

(210) in the liquid phase, nitrogen monoxide could act as a gaseous radical trap in the ESl-MS. 

Roth268 and Hopf et al. conducted a gas phase thermolysis of enediyne 4 at temperatures between 

177 °C and 218 °C in a glass apparatus. 269 They used nitrogen monox ide-partial pressures of 

0.27 mbar - 4 .94 mbar (202.52 mToIT - 3.71 Torr) in presence of 1000 mbar (750 Torr) o f the 

inert gas sulfur hexafluoride (SF5). As a trapping product of biradical intermediate 5, they found 

compound 230 (Figure 8-7). 

• 

0 
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+ 2 •NO Q 
NO 
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Figure 8-7: Employment of nitrogen monoxide as a gaseous radical trapping agent by Roth 

ancl Hopt"68
' 

26
'' 

Table 8- 19: Results o f the 24-pole-collision experiments of various azaenecliynes emp loy in g 

va ri ous press ures of NO as a raclical trap 

# 

2 

3 

4 

5 

6 

Azaenediyne I m/z 

198 / 387 [M+ + 1 (H)] 

198 / 387 [M+ + 1 (H)] 

198 / 387 [M+ + 1 (H)] 

206 / 401 [M+ (cation)] 

206 / 401 [M+ (cation)] 

206 I 401 [M+ (cation)] 

p (NO) [mTorr] mlz 

0 387 

1.8 (collision energy = 50 eY) 387 

1.8 (colli sion energy = 100 eY) 387 

0 401 

1.8 (co llision energy = 50 eY) 40 1 

1.8 (collision energy = 100 eY) 401 

In the experiments carried out here, the collision cell did not allow pressures exceeding 

10 mTorr. As can be seen in Table 8-19, no trapping products could be detected, neither at 

hi gher colli sio n energies. 
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8.2.5. Collisions with Molecular Hydrogen in the LCQ 

The collisions with hydrogen were performed on a Finnigan MAT LCQ mass spectrometcr 

equipped with an ESI source. The LCQ is an ion trap devicc, and thcrcforc allowed Ionger 

residence times (ca. 50 ms) of the ions in the analyzer region . The idea was to substitute heliurn 

- the standard gas used for daughter spectra after selecting a mass - with hydrogen in order to 

induce cyclization and to see an uptake of hydrogen. Dichlororncthanc was used as a spraying 

solvent. The gas pressure in the mass analyzer cavity was ca. 10 mTorr. 

Table 8-20: Results of the collision experiments of various azacnecliynes e mploying 

molecular hydrogen as a collision gas 

# Azaenediync / mlz mlz (collision energy < 80 %) 111/z (collision cnergy > 80 %) 

198 / 387 [M+ + 1 (HJ] 387 rragn1entation products 

2 199 / 315 [M+ + 1 (H)) 315 fragmentation products 

3 206 / 401 [M+ (cation)] 401 fragmcntation proclucts 

4 208 / 329 [M+ (cation)] 329 rragmentation proclucts 

As can be seen in Table 8-20, in no case an uptake of hydrogen could be observcd. Collision 

energies higher than 80 % led to several fragmentation products , ancl below 80 % still the mass 

of the educt cation could be detected. 
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9. Discussion of Results: Achievements 

and Summarizing Overview 

9.1. Syntheses of Azaenediynes - Conclusion 

9.1.1. Conducted Approaches 

In order to synthesize stable azaenediynes based on an irnidazole or a benzirnidazole core, 

several approaches were put into execution. Concerning the attachrnent of an alkynyl rnoiety to 

position N-1 of an irnidazole systern, the best rnethod was the use of alkynyl cation equivalents 

on an irnidazolate-type anion as a nucleophile. Atternpts to build up the triple bond with the 

aldehyde approach, via a coupling reaction or via a base catalyzed isomcri zat ion rcaction wcre 

not successful. 

In order to build up a triplc bond at position C-2 of a benzi rnidazole systern, the conductcd 

coupling reactions gave low yields. Yarious condensation approaches employing propargyl 

aldchyde with u,u'-diketones plus an ammonia donor or with a 1,2-diami nc lcd to unsatisfying 

results. Thc condensation of a 1,2-diamine with an imidate salt, howevcr, formcd part of the final 

pathway. 

9.1.2. The Final Synthetic Strategy 

A generally applicable synthetic strategy leading to stable C,N-bisalkynylated benzimidazole

azaenediyncs was dcvelopcd. The universal applicability is due to the fact that the substitution 

pattern of the particular building blocks - the imidate salt and thc 1,2-diamine - can be changed. 

This allows a furthcr tuning of properties of the target molecules. 
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Figure 9- 1: The u ltimate sy nt het ic st rategy fo r the pre para tion of benz imidazo le-based aza

e ned iynes - Part 1: Preparat ion of the pheny le thy ny l-benz imidazo les 

The defin it ive synthetic pathway for the alkynyl moiety at C-2 started from purchasable phenyl

propiolic acid (177) (see Figure 9-1 ). Via its ac id chloride 178, carboxylic acid 177 was 

converted into the ac id amide 179. The latter one was obtained in a yield of 76 %. Subsequent 

treatment of am ide 179 with Meerwein's salt triethyloxoniu m tetratl uoroborate gave imidate 
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tetralluoroborate 180 in 82 % yield. lt is noteworthy that instead of 177, also olher subsliluled 

propiolic acids could be used in order to employ an imidate with a different subslilution paltern 

in posterior synthetic steps (compare also Figure 10-1 and Figure 10-2). 

The synthesis of lhe benzimidazole core started from the aromatic 1.2-diamines 165 or 91. 

respectively (see Figure 9-1 ). However, in order to design a different substitution pattern al the 

benzimiclazole system, also a differently substituted 1,2-cliamine coulcl be employecl. 

For the preparation of phenylethynyl-benzimiclazole 109, simply purchasable o-phenylcne

diamine (165) coulcl be used. Conclensation with imiclate 180 gave 109 in 37 % yielcl ; inter

mediate 197 was obtained in 20 % yield. The conclensation reaction is the intersection point of 

two parallel syntheses. 

For the pertluoro-pathway, first the perlluorinated J ,2-cliamine 91 hacl to be synthesizecl. This 

was carried out by lransforming pentatluoro-nitrobenzene (184) into nitro-compouncl 185 (66 % 

yielcl), which was then reclucecl to give the pertluorinatecl 1,2-cliamine 91 in 67 % yielcl. Conclen

sation of 91 with 180 lecl to the pertluoro-phenylethynyl-benzimiclazole 191 in a yiclcl or 21 %. 

As a byprocluct, the interesling perfluorinatecl benzocliazepine 196 was isolatecl in 16 % yielcl. 

The low yielcls in the conclensation steps coulcl partially be explainecl wilh siele reactions; lhe 

formation of byproclucts could be elucidatecl mechanistically. 

Heterocyclic azaenecliynes were finally designecl by using the alkynylioclonium salt 69 as an 

alkynyl cation equivalent on the particular phenylethynyl-benzimiclazole (191 or 109, respec

tively. see Figure 9-2). The perfluorinated azaenecliyne 198 was obtainecl in a yield of 53 %, ancl 

its non-fluorinatecl analogue 199 in 50 % yielcl. 

The conversion of the parent azaenecliynes into their methylated derivatives was realizecl by 

employment of Meerwein's salt trimethyloxonium tetrafluoroborate. The perlluorinatecl, 

methylatecl azaenecliyne 206 coulcl be proclucecl in a yielcl of 75 %, ancl the non-lluorinatecl benz

imidazolium tetratluoroborate salt 208 in 98 % yield (Figure 9-2). 
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Figure 9-2: T he ultimate synt het ic strategy for the preparation of benzimiclazo le-based aza

e nediynes - Part II : Preparation o f azaenecl iynes and methyl-azaened iynes 

lnteresti ng ly, methanolysis of meth yl-azaenediyne 206 gave compound 207 in a yie ld of 77 %. 

Methanol d id no t onl y a tt ack as a nucleophile, but a lso induced cleavage o f the tri methylsilyl 

group. 
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9.1.3. Novel Compounds 

The aim of this work was to synthesize azaenediynes that were stable under thcrmolysis 

conditions. This objective was achieved with the synthesis of the novel compounds shown in 

Figure 9-3. 

F 

'*" o=N~ 1 ~ ~ Ph Ph 
F ~ N N 

F ~ ~ 
Si(CH3)3 Si(CH 3) 3 

198 199 

~fH,BF, o=,f.H,BF, 
F N+ 

~ - Ph ~ Ph 

F N N 

F ~ ~ 
Si(CH3)3 Si(CH3) 3 

206 208 

Figure 9-3: Novel, stable and fully characterized heterocyclic azaenecliynes prepared in this 

thesis 

The perfluorinated azaenediyne 198 was the first representative of the novel class of benzimid

azole-based, heterocyclic azaenediynes. This class features alkynylimines with a triple bond at a 

nitrogen atom, which forms part of a benzimidazole system. The second nitrogen atom acts as an 

acceptor for activators, triggering the Bergman rearrangement. 

Methylation of 198 gave the perfluorinated methyl-azaenediyne 206, which showed an 

interesting chemistry. However, protonation and ethylation attempts in order to obtain a more 

reactive compound failed. 

After the construction of the tluorinated systems, also the non-tluorinated azaenediyne 199 and 

its methyl derivative 208 were prepared. 
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The parent azaenediynes 198 and 199 (see Figure 9-3) turned out to be extremely stable in air 

and water, and especially under thermolysis conditions. The methylated analogues 206 and 208 

were more sensitive to hydrolysis, but still showed sufficient stability in thermolysis 

experiments. All azaenediyne compounds were completely characterized and their reactivity and 

behavior in thermolyses investigatecl in extenso. 

Several other compouncls were preparecl cluring the investigations concerning the best synthetic 

pathway or the exploration of reactivity. Novel ancl fully characterizecl compouncls synthesizecl 

in the course of this thesis are presentecl in Figure 9-4. 

F*F"' N~>-~~Ph 
F // N 

H 
F 

191 

OE! 

Ph ~ + _ 
NH2 BF4 

180 

Figure 9-4: Miscellaneous novel ancl fully characterizecl compounds preparecl in this thesis 
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Partially characteri zed. but novel compounds prepared within the framework of th is thes is are 

shown in Figure 9-5. 
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Figure 9 -5: Mi scell aneo us nove l and pa rti a ll y c harac te ri zed co mpo un ds prepared in thi s 

thesis 
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9.2. Reactivity Considerations of the Synthesized Azaenediynes 

The protonation attempts of azaenediynes 198 and 199 were undertaken in order to obtain more 

reactive compounds for the Bergman cyclization (see Introduction, Chapters 6.3.5 and 6.3.6). 

However, no protonated products could be isolated, and all in siru-protonations led to decom

position of material or did not show convincing results. Hoffner91 neither was able to 

satisfactorily show an activation caused by protonation. 

A brilliant idea was then that a methyl group should have the same electronic effect as a proton. 

Therefore, methylation reactions were carried out, leading to the stable methyl-azaenediynes 206 

and 208 (see Figure 9-6) . 

A comparison of the Bergman rearrangements of the non-methylated azaenediynes 198 and 199 

with the methylated ones (206 and 208) is shown in Figure 9-6: Upon cyclization, in both cases 

- 233b / 234b and 23lb / 232b - a resonance structure with an aromatic sextet in the newly 

formed ring can be drawn. However, structure 231b / 232b is unfavorable due to separated 

charges. In 233a / 234a and 231a / 232a those rings are not aromatic . 
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Figure 9-6: Comparison of the resonance formulae of the non-methylatecl ancl the methylatecl 

azaenecliynes (the tetrafluoroborate anion was omittecl for clarity) 

As a consequence, the methylatecl species 206 and 208 were expected to undergo Bergman 

cyclization more readily than 198 and 199. And because of their increased stability, the bi

radical s 233 / 234 were expected to show better hydrogen abstraction ability than 231 / 232. 



9. ÜISCUSSION OF RESULTS: ACHIEVEMENTS AND SUMMARY 

9.3. Thermolysis Experiments in the Liquid Phase (in 

Solution) - Conclusion 

9.3.1. Thermolyses of the Azaenediynes 198 and 199 

188 

The pertluorinated azaenediyne 198 turned out to be extremely stable under all tested 

thermolysis conditions. No hydrogen abstraction or addition of solvent fragments were observed 

upon heating in diisopropyl ether up to 180 °C and for 48 h. Heating in 1,4-dioxane (up to 

210 °C, 48 h) and 1,4-cyclohexadiene showed the same results, however, these solvents were 

found to give decomposition products at higher temperatures and therefore were not used in 

further attempts. 

Heating in neat chlorobenzene as weil as in chlorobenzene with 1 eq or 3 eq of TEMPO (210) 

(both up to 240 °C and 48 h) neither showed any hints for cyclization. Only educt and TEMPO 

(210) were detected. 

Even heating a sample of 198 in diisopropyl ether in an excess of water for 24 h at 120 °C did 

not destroy the compound. The starting material could be recovered. 

Like its pertluorinated analogue 198, the non-tluorinated azaenediyne 199 turned out to be 

present under all conditions in diisopropyl ether. lt was not destroyed at higher temperatures and 

longer reaction times. The only observed changes consisted in weak start spots on the TLC 

plates, some additional peaks in the GC/MS and ESl-MS and slight color changes of the reaction 

mixture when heated to l 80 °C for 24 h. Tue results did not point at cyclization products , but 

rather at decomposition products derived from burned material at the tube walls. 

When compouncl 199 was heated in chlorobenzene with 1 eq ancl 3 eq of TEMPO (210), even at 

temperatures up to 240 °C no cyclization products could be detected. Apart from unidentifiable 

clecomposition proclucts in negligible amounts, mainly educt 199 ancl TEMPO (210) were 

cletected. 
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9.3.2. Thermolyses of the in situ-Protonated Azaenediyne 198 

Various acids were added directly before heating the samples in pressure tubcs. The thermolysis 

experiments of the in situ-protonated azaenediyne 198 showed, at gentle conditions ( 1 eq of acid , 

relatively low temperature, short reaction time), either educt on the TLC plates or in a GC/MS 

analysis, or protonated educt in the ESI-MS . At higher temperatures , longcr reaction times or 

when an excess of acid was used, usually decomposition and loss of material took place. No 

evidence was found for a cyclization induced by protonation. 

The conditions employed were diisopropyl ether with tritlic acid ( 1 eq and 20 eq. with and 

without buffer), and diisopropyl ether with l eq of tritluoroacetic acid. At harsh conditions even 

diisopropyl ether was destroyed, forming propene. Also 1,4-dioxane with 1 eq of triflic acid or 

with 1 eq of deutero-hydrochloric acid was used. Harsh heating led to clestruction of azaenecliyne 

198. Another experiment using 1 eq of tritluoroacetic acid on a solution of azaenecliyne 198 in 

chlorobenzene with 3 eq of TEMPO (210) lecl to several clecomposition products. 

9.3.3. Thermolyses of the Methylated Azaenediynes 206 and 208 

The methylated, petiluorinatecl azaenediyne 206 turned out to be relatively stable when heated in 

cliisopropyl ether at moderate conclitions. At rough conclitions like at 180 °C for 24 h, however, 

apart from the educt at m/z = 401, additionally a peak with the mass of ~ (111/z) = +60 was 

observed. Yarious separation attempts of up-scalecl reactions dicl not leacl to the isolation of a 

substance with m/z = 461. 

A possible explanation would be the nucleophilic addition of one molecule of iso-propanol, as a 

similar methanol-acldition was observed when compouncl 206 was reacted with methanol. On the 

other hand, no such procluct coulcl be isolatecl, and various tests showecl that the employed diiso

propyl ether remained stable under the thermolysis conditions and did not transform into iso

propanol and propene. 

The non-fluorinatecl methyl-azaenediyne 208 showed a similar behavior when heated in diiso

propyl ether: lt remainecl stable at relatively gentle conditions. At harsher conclitions, apart from 

the cation mass of the educt (111/z = 329), also a peak at m/z = 389 (~ (m/z) = +60) was observecl. 

A molecule corresponcling to the peak at m/z = 389 coulcl not be isolatecl. 
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Thermolysis experiments employing TEMPO (210) as a radical trap gave the following results : 

When the methylated, perfluorinated azaenediyne 206 was heated to 70 °C for 1 h or 24 h, apart 

from educt , also peaks at mlz = 558, mlz= 140 and occasionally at mlz= 419 were detected. 

Using TEMPO (210) even in !arge excess did not affect the product distribution. 

Chromatography and crystallization attempts in order to isolate a compound with the mass 111/z = 

558 or its possible degradation products were not successful. Presumably, that compound 

occurred in a low concentration, and what is more, it formed part of an ionic mixture. 

The compound showing a peak at 111/z = 558 could be a mono-trapping product, formed upon 

acldition of a proton ancl one equivalent of TEMPO (210) to the biradical derived from 206. 

However, the source of hydrogen remained unclear. When the reaction was concluctecl in 

cleuteratecl solvents, no cleuterium uptake could be observed, which excludecl the solvents as 

hydrogen clonors. 

Another possibility would be a nucleophilic attack of one equivalent of TEMPO (210) on the 

educt, which could leacl to a similar procluct like 207. No such compound was found , though. 

Finally, a third alternative suggestecl the peak at 111/z = 558 being a gas phase adduct. A further 

inclication for a gas phase aclcluct coulcl be that mlz = 558 was also detected at more gentle 

conditions (heating at 70 °C for 1 h, see entry 1 in Table 8-14). 

At temperatures of 130 °C ancl 240 °C, mainly decomposition occurrecl. A peak at mlz = 142 was 

found to originale from piperidinium salt 223. This TEMPO-fragmentation product could be 

crystallizecl ancl characterizecl by X-ray analysis. 

A peak at 111/z = 419 in the ESl-MS spectra was mainly caused by addition of water to the cation 

of ecluct 206. 

For the methylated, non-fluorinated azaenecliyne 208, a peak at m/z = 486 suggestecl an adcluct 

consisting of the ecluct cation (m/z = 329) plus TEMPO (210) (mlz = 156) plus a proton. This 

peak was found at moderate heating for 24 h at 70 °C and 1 h at 130 °C . An analogous peak was 

also founcl for the perl1uorinatecl analogue 206 at m/z = 558. 

However, as for 206, no compound with a peak at m/z = 486 could be isolated from the reaction 

mixture. Therefore, no evidence was found for a trappecl product. The peak coulcl also derive 

from a gas phase adduct with the same mass. A daughter MS spectrum of m/z = 486 neither gave 

further hints. 
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9.4. Collision Experiments and Trapping Experiments 

in the Gas Phase - Conclusion 

191 

In gas phase experiments in a TSQ ESl-MS device, the synthesized azaenediynes 198 and 199 

and the methyl -azaenediynes 206 and 208 were collided with various reaction partncrs. The 

resulting mass spectrum was searched for products fonned upon the collisions or trapping 

procedures. 

Upon employment of argon and xenon as inert collision partners, even at high collision energies 

(leading to a huge delivery of energy on impact) and at the highest possible inert gas pressures 

(ensuring a high probability of collisions). no hints for cyclization products could bc sccn. 

The collision experiments employing chloroform and deuterated chloroform as donors should 

clarify whether a delivery of hydrogen or deuterium, respectively, took place. Gencrally, no 

peaks showing such mass increase could be found, neither at higher collision energies nor at 

higher pressures. Only in case of a collision of azaenediyne 198 with deuterated chloroform, 

occasionally a mass peak of !'i. (111/z) = +4 could be observed. 

The use of nitrogen monoxide as a gaseous radical trap showed no trapping products, but only 

the particular azaenediynes as educts. 

The substitution of helium by molecular hydrogen in a LCQ ESl-MS device was done in order to 

reproduce an occasionally observed mass of !'i. (111/z) = +2 in some daughter spectra in case of 

compound 199. No uptake of hydrogen could be observed, though. 
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9.5. Why did the Synthesized Azaenediynes not Undergo 

Cyclization Reactions at all? 

192 

The non-methylated azaenediynes 198 and 199 gave no Bergman cyclization products at all, 

protonation mainly led to decomposition and the methylated azaenediynes 206 and 208 did not 

cyclize, showed decomposition products or only in some particular cases suggested a reactivity 

that might have derived from an assumed biradical as an intermediate, respectively. However, in 

none of the cases a clear evidence for a cyclization product was found . And unfortunately, the 

concept suggesting an increased reactivity of the azaenediynes upon protonation or methylation, 

respectively, could not be proven yet. 

How could that inactivity concerning Bergman cyclization be explained? 

First of all, the bulkiness of the trimethylsilyl group attached to one of the triple bonds in all 

investigatecl azaenediynes could be a reason: Upon cyclization , a steric hindrance with the 

phenyl group at the other triple bond could occur (Figure 9-7). 

Figure 9 -7: Illustration of sterical hindrance upon cyclization o f the sy nthesized aza

e nediynes (anion omitted for clarity) 

The biradicals 23la / 232a ancl 233a / 234a could - if they are formed in the equilibrium at all -

simply unclergo the reverse reaction to form again the parent azaenediynes. 
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Secondly, Bergman cyclizalion was neilher observed in similar systems: Kerwin 98 er al. reporled 

the synthesis of the imidazole-based azaenediyne 62 (Figure 9-8). Thcy slarted from the 

activaled imidazole 60. Deprolonation and subsequent alkynylation wilh lhe alkynyliodonium 

salt 235 led to compound 61 as organohalide. 61 was then converlcd into 62 in a coupling 

reaclion using 43 as the acetylenic compound. 
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Figure 9-8: Synthesi s and cycli zation attempts of an irnidazole-based azae nediync by 

Kerwin 98 

When Kerwin98 et al. heated a solution of 62 in chlorobenzene containing an excess of 1,4-cyclo

hexadiene for 2 d at 150 °C, they found no remaining azaenediyne 62. When they analyzed the 

reaction mixture by mass spectrometry, they found a peak proposing a compound that added two 

hydrogen atoms to 62. However, they were not capable of isolating that compound from the 

complex reaction mixlure. 

Kerwin98 et al. also synlhesized 237 (see Figure 9-9). They first followed the pathway already 

described in Figure 9-8. Then, a coupling reaction using organohalide 61 and acety lenic 

compound 236, gave - after cleavage of the protecting group - compound 237 (Figure 9-9). This 

heterocyclic azaenediyne shows no steric hindrance concerning Bergman cyclization. Upon 

heating a solution of 237 in neat 1,4-cyclohexadiene for 2 d at 100 °C, they obtained two major 

products: Cyclopentapyrazine 241 and cyclopropane-cyclopentapyrazine 242 (Figure 9-9). Their 

hypolhetical explanation for these products was the following pathway: Azaenediyne 237 first 

formed biradical 238, which lhen underwent retro-Bergman cycli zalion (ring opening) to give 

lhe cyclic cumulene 239. Cumulene 239 subsequently rearranged to carbene 240, and reaction 

with 1,4-cyclohexadiene gave compounds 241 and 242. 
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Figure 9-9: Synthesis and cyclization hypotheses of an imidazole-based azaenediyne by 

Kerwin 98 

However, heating of 237 in chlorobenzene containing an excess of 1,4-cyclohexadiene for 1 d at 

100 °C led to imidazo[ 1,2-a]pyridine 244. Kerwin's98 hypothesis for the formation of 244 

features the same pathway as described above (see Figure 9-9): Once cumulene 239 is formed, it 

could also rearrange to biradical 243, which then supposedly abstracted hydrogen from 

1,4-cyc lohexadiene and chlorine from chlorobenzene to yield 244. 
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Kerwin's description98 of the abstraction of chlorine from chlorobenzene is surprising: and a ring 

opening (retro-Bergman cyclization) to the corresponding nitrile or the cyclic cumulene 239 as 

weil due to steric effects. 

In neither of the thermolysis reactions, Kerwin98 el al. were able to isolale direct trapping 

products corresponding to a putative biradical intermediate. Therefore, a second reason could be 

that the azaenediyne systems 198 and 199 as weil as 206 and 208 do not undergo Bergman 

cyclization at all - they simply do not react, decompose or react via other pathways. 

A third reason for the inactivity of the investigated azaenediynes concerning Bergman cycli

zation could be that the distance of the respective carbon atoms of the triple bonds is too !arge to 

undergo cyclization: From X-ray analyses, lhe distances d between the terminal sp-carbons were 

determined to be d = 4.1 S A for 198, d = 4.18 A for 206 and d = 4.1 1 A for 208. 

Also Nicolaou270 proposed that the distance d between the terminal acetylenic carbon atoms is a 

maJor determinant of reactivity. 271 While Nicolaou270 suggested values 01· d = 3.20 A to d = 

3.31 A being necessary for biological relevant reactivity, calculations extenclecl this range to d = 

2.90 A - d = 3.40 A. 212 

A comparison of these clistances clemonstrates that the azaenediynes prepared in the framework 

of this thesis are not prone to unclergo cyclization. 
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9.6. Perfluorinated versus Non-Fluorinated Azaenediynes -

A Comparison of Reactivity 

196 

A comparison of the perfluorinated system 198 with its non-tluorinated analogue 199 showed no 

change in reactivity - both compounds were practically inert under the thermolysis conditions. 

For the methylated azaenediynes, in the few cases suggesting a reactivity, the turnover for the 

pertluorinated 206 seemed tobe higher than for the non-tluorinated 208. However, this was only 

found by ESI-MS data. A general difference in reactivity due to the fluorine substituents was not 

found. 

An explanation could be that the distance between the fluorine atoms and the atoms directly 

involved in the Bergman cyclization was too !arge to result in an observable effect. 

Effects were published for other systems, however: Jones and Warner reported enediyne systems 

that are halogenated at the double bond to cycloaromatize more slowly than their unsubstituted 

counterparts ,271 and suggested a higher cyclization barrier for those cases. 

On the other hand, they calculated the singlet - triplet gap to decrease as halogens were added to 

a para-benzyne-structure . Chen°7 et al. elucidated the singlet - triplet gap being a measure of 

reactivity of diradicals relative to monoradicals: Non-interacting triplets show nearly radical 

reactivity, but the lower energy singlets show much lower reactivity.273 Concluding, a smaller 

singlet - triplet gap ( caused by halogenation) should lead to an increased hydrogen atom 

abstraction rate. 

A substituent in the acetylenic position274 was reported to show even a stronger effect than one in 

the vinyl position. The substitution with tluorine led to a strong activation of the enediyne 

(see27
\ 
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10. Outlook 

Several novel heterocyclic azaenediynes were synthesized and completely characterized in the 

course of this thesis. However, the azaenediynes 198 and 199 showed no reactivity concerning 

Bergman cyclization at all - they were extremely stable. 

Chen'sn creative suggestion to replace one carbon atom of the naturally occurring enediyne 

moiety with a nitrogen atom created a handle for reactivity tuning. However, protonation mainly 

led to decomposition, and the methylated azaenediynes 206 and 208 were too stable, or eise 

indicated reactivity not pointing at Bergman cyclization, respectively - the inlluence of 

methylation on the aza-Bergman reactivity could not be proven yet. 

With these results, how could the design of the synthesized azaenediynes be improved - in 

order to produce a biradical being able to abstract hydrogen atoms from DNA under physio

logical conditions? 

Generally, the unexpected stability of the benzimidazole-based azaenediynes 198, 199, 206 and 

208 does highlight a difference between the Bergman reaction of the parent enediynes and the 

chemistry of the N-analogous azaenediyne system. The novel compounds therefore represent a 

fertile area for further studies, which should encourage motivated researchers to continue 

exploring their reactivity. 

lt should not be forgotten that tumors are still amongst the main causes of death worldwide -

wirh a tendency rhat increases yearly. The lang duration of the illness and the monumental 

suffering it causes rhe patients, their relatives and friends, 1nakes ir an absolute dury for 

scientists ro conrinue wirh cancer research - in order to considerably improve preven1ion, early 

deteclion, diagnosis, effeclive treatment and understanding of the biomolecular mechanisms of 

cancer. 

In general, cyclization is much more likely to occur in case of a strained enediyne ring system. 

Nicolaou25 et al. compared the ring size, the distance between the acetylenic carbons that are 

relevant for cyclization and the respective stability concerning Bergman cyclization in strained 

cyclic systems with acyclic systems. They found that 10-ring systems are much more 

cyc li zation-prone than 11 -ring and 12-ri ng systems bearing the enediyne moiety. 
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A cyclic azaenediyne system with a benzimidazole core could be built up by employing the 

generally applicable synthetic strategy developed within the framework of this thesis: 

As was shown previously, the condensation of a 1,2-diamine 245 with an imidate salt 246 led to 

an azaenediyne 247 in a few steps (Figure 10-1). 

+ 

~d,_H_
3 

_B_F_

4 

--<~ /; ~ 
R' ~~ 

250 249 

Fi g ure 10-1: Feasib le future approaches toward a heterocyclic 10-rin g azaenediyne 

lt is noteworthy that the substitution pattern of the particular building blocks - the imidate 246 

and the diamine 245 - can be changed. Although it was shown that perlluorination compared to 

a non-fluorinated azaenediyne 247 (ifR 1 = F or R 1 = H) practically did not affect the cyclization 

reactivity, a different substitution pattern would allow a further tuning of properties. ln order to 

create a water-soluble drug, e.g„ the future chemist could tune the solubi lity by introducing 

hydrophilic groups for R 1 and R2 (Figure 10-1 ). 
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The protecting TMS-group in compound 247 could be replaced by a phenyl group 126
· 

127
• 

128 to 

give the heterocyclic azaenediyne 248. lf R2 = R3 = 1 in compound 248, a ring closure (yielding 

249) could be achieved by the Ullmann reaction .276
· 

277 Ring forrnation could also be performed 

with the aid of a diazonium salt at one of the rings (R2 = N2+ x-, R3 = H, or vice versa): The aryl 

portion of the diazonium moiety can couple with the other aromatic ring.278 

The 10-ring azaenediyne 249 then could subsequently be methylated to give 250, using the 

methylation reactions carried out in this thesis. 

Prior to ring closure, the triple bonds could be protected by complex formation with dicobalt 

octacarbonyl, Co2(C0)8 •
279 Such protections result in an additional (C0)3Co-Co(C0)3 moiety 

(examples: 28n. 28
1. 

282
· 

28
\ and were also carried out successfully on an alkynylimine by 

Hoffner.91 An interesting point is that upon protection, the usual angle of 180 ° at the triple bond 

is reduced to about 120 °,281 which could further aid in a ring formation reaction as it could 

shorten the distance between the centers to be coupled. 
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Figure 10-2 shows a potential approach toward a heterocyclic l 2-ring azaenediyne 251: If 

R2 = R3 = 1 in compound 248, a ring closure could be performed employing acetylene, 

H-C=C-H, in a Sonogashira 155
· 

156 coupling reaction. 

Subsequent methylation could transform the 12-ring azaenediyne 251 into its methyl-analogue 

252. 

248 251 

11 

252 

Figure 10-2: Feasible future approaches toward a heterocyclic 12-ring azaenediyne 
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11. Experimental Section 

11.1. Materials and Methods 

11.1.1. Solvents 

All solvents used for reactions were purchased in puriss. p. a. quality. Solvents for column 

chromatography were distilled from technical grade solvents. 

Solvents were dried as follows (refluxing or drying, respcctively, with subsequent distilling 

carried out under a nitrogen atmosphere): 284 

Acetonitrile, dichloromethane, iso-propanol and methanol were re flux ed over calcium hydride. 

Diethyl ether and n-hexane were retluxed over a sodium/potassium-alloy. 

Dii sopropylamine was refluxed for 5 min over sodium hydride. 

Triethylamine was refluxed for 2 h over calcium hydride. 

DMF was dried first over MgS04 and then overnight over activated 4 Ä molecular sieve, and 

subsequently distilled in a high vacuum at a temperature below 40 °C.xvii 

Ethano l was refluxed over sodium and ethyl phthalate. 

THF was re fluxed over potassium. 

Toluene was refluxed over sodium. 

11.1.2. Glassware 

The glassware was dried at 150 °C for 2 d. Temperature sensiti ve glassware or plastic parts were 

dried in an exsiccator over phosphorus pentoxide and subsequently flu shed with argon. 

"" At higher temperatures or upon standing at rt for several days, DMF decomposes to dimethylamine and carbon 

monoxicle: 1-1 -(C=O)-N(CH,J,---+ H- N(CH,)2 + C=O. 
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11.1.3. Reagents and Various 

1,2-Phenylenediamine (o-phenylenediamine) (165) was purified by retluxing a dichloromethane 

solution , adding activated charcoal, continued refluxing for 5 min followed by hol filtration 

through two tluted filters and evaporation.284
· 

285 The obtained solid was then recrystallized from 

hot dichloromethane, filtered and washed with dichloromethane. The latter procedure was 

repeated two times, and the obtained crystals were stored under argon and protected from light. 

1,2-Diaminotetrafluorobenzene (91) was recrystallized from dichloromethane (with activated 

charcoal) , filtered under argon and dried in vacuo. The obtained crystals were stored under argon 

and protected from light. lf quite brown, 91 was purified by flash column chromatography on 

silica with CH2C'2 as a solvent. 

Molecular sieve 4 Ä (type 4A-401 from CU, Chemie Uetikon AC, Switzerland) was activated by 

heating for 4 dto 250 °C in a Biichi CKR-51 Kugelrohr oven at 4· l 0-3 mbar. 

Activated charcoal puriss. (powder, Darco C60) was purchased from Fluka. 

Some experiments were prepared inside a M-Braun labmaster/00, a M-Braun labmasrer/30 or a 

M-Braun UNJ/ab dry box in an argon atmosphere. 

The progress of reactions was monitored by TLC and/or GC/MS-detection (the latter one after a 

micro-work-up). 

11.1.4. Suppliers of Chemicals and Special Solvents 

Special reagents (in alphabetical order) were purchased from the following suppliers: 

• Ammonia gas (99.98 %) from Mulrigas. 

• [D5]-Chlorobenzene (99 %) from Cambridge Isotope Laborarories, lnc„ 

• 1,2-Phenylenediamine (99.5 % ) from Aldrich. 

• 1,4-Dioxane puriss. (absolute, over molecular sieve (H20:50.01 % ) from Fluka. 

• 2-Mercaptobenzim idazole (98 %) from Aldrich. 

• 5-Nitrobenzimidazole (99 %) from Merck-Schuchard1. 

• Benzimidazole purum (98 %) from Fluka . 

• Bis(trimethyls ilyl)acetylene purum (2'. 97 %) from Fluka. 

• Butyllithium solution ("" 1.6 M in hexanes) from Fluka. 
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• Chlorobenzene puriss. (absolute, over molecular sieve (H20 '.S 0.005 %)) from Flu/.:a . 

• Cobalt carbonyl (dicobalt octacarbonyl) purwn (90 - 95 % Co) from Fluka . 

• Copper(l) iodide (99.999 %) from Aldrich. 

• DBU ( 1,8-diazabicyclo-[5.4.0]-undec-7-ene) (98 %) from Aldrich . 

• Diisopropylamine redistilled (99.5 %) from Aldrich. 

• Hydrobromic acid pur iss. p.a. ( 48 % ) from Flukcz. 

• Imidazole pur iss. p.a. (2': 99.5 % ) from Fluka. 

• Iodine monochloride (99.998 %) from Aldrich. 

• lsopropyl ether puriss. (dried over Na/Pb alloy (H20:::=0.0 1 %) from Fluka. 

• Pentatluoronitrobenzene (98 %) from Aldrich. 

• Phenylpropargyl aldehyde (phenylpropiolaldehyde) (2': 95 %) from Fluka. 

• Phenylpropiolic acid purum (2". 98 %) from Fluka . 

• Sodium hydride purum (55 - 65 %) from Fluka. 

• TEMPO free radical sublimed (99 %) from Aldrich. 

• Tetratluoroboric acid (54 weight-%-solution in diethyl ether) from Aldrich. 

• Tetrakis(triphenylphosphine)palladium purum (2". 97 %) from Flu/.:a. 

• Triethyloxonium tetratluoroborate purum (2': 97 % ) from Fluka. 

• Tritluoroacetic acidfor UV-spectroscopy (2': 99 %) from Fluka. 

• Trimethyloxonium tetratluoroborate from Aldrich. 

• Trimethylsilylethynyl(phenyl)-iodonium tetratluoroborate from TC! (Tokyo Kasei Kogyo 

Co., Ltd.), Tokyo, Japan. 

11.1.5. Chromatography 

11.1.5.1. Column Chromatography and Filtrations 

Silica for tlash column chromatography at 0.1 - 0.5 bar nitrogen overpressure (si lica gel 60, 

0.040 - 0 .063 mm , 230 - 400 mesh ASTM) was supplied by Fluka and for column chroma

tography (si lica gel 60, 0.063 - 0.200 mm) by Merck. 

Usually, the crude mixture was dissolved in dichloromelhane or acelone and cautiously 

evaporated with coarse silica (si lica gel 60, 60742, 0.2 - 0.5 mm, 35 - 70 mesh ASTM by 

Fluka). The resu lting powder was then applied even ly on the sil ica used for separation. A 

100-fold amount of silica (related to the crude mixture) was used; the climension of the wet s ilica 
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in the column being normally diameter / height = l: 10 at a column filling rate of about 80 % of 

the total column volume. 

The mixture of eluting solvents is mentioned with the particular ratio. 

Filtrations were carried out over celite or silica (silica gel 60, 60742, 0.2 - 0.5 mm, 35 - 70 mesh 

ASTM) by Fluka. 

11.1.5.2. TLC 

Thin Layer Chromatography was performed on silica attached to aluminum foil (Alugram Si! 

G/UV254 sheets from Macherey-Nagel, 0.20 mm silica gel 60-layerxviii with tluorescent indicator 

UV254), on RP-18 attached to aluminum foil (Alugram RP-18 W/UY2;4 sheets from Macherey

Nagel , 0.15 mm silica gel C 18-layerxix with tluorescent indicator UV 254) or on nitrile phase 

attached to glass plates (Nano SIL CN/UV254 plates from Macherey-Nagel, 0.20 mm silica gel 

CN-layerxx with tluorescent indicator UY2s4). 

The spots were best detected by tluorescence quenching with a LAMAG-UV-lamp at a 

wavelength of 254 nm or 366 nm, respectively. Detection of acetylenes both with a solution of 

dicobalt octacarbonyl (Co2(C0)8) in petroleum ether286 or with a solution of 4-(4'-nitrobenzyl)

pyridine in acetone, 287 respectively, did not work weil as no colorizing at all or only a weak color 

intensification could be detected. 

The R,~value, the stationary phase and the mixture of eluting solvents is given with the particular 

ratio. The stationary phase is reported as follows: silica = silica gel 60, RP-18 = reversed phase 

(C 18, octadecyl-modification) on silica gel 60, CN = nitrile phase on silica gel 60. 

11.1.5.3. P-TLC 

Preparative TLC was performed on silica attached to glass plates (silica gel 60 on pre-coated 

PLC plates, 20 cm x 20 cm, with fluorescent indicator F254) from Merck or on alumina attached 

to glass plates (aluminum oxide 60 on pre-coated PLC plates, 20 cm x 20 cm, with tluorescent 

indicator F1s4) from Merck. 

„ ;;; The base material was silica gel 60 (pore size 60 Ä). 

' '' The base material was silica gel 60 (pore size 60 Ä), with a partial octadecyl-modification (C 18). The 

abbreviation RP means reversed phase and W means wettable (hydrophilic). 

'' The base material was silica gel 60 (pore size 60 Ä), which was cyano-modified. 
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11.1.5.4. HPLC 

For HPLC analyses a Merck Hitachi LaChrom (lnte1face Module D-7000) was used. The 

machine consisted of a L-7100 pump, a L-7450 UV-diode array detector, and a L-7490 refractive 

index detector. All solvents used were HPLC-grade. The mixture of eluting solvents ancl the flow 

rate are mentioned. 

The analytical HPLC cartridges used were LiChroCART 125-4 (column lcngth 12.5 cm, column 

cliameter 4 mm ; usual tlow rate= 0.5 ml/min) with LiChrospher, Si 60, particle size 5 µm from 

Merck, or LiChroCART 125-4 (column length 12.5 cm, column diameter 4 mm ; usual flow rate= 

0.5 ml/min) with LiChrospher 100, RP-18, particle size 5 µm from Merck or LiChroCART 250-4 

(column length 25.0 cm, column diameter 4 mm; usual flow rate= 1.0 ml/min) wilh 

LiChrospher 100, CN, particle size 5 µm from Merck. 

11.1.6. Spectroscopy 

11.1.6.1. IR-Spectroscopy 

IR-spectra were taken neat or in KBr pellets using a Perkin Eimer Paragon 1000 FT-IR 

spectrometer. Peaks are given in cm- 1 and intensities are reported as follows: vs = very strong, 

s = strong, m = medium, w = weak, vw = very weak, br = broad. 

11.1.6.2. NMR Spectroscopy 

10-NMR spectra were taken either with a Bruker AMX 500 ( 1H-NMR: 500 MHz, 13C-NMR: 

125 MHz), a Bruker AMX 400 ( 1H-NMR: 400 MHz, 13C-NMR: 100 MHz), a Varian Mercury 

300 or Varian Gemini 300 ( 1 H-NMR: 300 MHz, 13C-NMR: 75 MHz) or a Varian Gemini 200 

(
1H-NMR: 200 MHz, 13C-NMR: 50 MHz) spectrometer. 

For several pertluorinatecl ancl alkynylatecl compounds, because of the long relaxation times of 

the acetylenic sp- 13C nuclei and the electronically poor, de-shielded 13C nuclei connectecl to 

lluorine atoms, the following pulse sequence was used in the 13C-NMR ( 125 MHz or 100 MHz, 

respectively): Pulse - Acquisit ion time aq = 2 sec - relaxation clelay dl = 3 sec - following 

pulse. The respective pulse sequence is mentionecl in the NMR-assignments . 
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1 1-1 and 1JC chemical shifts are reported in ppm relative to tetramethylsilane as external standard, 

wilh residual NMR-solvent proton resonances as internal standard. 19F chemical shifts are 

reported in ppm relative to CCIJF as external Standard. IJC-NMR and 19F-NMR spectra were 

proton broad-band decoupled ('C-{ 11-1 }-BB-NMR or 19F-{ 11-1 }-B B-NM R, respectively) . The 

deuteratecl NMR-solvents were purchased from Dr. Glaser AG, Basel, Switzerlancl. 

The multiplicity of signals (in 11-1-NMR and 19F-NMR spectra) is repo11ed as follows: s = singlet, 

d = cloublet, t = triplet, q = quartet, m = mulliplet, dd = doublet of doublet, dt = cloublel of triplet, 

11 = triplet 01· triplet, br = broad, l/fd = pseudo doublet, l/fl = pseudo triplet. lf assignments were 

given in 1JC-NMR spectra, they were according to DEPT-135"; measurements: p = primary, s = 

secondary, t = tertiary ancl q = quaternary carbon atom. Coupling constants J are reported in Hz, 

integrals are reported in arbitrary units . 

In some cases, 11-1-NMR- and 1JC-NMR-signals were assigned with the aicl of the NMR

simulation program from ACD.288 

11.1.6.3. UVNis Spectroscopy 

UY/Yi s speclra were taken wilh a Hitachi U-2010 spectrophotometer. Quartz cuvettes were 

used, the cuvelte holders were temperature stabilized by a Haake F3 heat regulator. All solvents 

were purchased as UV grade. 

Yalues are given for lhe respective solvent, the maxima of absorption Amax in nm and the 

respective absorption coefficient c: in brackets. 

In orcler to calculate the absorption coefficient c:, the following formula289 was used: 

A 
A=E· c ·d <=>E=--, 

c ·d 

in which A is the absorption [without dimension], c: the absorption coefficient [l·mol- 1·cm- 1
], c 

the concentration [molr 1
] and d the length of path (layer thickness) in [cm]. 

"" DEPT-135: Distortionless Enhancement by Polarization Transfer. 135° pulse sequence. 
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11.1.7. Spectrometry 

11.1.7.1. GC/MS 

GC/MS spectra were recorded with a Fisons Instruments GC 8000 series gas chromatograph, 

coupled to a Fisuns Instruments MD 800 mass spectrometer. In the gas chromatograph , a 

DB-5 MS capillary GC-column from J&W Scientific (12 m lenglh, 0.25 mm internal cliameler, 

0.25 µm thickness o f layer of the stationary phase consisting of 95 % climcthyl-5 % cliphenyl

polysiloxane) was employed with helium as carrier gas (flow rate: 1.0 ml/min. helium pressure 

set to 30 kPa (300 mbar)) . 

The following temperature programs were usecl: 2 min at 50 °C , then heating at a rate of 

10 °C min- 1 to 250 °C, followed by heating for 20 min at 250 °C (code: 50 °C, 2 min, 

10 °C min- 1
, 250 °C, 20 min) or 5 min at 35 °C, then heating at a rate of 10 °C min- 1 to 250 °C, 

followecl by heating for 20 min at 250 °C (code: 35 °C, 5 min , 10 °C min- 1
, 250 °C, 20 min). The 

injector temperature was 200 °C. 

The solvent clelay was set to 3 min, ancl El-ionization at 70 eY electron energy was employecl in 

the mass spectrometer. The detector temperature was 250 °C. 

Peaks are reportecl in 111/z, with an assignment relative to the molecular peak M+ ancl lhe 

intensities (usually, if> 10 %) relative to the base peak. 

For the GC/MS analyses of cliisopropyl ether, a Thermo Finnigclll TraceGC!TraceMS was used. 

A Zebron ZB-1 capillary GC-column from Phenomenex (60 m length, 0.25 mm internal 

diameter, 0.25 µm layer thickness of the stationary phase consisting of 100 % dimethyl -poly

siloxane) was employecl with helium as carrier gas (flow rate: 0.8 ml/min). The temperature 

program was 10 min at 40 °C, then heat ing at a rate of 50 °C min- 1 to 200 °C (cluration: 4 min) , 

followed by heating for 1 min at 200 °C (code: 40 °C, 10 min, 50 °C min- 1
, 200 °C, 1 min). The 

solvent clelay was set to 0 min. 

11.1.7.2. MS 

MS spectra were taken on a VG Tribrid (EI, 70 eV) by the MS-Service of the Laboratorium.für 

Organische Chem.ie der ETH Zürich. Peaks are reported in 111/z, with an assignment relati ve to 

the molecular peak W ancl the intensities (i f > 10 % ) re lati ve to the base peak. 
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11.1.7.3. HiRes-MS 

Hi Res-MS spectra were taken on a VG Tribrid (EI, 70 eY), HiRes-ESI-MS spectra on an Ultima 

Ff-ESI-MS (Fourier transform ESI mass spectrometer) from lonSpec and HiRes-MALDI 

spectra on an Ulrima FT-MALDI-MS (Fourier transform MALDI mass spectrometer) from 

/onSpec by the MS-Service of rhe Laborarorium für Organische Chemie der ETH Zürich. The 

assignment of the examined mass is given, followed by the calculated mass in u, the measured 

mass in u and the deviation /:;.in mDa andin ppm. 

11.1.7.4. ESI-MS 

ESI-MS spectra were performed on a Finnigan MAT LCQ mass spectrometer equipped with an 

ESI source. In most of the cases, dichloromethane was used as a spraying solvent, occasionally 

also methanol or acetonitrile. The standard conditions were as follows: Sheath gas tlow rate: 

40 (arbitrary units), aux gas flow rate: 0 (arbitrary units), spray voltage: 4.50 kY , spray current: 

0.10 µA , capillary temperature: 170 °C, capillary voltage: 4.10 V, tube lens offset: + 10.00 V (for 

more sensitive compounds: -10.00 V) and flow of syringe pump: 10 µl min- 1
• 

Collision experiments were performed on a modified Finnigem MAT TSQ 700 mass spectrometer 

equipped with an ES! source. 

11.1.8. Others 

11.1.8.1. Melting Points 

Melling points were measured in open glass capillaries in a Dr. To11oli-melting point apparatus 

from Büchi, and are uncorrected. 

11.1.8.2. Elementary Analyses 

Elemental analyses were performed at the Microanalysis Lab of the Laborarorium für 

Organische Chemie der ETH Zürich. 
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11.1.8.3. X-Ray Crystallography 

Crystals of 198 were measurcd on a Nonius CAD4 diffractomcter with graphite monochromator 

from Bruker using Cu Ka radiation (A.= 1.54178 A). Crystals of 191 and 206 were both 

measured on a Nonius Kappa-CCD diffractometer with graphite monochromator from Bruker; 

Mo Ka radiation (A. = 0. 71070 Ä) was used. The structures were solvcd by direct methods 

(SIR92)290 and refined by full -matrix least-squares analysis (Sl-IELXL-97)291 including an 

isotropic extinction correction. All heavy atoms were refined anisotropically (1-1 -atoms iso

tropically, whereby 1-1 -positions were based on stereochemical considerations). 

Crystal data of 196, 207, 208 and 223 were collected on a Nonius Kap1w-CCD diffractometer 

with graphite monochromator from Bruker employing Mo Ka radiation (A. = 0.71073 A). All 

diagrams and calculations were performed using maXus.292
· sec also 

291 Concerning data and 

structure refinement , for ce ll refinement , HKL Scalepack294 and for data rcduction, Denzo and 

Scalepack294 were used. The structures were solved with the program SIR97295 and refined with 

the program SHELXL-97.29 1 For the structure analysis of 223, see also an additional reference.296 

The X-ray structures were presented in diagrams generated with the program ORTEP-3. 297 

Atoms were displayed in octant shaded style, and color codes were used as follows: C, H and 

bonds: black, N: cyan, 0: red, F: green, Si: brown and B: magenta. The ellipso id probability was 

set to 60 % for 208, to 50 % for 191, 196, 206 and 207, to 40 % for 198 and to 30 % for 223. 



11. EXPERIMENTAL SECTION 210 

11.2. Syntheses 

11.2.1. General 

11.2.1.1. Synthesis of a Solution of Lithium Diisopropylamide (LDA) 

11.2.1.1.1. Titration of ßutyllithium (ßuLi, n-C4H9 Li)298
· comparc 

299 

Purchasable, :::: l .6 M butyllithium solutions in hexanes often did not match the concentration 

given on the bottle (due to limited shelf life, concentrations of 0.7 M - 2.0 M were found) and 

were therefore titrated before use as follows: 

A previously dried three-necked fiask , equipped with an argon inlet , a septum and an argon 

outlet connected to a bubbler, was charged with 2.000 ml of a purchasable l .6 M solution of 

butyllithium in hexanes in an argon atmosphere. Then, a few small grains of dry 2,2'-bipyridinyl 

were added as an indicator in an argon counter stream. The resulting intensively red-brown 

solution was then titrated dropwise at rt via an exact syringe and a septum with a 1.600 M 

solution of dry tert-butanol , tBuOH, in dry THF. The end point was reached at the beginning of 

decoloriza tion 01· the solution. The titration was repeated and both results were averaged. For 

1 eq of BuLi , 1 eq of rBuOH is consumed in this reaction. 

11.2.1.1.2. Preparation of Lithium Diisopropylamide (LDA, iPr2N Li)300 

Purchasable LDA solutions often did not match the concentration given on the bottle and 

contained other compounds leading to side products and bad yield upon employment as a base. 

Therefore, for the alkynylation reactions in order to synthesize azaenediynes, LDA was freshly 

prepared in the following way: 

A previously dried three-necked fiask, equipped with an argon inlet , a septum and an argon 

outlet connected to a bubbler, was charged with 20 ml of dry THF in an argon counter stream. In 

an argon atmosphere, 2.000 ml ( 1.440 g, 14.230 mmol , 1 eq) of freshly distilled , absolute 
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diisopropylamine,"; ; iPr2NH , were then added via a syringe and a septu111. The solution was 

cooled to 0 °C and stirred for 10 min. Via a syringe and a septu111 , slowly 8.894 ml 

(14.230 mmol, 1 eq) of a fresh, previously titrated 1.600 M BuLi solution in hexanes were then 

added dropwise. The addition of BuLi took place under vigorous stirring, and a clropping speecl 

(z 1 drop in 2 sec) was chosen that allowed the resulting solution to rernain nearly colorless. 

After the addition was complete, vigorous stirring of the solution was continuecl at 0 °C for \/2 h 

under argon. 

The prepared LDA solution in THF I hexanes had a concentration of c = 0.461 M (with the total 

volume being 20 ml + 2 ml + 8.894 ml = 30.894 ml, the concentration of LDA is c = 

14.230 mrnol / 30.894 ml = 0.461 mol·l- 1
) . The solution was ernployccl irnmecliately in a 

subsequent cleprotonation reaction. 

11.2.1.2. Synthesis of the Stang Reagent 69 

11.2.1.2.1. Iodosobenzene (fil) ((Ph-IO)nl ul=O 
67 

A two-necked flask , equipped with a mechanical precision stin-er and a septum, was charged 

with 10.000 g (31.046 mrnol , 1 eq) of finely ground diacetoxyiodobenzene (70). Over a period of 

5 min and under vigorous stirring, 46.570 ml (139.709 mmol, 4.5 eq) of a 3.0 M aqueous 

solution of NaOH were then added dropwise via a syringe. Upon continued stirring for \/2 h at rt , 

the reaction mixture turned to a viscous, yellow slurry. Some lumps of solid that formed were 

macerated with a spatula. The reaction mixture was allowed to stand for 1 h at rt. 

As a work-up procedure, 35 ml of water were added upon vigorous stirring. The crude product 

was then filtered over a Büchner funnel. The wet solid was returned to the flask, slurried in 

70 ml of water and vacuum-filtered over a filter frit (pore size: 3), washcd with 2 x 70 ml of 

water and sucked to dryness. Afterwards, the solid was transformed into a beaker, 111acerated in 

25 ml of CHCh, filtered over a Büchner funnel, again macerated in 25 ml of CHCI,, vacuum-

" ;' Diisopropy lamine (b.p. = 84 °C) was first refluxed for 5 min over sodium hydride in an argon atmosphere, and 

subsequentl y clistilled inlo a dry Schlenk tube in an argon atmosphere. The flask was stored in a glove box in the 

dark. 
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filtered over a filter frit (pore size: 3) and washed with 25 ml of CHCI'° The product was sucked 

to dryness and finally dried in a high vacuum. 

Yield 

5.308 g (78 % ) (lit. 114
: 85 - 93 % ) pale yellow solid. 

Melting Point 

204 - 208 °C (decomposition) (lit. 114
: 210 °C; caution was required as explosions were 

reported). 

11.2.1.2.2. Trimethylsilylethynyl(phenyl)-iodonium tetrafluoroborate (@xxiii 

69 

A dried two-necked tlask, equipped with an argon inlet, a septum and an argon outlet, was 

charged with 2.500 g ( 11.363 mmol , 1.6 eq) of dried iodosobenzene (67) in an argon 

atmosphere. Then, 30 ml of abs. CH2C'2 were added and the pale yellow suspension was stirred 

for Y, h at rt. In an argon counter stream, 1.427 ml ( 1.613 g, 1 1.363 mmol, 1.6 eq) of bor

tritlourid-e thyletherat , BF, ·Et20 , were then added dropwise via a syringe and a septum. Upon 

aclclition, the suspension turnecl first deep yellow, then turnecl into a clear, yellowish solution ancl 

finally a deep yellow solid precipitated. Afterwards, 1.588 ml ( 1.210 g, 7 .102 mmol, 1.0 eq) of 

1,2-bis-trimethylsilyl-ethyne (68) were aclcled clropwise via a syringe and a septum. The yellow 

so lution turnecl turbid , still showing the precipitate. The reaction mixture was stirred for 5 h at rt 

under argon. 

The reaction was quenchecl by addition of 70 ml of a saturated solution of sodium tetratluoro

borate, NaBF4, in water. After stiITing for 15 min, the aqueous phase was ex tracted 4 times with 

CH2C'2. The combined organic phases were dried over Na2S04, filterecl ancl the clear, yellow 

solution was evaporatecl at rt. The ocher solid was dried in a high vacuum and then refrigerated 

under argon. 

„;;; The procedure was carri ed out also by changing the order of addition of l ,2-bis-trimethylsilyl -ethyne (68) and 

BFyEt,O. In another attempt, iodosobenzene (67), 1,2-bis-trimethylsilyl-ethyne (68) and BF.1·Et,O were employed 

each with 1 eq. 
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Yield 

1.221 g ( 44 % ) ocher yellow solid. 

IR 

IR (film, a solution in CH2Ch was evaporated on a NaCI plate): v [cm- 1
] = 3063 (w, 

V C-Harnmatic), 2959 (m, V C-HatiphatiJ , 2900 (w, V C-HatiphatiJ, 2143 (w, V C=C), 1561 (m, 

vC=Carrnna1;c), 1471(m),1443 (m), 1331(m),1307 (m), 1252 (s) , 1070 (s), 848 (s) , 761 (m) , 741 

(s), 699 (m), 653 (w), 551 (s). 

ESI-MS 

Cation mode: m/z = 301 [M+ (cation)] (main peak). 

Anion mode: m/z = 87 [M" (anion, 8F4- )] (main peak). 

11.2.2. Ethynylation Reactions of the N-1-Nitrogen oflmidazole and its 

Derivatives 

11.2.2.1. Ethynylation Reactions of the N-1-Nitrogen of Imidazole 

11.2.2.1.1. 1-Trimethylsilylethynyl-lH-imidazole (78) - A NOVEL COMPOUND 

3 

Successful Synthesis using BuLi as a Base 

In an argon atmosphere, 172 mg (2.527 mmol, 1 eq) of 1 H-imidazole (77) were suspenclecl in 

50 ml of dry toluene.xxi v The mixture was cooled to 0 °C. Via a syringe ancl a septum, slowly 

1580 µl (2.527 mmol , 1 eq) of BuLi (1.6 Min hexanes) were added dropwise. The mixture was 

stirrecl for 15 min at 0 °C. then allowed to reach rt and stirrecl for another 15 min at rt. 

"" Dry benzene was al so used in stead of toluene. 



11. EXPERIMENTAL SECTION 214 

980 mg (2.527 mmol, 1 eq) of trimethylsilylethynyl(phenyl)-iodonium tetralluoroborate (69) 

were added as a solid in 4 portions. Upon adding, the mixture warmed up lo 40 - 50 °C and 

turned brown after 1 - 2 h. The mixture was stirred for 24 h at rt. 

As a work-up procedure, first ethyl acetate and then water were added. The mixture was 

extracted 5 times with ethyl acetate and the organic layer dried over Na2S04 and evaporated. 

The product was purified by flash column chromalography with hexanes / EtOAc 15: 1 or 

n-pentane / Et20 10: 1, the lauer one being easier to evaporate. The solvents were removed at rt 

and finally with a nitrogen stream; the product was kept under argon. 

Yield 

15 mg (4 %) volatile , yellow film ; 

soluble in EtOAc, CH2Ch, Et20, toluene, benzene and n-hexane. 

Rr 

R1 = 0.1 (si lica, n-hexane / EtOAc 10: 1 ), R1 = 0.1 (s ilica, n-pentane / Et20 10: 1 ). 

GC/MS"' 

GC (35 °C, 5 min, 10 °C min- 1
, 250 °C, 20 min): R1 = 7.2 min ; MS (EI , 70 eV): m/z (%): 164 

(34 %) [M°'], 163 (17 %) [M°'- 1 (H)], 150 (13 %) [M'- 14], 149 ( 100 %) [M°'- 15 (Me)], 122 

(19 %) [M+ -42] , 95 ( 15 %) [M+ - 69]. 

NMR 
1H-NMR (500 MHz. [06]-benzene, 300.0 K, TMS): ö [ppm] = 7.32 (s, 1 H, H-1) , 6.81 and 6.52 

(2 x 1 111 , 2 x 1 H, H-2, H-3) , 0.12 (s, 9 H, TMS). 

13C-NMR (125 MHz, [06]-benzene, 298.0 K, TMS): ö [ppm] = 140.2 (C-1) , 121.4 (C-2 and 

C-3), -0.3 (TMS). The acetylenic carbons were not detected. 

Synthesis using NaH as a Base 

In an argon atmosphere, 172 mg (2.527 mmol, 1 eq) of 1 H-imidazole (77) were suspended in 

50 ml of dry diethyl ether. The mixture was cooled to 0 °C and 64 mg (2.653 mmol, 1.05 eq) of 

'" Phenyl iodide was detected in the GC/MS as follows: 

GC: R, = 4.9 min: MS (EI , 70 eV): 111/z (%): 204 ( 100 %) [M+], 127 (22 %) [! ', !Yr - 77 (Ph)], 77 (98 %) [Ph', 

,~r- 127 c1JJ. 
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sodium hydride were added.""; The mixture was stirred for 15 min at 0 °C, then allowcd lo reach 

rt and stirred for another 15 min at rt. 

For the further synthesis , work-up procedure and the GC/MS analysis , see above. 

A GC/MS analysis gave only traces of product, so lhat the altempls using NaH as a base were 

abandoned. 

11.2.2.2. Ethynylation Reactions of the N-1-Nitrogen of Benzimidazole 

11.2.2.2.1. 1-Trimethylsilylethynyl-lH-benzimidazole (80)- A NOVEL COMPOUND 

80 

Successful Synthesis using LDA as a Base 

In an argon atmosphere, 298 mg (2.527 mmol, 1 eq) of 1 H-benzimidazole (79) were suspended 

in 50 ml of dry toluene. The mixture was cooled to 0 °C. Via a syringe and a seplum, slowly 

1.68 ml (2.527 mmol, l eq) of freshly prepared 1.5 M LOA solulion in THF were added 

dropwise. The mixture was stirred for 15 min at 0 °C, then allowed lo reach rl and stirred for 

another 15 min at rt. 

980 mg (2.527 mmol, l eq) of trimethylsilylethynyl(phenyl)-iodonium letratluoroborale (69) 

were added as a solid in 4 portions. Upon adding, the mixture warmed up to 40 - 50 °C and 

turned brown after l - 2 h. The mixture was stirred for 24 h at rt. 

As a work-up procedure, first ethyl acetate and then water were added. The mixture was 

extracted 5 times with ethyl acetate and the organic layer dried over Na2S04 and evaporated. 

The product was purified by flash column chromatography wilh hexanes / EtOAc l 0: l. The 

solvents were removed at rt and finally some minutes in a high vacuum ; the product was kept 

under argon. 

xxvi NaH is ava ilable as a suspension (ca. 60 %) in mineral oil. which could be washed out with 11-hexane. 
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Flash column chromatography gave 2 products, the main product being 1-trimethylsi lylethynyl 

IH-benzimidazole (80) and the side product l-ethynyl-1 H-benzimidazole (81): 

11.2.2.2.2. Main Product: 1-Trimethylsilylethynyl-lH-benzimidazole (fil!) -

A NOVEL COMPOUND 

80 

Yield 

67 mg ( 12 %) slightly yellowish oil with a sweetish smell ; 

soluble in acetone, MeOH, EtOAc, CH2C'2, Et20 , n-hexane and n-pentane. 

Rr 

Rr = 0.2 (si lica, n-hexane / EtOAc 10: 1 ). 

GC/MS 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 13.4 min ; MS (EI, 70 eY): mlz (%): 215 

(14 %) [M' + 1 (H)], 214 (75 %) [Ar] , 213 (66 %) [Ar- 1 (H)], 200 (20 %) [Ar- 14], 199 

(100 %) [M+ - 15 (Me)] , 171 (22 %) [Ar - 43], 159 (10 %) [Ar -55]. 

NMR 
1H-NMR (500 MHz, [06]-acetone, 300.0 K, TMS external): ö [ppm] = 8.36 (s, l H, H-2), 7.75 

and 7.60 (2 x 1 m, 2 x 1 H, H-4, H-7), 7.45 and 7.38 (2 x 1 111, 2 x 1 H, H-5, H-6), 0.32 (s, 9 H, 

TMS). 
13C-NMR ( 125 MHz, [06]-acetone, 298.0 K, TMS external , aq = 2 sec, dl = 3 sec): ö [ppm] = 
144.8 (C-2 (CH, p )), 142.9 and 135.3 (C-3a and C-7a (both C, q)) , 125.6 and 124.7 (C-5 and C-6 

(both CH, p)), 121.4 and 111.5 (C-4 and C-7 (both CH, p)), 89.5 (C-8 (acetylenic C, q)), 76.6 

(C-9 (acetylenic C, q, 11c-s; = 41.3)) , -0.05 (TMS (CH» 1, 
11c-s; = 28.4)). 

NOE-experiment (H ofTMS-group - H-7): 
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Irradiation on H of TMS-group showed no NOE, because the distance between the proton of the 

TMS-group and H-7 is too !arge(> 3 Ä).301 

IR 

IR (neat): V [cm- 1
] = 3085 (w, v C-H,110 111a1;c), 2960 (m, v C-HaliphaiiJ, 2192 (s. v C=C), 1613 (w. 

vC=Caroma1;c) , 1498 (m), 1478 (w), 1455 (m), 1251 (m), I091(m).844 (m), 741 (m). 

MS 

MS (EI, 70eY): 111/z(o/o): 215.1331 (10.73%) [W+ 1(H)] , 214.1339 (53.54%) [W] , 2131272 

(28.68 %) [W - 1 (H)] , 200.1104 (17.91 %) [W - 14], 199.1057 (100.00 %) [W - 15 (Me)]. 

11.2.2.2.3. Side Product: 1-Ethynyl-lH-benzimidazole (fil) - A NOVEL COMPOUND 

81 

Yield 

20 mg (6 %) white solid; 

soluble in EtOAc, CH2Ch, Et20 , n-hexane and n-pentane; 

decomposition upon standing within 1 - 2 d. 

Rr 

R1 = 0.1 (silica, 11-hexane / EtOAc 10: 1). 

GC/MS 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 9.2 min ; MS (EI , 70 e V): m/z (% ): 143 

(20 %) [W+ I (H)]. 142 (100 %) [WJ, 115 (71 %) [W-27] , 114 (26%) [W-28] , 102 

(4 1 %) [W -40]. 90 ( 11 %) [M+-52], 88 (19%) [W-54] , 76 ( 16 %) [W-66], 75 ( 16 %) 

[W - 67] , 64 ( 11 %) [M+ - 78], 63 (25 %) [W-79] , 62 (15 %) [W- 80]. 
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NMR 
1 H-NMR (500 MHz, [D6]-acetone, 300.0 K, TMS external): ö [ppm) = 8.40 (s , 1 H, H-2) , 7.75 

and 7.63 (2 x 1 m, 2 x 1 H, H-4, H-7), 7.45 and 7.38 (2 x 1 m, 2 x 1 H, H-5, H-6), 4.11 (.1, 

1
11-1-c-9 = 265.9, 2

11-1-c-x = 57.6, 1 H, acetylenic H). 
1JC-NMR (125 MHz, [D6)-acetone, 298.0 K, TMS external , aq = 2 sec, dl = 3 sec): ö [ppm) = 

145.1 (C-2 (CH, p)), 142.9 and 135.3 (C-3a and C-7a (both C, q)), 125.6 and 124.7 (C-5 and C-6 

(both CH, p)), 121.4 and 111.4 (C-4 and C-7 (both CH, p)), 70.8 (C-8 (acetylenic C, q)) , 63.6 

(C-9 (acetylenic CH , p)). 

Synthesis using DBU as a Base 

In an argon atmosphere, 298 mg (2.527 mmol, 1 eq) of 1 H-benzimidazole (79) were suspended 

in 50 ml of dry toluene. The mixture was cooled to 0 °C. Via a syringe and a septum, slowly 

0.38 ml (2.527 mmol , 1 eq) of DBU ( 1,8-diazabicyclo-[5.4.0]-undec-7-ene) were added 

dropwise. The mixture was stirred for 15 min at 0 °C, then allowed to reach rt and stirred for 

another 15 min at rt. 

For the further synthesis, work-up procedure and the analyses , see above. 

11.2.2.2.4. Main Product: 1-Trimethylsilylethynyl-lH-benzimidazole (~ 

Yield 

11 mg (2 %) slightly yellowish oil with a sweetish smell. 

11.2.2.2.5. Side Product: 1-Ethynyl-lH-benzimidazole (fil) 

Yield 

18 mg (5 %) white solid. 

Synthesis using BuLi as a Base 

In an argon atmosphere, 298 mg (2.527 mmol, 1 eq) of 1 H-benzimidazole (79) were suspended 

in 50 ml of dry toluene. The mixture was cooled to 0 °C. Via a syringe and a septum, slowly 

1580 µl (2.527 mmol , 1 eq) of BuLi ( 1.6 M in hexanes) were added dropwise. The mixture was 

stirred for 15 min at 0 °C, then allowed to reach rt and stirred for another 15 min at rt. 

For the further synthes is, work-up procedure and the GC/MS analysis, see above. 
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11.2.2.2.6. Main Product: 1-Trimethylsilylethynyl-lH-benzimidazole (80) 

Yield 

66 mg ( 12 %) slightly yellowish o il with a sweetish smell. 

11.2.2.2.7. Side Product: 1-Ethynyl-lH-benzimidazole (fil) 

Yield 

36 mg (10 %) white solid. 

2 19 

11.2.2.3. Ethynylation Reactions of the N-1-Nitrogen of Nitro-Benzimidazole 

11.2.2.3.1. 5-Nitro-1-trimethylsilylethynyl-lH-benzimidazole (fil'j and 6-Nitro-

1-trimethylsilylethynyl-lH-benzimidazole (~ - NOVEL COMPOUNDS 

In an argon atmospherc , 412 mg (2.526 mmol , 1 eq) o f 5-nitro-l H-benzimidazolc (82) were 

suspended in 50 ml of dry tolue ne. The mixture was coo led to 0 °C. Via a syringe ancl a septum, 

slowly 1.68 ml (2.526 mmol , 1 eq) of freshly preparecl 1.5 M LDA solution in THF were aclclccl 

clropwise. The mixture was st irred for 15 min at 0 °C, then allowed to reach rt ancl sti rrcd for 

another 15 min at rt. 

980 mg (2.526 mmol , 1 eq) of trimethylsilylethynyl (phenyl)-ioclonium tetralluoroborate (69) 

were addecl as a solid in 4 portions. Upon aclcling, the mixture warmecl up to 40 - 50 °C ancl 

turnecl brown after 1 - 2 h. The mixture was st irrecl for 36 h at rt. 

As a work-up procedure, first ethyl acetate ancl then water were aclclecl. The mixture was 

ex tractecl 5 times with ethyl acetate and the organic layer clriecl over Na2SÜ4 and evaporatecl. 

The procluct was purified by tlash column chromatography with hexanes I EtOAc 10: 1. The 

solvents were removecl in a high vacuum. 

Flash column chromatography gave mainly two proclucts , the positional isomers 5-nitro-1 -tri 

methylsilylethynyl-I H-benzimiclazole (83) ancl 6-nitro-1 -trimethylsilylethynyl - 1 H-benzimicl

azo le (84) . The two isomers were separated ancl characterized by GC/MS and NMR 

spectroscopy; however, an exac t discriminatio n between the two isomers was not possible. 
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11.2.2.3.2. Isomer 1 (presumably 5-Nitro-1-trimethylsilylethynyl-lH-benzimidazole 

(@) - A NOVEL COMPOUND 

Yield 

16 mg (2 % ) ocher solid; 

soluble in EtOAc and CH2C'2. 

Rr 

Rr = 0.2 (silica, 11-hexane / EtOAc 10: 1 ). 

GC/MS 

83 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 18.2 min; MS (EI, 70 eV): mlz (%): 259 

(50 %) [M'] , 258 (11 %) [M' - 1 (H)] , 245 (24 %) [M'- 14], 244 (100 %) [M'- 15 (Me)], 199 

(14 %) [M' - 60], 198 (55 %) [M' - 61], 97 (14 %) [M' - 162], 85 (10 %) [M' - 174] . 

NMR 
1H-NMR (400 MHz, CDC!>. 300.0 K, TMS external): 8 [ppm] = 8.72 (111, 1 H, H-4), 8.35 (m, 

1 H, H-6), 8.23 (s, 1 H, H-2), 7.64 (m, 1 H, H-7), 0.34 (s, 9 H, TMS). 

uC-NMR ( 100 MHz, CDCh, 300.0 K, TMS external, aq = 2 sec, dl = 3 sec): 8 [ppm] = 146.6 

(C-2 (CH, p)), 145.2 (C-5 (C-N02, q)), 141.4 and 138.4 (C-3a and C-7a (both C, q)), 120.4 (C-6 

(CH, p)), 117.5 and 111.4 (C-4 and C-7 (both CH, p)) , 86.9 (C-8 (acetylenic C, q)), 78.6 (C-9 

(acetylenic C, q)) , -0.19 (TMS (CH3, r)). 
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11.2.2.3.3. Isomer II (presumably 6-Nitro-1-trimethylsilylethynyl-lH-benzimidazole 

(84)) - A NOVEL COMPOUND 

Yield 

18 mg (3 %) ocher solid ; 

soluble in EtOAc ancl CH2Cl2. 

Rr 

n43 ~ 

~2 
0 N 6 7a N 1 2 

7 89~ 
Si(CH3)3 

84 

Rr = 0.1 (silica, 11 -hexane / ElOAc 10: 1 ). 

GC/MS 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 17.5 min ; MS (EI , 70 eY): m/z (%): 259 

(32 %) [Ar°] , 245 (19 %) [Ar°- 14], 244 (100 %) [Ar°- 15 (Me)] , 198 (27 %) [Ar°- 61]. 

NMR 
1H-NMR (400 MHz, CDC11, 300.0 K, TMS external) : o [ppm] = 8.50 (111 , 1 H, H-7), 8.29 (s , 1 H, 

H-2), 8.28 (m , 1 H, H-5) , 7.90 (111, 1 H, H-4), 0.35 (s, 9 H, TMS). 
11C-NMR (100 MHz, CDCh. 300.0 K, TMS external, aq = 2 sec, dl = 3 sec): o [ppm] = 147.9 

(C-2 (CH , p)) , 145.2 (C-6 (C-N02, q)), 145.9 and 134.0 (C-3a and C-7a (both C, q)), 121.2 (C-5 

(CH, p)), 119.8 and 108.0 (C-4 and C-7 (both CH, p)), 86.7 (C-8 (acety lenic C, q)), 78.9 (C-9 

(acetylenic C, q)), -0.18 (TMS (CH1• t)). 
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11.2.3. The Aldehyde Approach 

11.2.3.1. Synthesis of an Electronically Poor Benzimidazole 

11.2.3.1. l. 4,5,6,7 ·Tetrafluoro-lH-benzimidazole (W 

F 

F 

92 

222 

1.600 g (8.884 mmol, 1 eq) of 3,4,5,6-tetrafluorobenzene- l ,2-d iamine ( 1,2-d iaminotetratluoro

benzene) (91) and 57 ml of 98 % formic acid (ca. 1510 mmol, ca. 167 eq) were heated for 3 h 

uncler re tlux conditions."";; The obtained pale yellow solution was taken up in an excess of 10 % 

aqueous soclium hyclroxide solution (100 ml). The solution showing a pH = 11 was acidified with 

formic acid until pH = 5.xxviii The prec ipitated pale yellow solid was filtered and recrys talli zecl 

from 5 ml of hot melhanol to give nearly colorless crystals. 

Yield 

912 mg (54 % ) nearly colorless crystals; 

so luble in acetone. 

Rr 

Rr = 0.2 (si lica, n-hexane / EtOAc 1: 1 ). 

GC/MS 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C , 20 min): R, = 10.9 min - 12.0 min; MS (EI, 70 eY): 

m/z (%): 190 ( 100 %) [lf] , 163 (33 %) [lf-27 (HCN)], 136 ( 15 %) [lf -54] , 117 ( 13 %) 

[lf-73], 113 (12 %)[lf -77]. 

' ·"''' ßo iling point of formic acid: b.p. (HCOOH) = 100 °C. 

""''' The product turned out to be so luble at pH = 5 - 10, and insolub le at pH = 0 - 4 and pH = 1 1 - 14. 
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11.2.3.1.2. 1-Diethoxymethyl-4,5,6,7-tetrafluoro-lH-benzimidazole (94) -

Attempted Synthesis 

F*F 1 N) F :::-._ N 
F ~ 

Etü OE! 

94 

223 

In an argon atmosphere , 0.400 g (2.104 mmol, 1 eq) of 4,5,6,7-tetralluoro- I H-benzimidazolc 

(92) were heated with 1.400 ml (8.417 mmol , 4 eq) of triethyl orthofonnate (triethoxymethane) 

and 0.010 g (0.053 mmol , 0.025 eq) of p-toluenesulfonic acid (ratio benzimidazole 92: 

HC(0Et)3 : p -TosOH = 40: 160: 1) to 125 - 130 °C for 22 h. The viscous. milky-white mixture 

turned into a clear so lution after Y2 h. Reaction control by TLC (arter a micro-work-up by 

diluting a sample with EtOAc and neutralizing with Na2C03) showecl the same resull s after 1 h, 

4 h and 22 h: Mainly ecluct was detectecl, apart from little amounts of anothcr substance 

(R1- values see below). 

After 22 h, the mixture was allowecl to cool to rt ancl the excess of triethyl orthoformate was 

removecl in a rotavap previously flushecl with argon. Then, 0.010 g (0.094 mmol , 0.045 eq) of 

solid Na2C0 3 were added . Another TLC showecl no evidence of product. 

Rr (Mixture) 

Rr = 0.3 (silica, n-hexane / EtOAc 1: 1 ); Rr ( educt) = 0.2; 

Rr = 0.4 (CN, n-hexane / EtOAc 1: 1 ); Rr (ecluct) = 0.3. 
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11.2.4. Building up the Ethynyl Moiety at Position C-2 and N-1 of an 

Imidazole System Simultaneously - Coupling Approaches 

11.2.4.1. Activation of Position C-2 of Imidazole Derivatives 

11.2.4.1.1. 2-Iodo-1-methyl-lH-imidazole (105) 

3 

4(N~I 
5 N 

11 
5CH3 

105 

224 

In an argon atmosphere, 3.960 ml (4.10 g, 49.936 mmol, 1 eq) of 1-methyl-l H-imidazole (104) 

were dissolved in 50 ml of abs. THF in a three-necked tlask. The solution in the flask, equipped 

with an argon inlet, a thermometer and a septum, was cooled to -90 °C with a cold bath (liquid 

N2 / n-pentane). Then, 31.210 ml (49.936 mmol, 1 eq) of a 1.6 M solution of n-BuLi in hexane 

were added dropwise via a syringe and afterwards the mixture was allowed to warm to 0 °C. The 

yellow solution was stirred for 10 min at 0 °C and then cooled to -60 °C (cold bath with liquid 

N2 / n-pentane). The septum was replaced by an addition funnel, and a solution of 13.960 g 

(55.002 mmol, 1.1 eq) of h in 10 ml of abs. THF was added slowly. The resulting mixture was 

then allowed to warm to 0 °C, stirred for V2 h and then quenched by adding 50 ml of a saturated 

Na2S20 3-solution. After extraction with CHCh (4 times), the combined organic layers were dried 

over Na2C03 and the solvents were distilled off (350 mbar, 40 °C). 

Vacuum distillation of the crude product gave a liquid as the main fraction, which distilled at 

75 - 80 °C and 7 - 8 mbar (bath temperature: 100 - 120 °C). 

Yield 

5.780 g (56 %) light yellow oil ; 

b.p. 75 - 80 °C at 7 - 8 mbar (lit. 164
: 68 °C at 0.03 mm Hg); 

soluble in CHC13. 

GC/MS 

GC (50 °C, 2 min , 10 °C min- 1
, 250 °C, 20 min): R, = 7.9 min ; MS (EI, 70 eY): m/z (%): 208 

(100 %) [Af°'J , 127 (17 %) [!', M' - 81] , 81 (4 %) [W -127 (l)J, 54 (20 %) [Af°' - 154). 
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NMR 
1H-NMR (200 MH z, CDCb, 300.0 K, TMS) : 8 [ppm] = 7 .03 and 7 .00 (2 x l d, 3

JH_4 _ H-s = 
3 
JH-5 _ H-4 = 1.20, 2 x 1 H, H-4, H-5), 3.59 (s, 3 H, CH3). 

13C-NMR (50 MHz, CDCl3, 300.0 K, TMS): 8 [ppm] = 132.0 and 123.7 (C-4 and C-5), 90.4 

(C-2), 36.2 (C-6 (CH3)). 

11.2.4.1.2. 2-Bromo-IH-benzimidazole C!!ill 

sh~~Br 
6~N1 

7 H 

107 

In a three-necked flask, equipped with a thermometer, an addition funnel , a gas outlet";" (gas 

offtake pipe) and a mechanical precision stin-er,"" 100 ml of conc. acetic acid and 10 ml of a 

48 % aqueous hydrobromic acid were cooled to about 10 °C. Uncler vigorous stirring, 10.000 g 

(0.067 mol , 1 eq) of 1 H-benzimidazole-2-thiol (106) were adcled. Then, uncler cont inuecl 

vigorous stirring, 12 ml (0.234 mol, 3.5 eq) of Br2 were added clropwise over a periocl of 'h h. 

The mixture warmed slightly (to 20 - 30 °C) ancl turnecl highly viscous to nearly solid, so that 

additional acetic acid ( l 00 ml) had to be added to aid the stirring. After the aclclition of bromine 

was complete, the mixture was stirred at rt for 4Y2 h. To the ocher suspension , 200 ml of H20 

were adcled . The resulting light yellow solution was cooled in an ice bath and the pH was 

adj ustecl to pH ""4 by acldition of"" 45 g of solid NaOH. A fine white precipitate formed , which 

was collected by vacuum filtration. Tue product was washed with the mother liquid ancl recrys

talli zecl from acetone. 

Yield 

5.097 g (39 %) (lit. 166
: 70 % crucle product) pale yellow powder; 

soluble in DMF and DMSO. 

"'" The gas outle t led first to a bubbler, then to a gas -washin g bettl e fillecl with an aqueous so lution of Cu(OAc), (in 

order to remove excess hydrogen sul fide according to: H,S +Cu'•---+ CuSL) and fin ally to a gas-washing bettl e 

fil led with an aqueous solution of socl ium thiosu lfate (in order to remove excess bromine according to: Br, + 

2 S,o,'- - > 2 Br- + 540 6
2

- (tetrathionate)). 

xxx Mechanical prec ision stirrer: "KPG" stirrer. 
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GC/MS 

GC (50 °C, 2 min , 10 °C min- 1
, 250 °C, 20 min): R, = 14.8 min ; MS (EI, 70 eV): 111/z (%): 198 

(2 %) [lf (with 81 Br)] , 196 (2 %) [lf (with 79Br)], 117 (33 %) [lfxxx i - 80 (Br)] , 108 (33 %) 

[lf - 89] , 107 (9 %) [lf - 90] , 106 (37 %) [lf - 91], 105 (100 %) [lf - 92], 93 (64 %) 

[lf - 104] , 91 (61 %) [lf - 106] , 90 (93 %) [lf - 107] , 88 (17 %) [lf - 109], 81 (52 %) 

[
8 1Br', M" (with 8 1Br)- 117], 79 (49 %) [79Br+, M" (with 79Br)- 117], 78 (23 %) [lf- 119], 77 

(9 %) [M+ - 120], 76 (15 %) [lf- 121], 75 (16 %) [lf- 122], 74 (17 %) [lf - 123] , 65 

(18 %) [lf- 132], 64 (64 %) [lf-133], 63 (97 %) [lf- 134], 62 (51 %) [lf- 135], 61 

(33 %) [lf- 136], 53 (10 %) [lf- 144], 52 (58 %) [lf- 145], 51 (43 %) [lf- 146], 50 

(25 %) [lf - 147]. 

NMR 
1H-NMR (400 MHz, [D7]-DMF, 300.0 K, TMS): o [ppm] = 7.58 (m, 2 x 1 H, H-4, H-7) , 7.24 

(111 , 2 x 1 H, H-5 , H-6), 1.98 (s , 1 H, H-1 (N-H)). 
11C-NMR (100 MHz, [D7]-DMF, 300.0 K, TMS): 8 [ppm] = 142.0 (C-3a and C-7a (both C, q)) , 

127.4 (C-2 (C, q)), 123. I (C-5 and C-6 (both CH, p)) , 115.3 (C-4 and C-7 (both CH, p)). 

11.2.4.2. Coupling Attempts 

11.2.4.2.1. 1,2-Bis(phenylethynyl)-lH-benzimidazole (!Qfil - Attempted Synthesis 

In an argon atmosphere, 600 mg (3.045 mmol, 1 eq) of 2-bromo-IH-benzimidazole (107) were 

suspended in 10 ml of dry and degassed triethylamine. xxx ii Then, 107 mg (0.152 mmol , 0.05 eq) 

of bis( triphenylphosphine)palladium(II) dichloride, (PPh3)2Pd 11Cl2, and 87 mg (0.457 mmol, 

0.15 eq) of copper(I) iodide, Cu\ were added. Phenylacetylene (43) was then added via a 

syringe and the mixture placed immecliately into an oil bath of a temperature of 80 ocxxxiii and 

SliITecl for 20 h .. miv 

As a work-up proceclure, 30 ml of water were added and the mixture was extracted 4 times with 

CH2Ch. The turbicl , clark yellow organic layer was filtered over celite, dried over MgS04 , 

filtered and evaporatecl to give a dark yellow solid. 

"" lf not otherwi se indicated (like "M' (with " Br)" or "111' (with 79BrJ" , resp. ), the average mass of the product is 

spec ified as 1\f' = 197. 

""" The reacti on was also carried out with a 1: 1 mi xture of dry DMF and dry NEt, . 

""""' The reaction temperatures that were tried were: 80 °C, 50 °C and rt (80 °C worked best). 

"'';' The reac ti on times thm were tried were: 20 h and 5 h (20 h worked best). 



11. EXPERIMENTAL SECTION 227 

The mixture was purified by flash column chromatography with n-pentane / Et20 1: 1 + 5 % 

NEt>- From one fraction , upon slow evaporation at rt, a substance crystallizecl in colorless, fine 

needles. 

Yield 

2-Phenylethynyl- I H-ben zimidazole (109): 

41 mg (6 %) colorless, fine needles. 

Rr 

1.4-Diphenylbutacliyne (110): R1 = 0.7 (silica, n-pentane / Et20 1 :3): 

ecluct 2-bromo- I H-benzimidazole (107): Rr = 0.4 (silica, 11-pentane / Et20 1 :3); 

2-phenylethynyl- I H-benzimidazole (109): Rr = 0.3 (silica, n-pentane / Et20 1 :3). 

GC/MS 

(() - Ph 

H 
109 

2-Phenylethynyl-1 H-benzimidazole (109): 

Ph - - Ph 

110 

GC (50 °C, 2 min , 10 °C min- 1
, 250 °C, 20 min): R, = 21.7 min; MS (EI, 70 eY): 111/z (%): 219 

(16 %) [W + 1 (H)), 218 (100 %) [W] , 217 (12 %) [W- 1 (H)J, 190 (13 %) [M+ -28] , 109 

(10 %) [W - 109], 77 (7 %) [Ph+, W - 141], 64 (10 %) [W- 154], 63 (14 %) [W- 155]. 

1.4-Diphenylbutacliyne (110): 

GC (50 °C. 2min , 10 °Cmin- 1
, 250°C, 20min): R,= 17.5min; MS (EI. 70eV): m/z(%): 205 

( 15 %) [W + 3], 204 (88 %) [W + 2], 203 (89 %) [W + 1 (H)J, 202 (100 %) [W], 201 ( 15 %) 

[W - 1 (H)J , 200 (14 %) [W - 2] , 102 (12 %) [W- IOOJ , 101 (27 %) [W - 101] , 89 (15 %) 

[W - 11 3], 88 (11 %) [W- 114], 77 (6 %) [Ph+, W-125] , 76 (14 %) [W- 126]. 

11.2.4.2.2. 1-Aza-1,5,6,7,8-pentahydro-azecan-3,9-diyne[1,2-a] lH-benzimidazole 

(115) - Attempted Synthesis 

In an argon atmosphere, 500 mg (2.538 mmol , 1 eq) of 2-bromo- I H-benzimiclazole (107) were 

clissolvecl in 15 ml 01· dry and degassed DMF. Then, 1.770 ml ( 12.689 mmol , 5 eq) of dry and 

cl egassecl trieth ylamine and 0.5 10 ml (3.824 mmol, 1.5 eq) of octa- 1,7-diyne (114) were addecl. 
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In an inert atmosphere, 293 mg (0.254 mmol, 0.1 eq) of powdered tetrakis(triphenyl

phosphine)palladium(O), (PPh3)4Pd11
, and 135 mg (0.709 mmol, 0.28 eq) of powdered copper(l) 

iodide, Cu\ were mixed and afterwarcls aclcled to the clear solution. The mixture was placed 

immediately into an oil bath of a temperature of 80 °C"""v and stirred for 20 h.""xvi 

As a work-up procedure, the solvents were evaporated completely. Then, 20 ml of EtOAc ancl 

10 ml of an aqueous 10 % solution of nickel(II) sulfatexxxvii were acldecl, ancl the mixture was 

extracted 4 times with EtOAc. The dark yellow organic layer was filtered over celite, clriecl over 

MgS04, filtered and evaporated to give a brown solid. 

The mixture could not be completely purifiecl by tlash column chromatography with 11-pentane / 

Et20 1: 1. HPLC separation attempts on a nitrile phase (with 11-hexane / MrB-ether 2:3, or a 

gradient of 100 % 11-hexane---+ 11-hexane / MtB-ether 2:3---+ 100 % MtB-ether, resp.) failed as 

well . Apart from educt, only clecomposition proclucts were founcl by TLC and GC/MS analysis. 

11.2.4.3. Additional Activation of Position N-1 of Benzimidazole Derivatives 

11.2.4.3.1. Potassium 2-Bromo-ll/-benzimidazolate (lli) - Attempted Synthesis 

0.500 g (2.538 mmol, 1 eq) of 2-bromo- l H-benzimidazole (107) were suspenclecl in 8 ml of 

water. Aqueous, clilutecl ("' 10 %) HC! was acldecl, so that the educt just dissolvecl. Then , 1.263 g 

(9.139 mmol , 3.6 eq) of anhydrous potassium carbonate, K2CO" were added. Upon that, the 

procluct precipitatecl as a fine solid. 

The mixture was stirrecl for V2 h, filterecl, washed with the mother liquid and dried over CaC12• 

Yield 

0.327 g (55 %) white solid. 

GC/MS 

Ecluct 2-bromo- l H-benzimiclazole (107): 

xxxv The reaction temperatures that were triecl were: 80 °C, 50 °C and rt. 

"·"" The reaction times that were triecl were: 40 h, 20 h and 5 h. 

'"';; The Ni 11(S04)-solution was aclded in order to remove remaining DMF. 
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GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 14.8 min ; MS (EI, 70 eY): 111/z (%): 198 

(2 %) [Ar (with 81 Br)] , 196 (2 %) [Ar (with 79Br)], 117 (33 %) [Wxx"iii - 80 (Br)] , 108 (33 %) 

[W-89], 107 (9%) [W-90], 106 (37%) [W-91] , 105 ( 100 %) [W-92], 93 (64 %) 

[Ar- 104], 91 (61 %) [Ar- 106], 90 (93 %) [Ar- 107], 88 (17 %) [M+ - 109], 8 1 (52 %) 

[
81 Br+, Ar (with 81 Br)- 117], 79 (49 %) [79Br+, Ar (with 79Br)- 117], 78 (23 %) [M+ - 119], 77 

(9 %) [W-120], 76 (15 %) [W-121], 75 (16 %) [Ar- 122] , 74 ( 17 %) [Ar - 123] , 65 

( 18 %) [W-132] , 64 (64%) [Ar- 133], 63 (97 %) [W-134] , 62 (51 %) [M+-135] , 6 1 

(33%) [W-136] , 53 (10%) [W-144], 52 (58%) [W-145] , 51 (43 %) [W-146]. 50 

(25 %) [Ar - 147]. 

ESI-MS 

Anion mode: m/z = 197 [M- (anion, with 81 Br)] , m/z = 195 [M- (anion, with 79Br)]. 

11.2.4.4. 1,2-Dibromo-lH-benzimidazole (119) - Attempted Synthesis 

500 mg (2.538 mmol , 1 eq) of 2-bromo-l H-benzimidazole (107) were di ssolved in 15 ml of an 

aqueous solution of sodium hydroxide (containing 102 mg (2.538 mmol , 1 cq) 01· NaOl-I). Via a 

syringe, 0.300 ml (5.707 mmol , 2.25 eq) of bromine were added dropwise. The mixture 

thickened into an orange solution and a white precipitate formed. 15 ml of water were adcled and 

the mixture was stirred for 20 h. Then, the solid was filterecl, washed with water and clried in a 

vacuum exsiccator over P4Ü10-

Yield 

747 mg red-brown sol id (crucle). 

GC/MS 

Educt 2-bromo- l H-benzimidazole (107): not detectable. 

CX>-Br 

119 

\ 
Br 

~~}-Br 
Br Br 

120 

Br P=t-s. 
Br Br 

121 

" ·"''' lf not otherwise indicated (l ike "tvr (with 81 Br)" or "M' (with '"Br)" . resp. ). the average mass of lhe producl is 

speci fiecl as 1W = 1 97. 



11. EXPERIMENTAL SECTION 230 

Di-brominated species (assumedly 119): 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 18.4 min (relatively small peak); MS (EI, 

70 eV): 111/z (%): 278 (48 %) [M+ (with 2 x 81 Br)], 276 (100 %) [W (with 1 x 81 Br and 1 x 79Br; 

this is also the average mass)], 274 (54 % ) [W (with 2 x 79 Br)] , 197 ( 18 % ) [M+xxxix - 79 ( 9 Br)], 

195 (19 %) [W'1-8I (81 Br)], 116 (64%) [W-2 Br], 89 (11 %) [M+ -187], 88 (17%) 

[M+ - 188], 81 (5 %) [81 Br+, W- 195], 79 (6 %) [79Br+, W- 197] , 64 (11 %) [W - 212] , 63 

(25 %) [W -213], 62 (20 %) [W - 214], 61 (13 %) [W -215]. 

Tri-brominated species (assumedly 120): 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 21.2 min (relatively biggest peak) ; MS 

(EI , 70 eY): m/z (%): 358 (32 %) [W (with 3 x 8 1Br)], 356 (98 %) [W (with 2 x 8 1Br and 1 x 

79 Br)], 354 (100 %) [W (with 1 x 81 Br and 2 x 79Br)], 352 (34 %) [W (with 3 x 79Br)], 277 

(9 %) [358 (W with 3 x 81 Br)- 81 (8 1Br) or 356 (W with 2 x 81 Br and 1 x 79Br) - 79 ( 9 Br)], 

275 (19 %) [356 (M+ with 2 x 8 1Br and 1x 79Br)-81 (8 1Br) or 354 (W with 1 x 81 Br and 2 x 
79Br) - 79 ( 9Br)], 273 ( 10 %) [354 (W with 1 x 8 1 Brand 2 x 79 Br) - 81 (8 1 Br) or 352 (W with 

3 x 79Br)- 79 ( 9Br)] , 196 (32 %) [W = 358 -162 (2 x 8 1Br) or W = 356- 160 (1 x 81 Br and 

1 x 79Br) or W = 354- 158 (2 x 79 Br)], 194 (34 %) [M+ = 356- 162 (2 x 81 Br) or M+ = 

354-160 (l x 81 Br ancl 1 x 79Br) or W = 352- 158 (2 x 79 Br)], l 15 (10 %) [W'1i - 240 (3 x 

Br)] , 88 (37 %) [M+ - 267] , 87 ( 15 %) [W - 268] , 81 (3 %) [81 Br+, M+ - 274], 79 (3 %) [79Br+, 

W - 276] , 62 (22 %) [M+ - 293] , 61 (20 %) [W - 294]. 

Tetra-brominated species (assumedly 121): 

GC (50 °C, 2 min , 10 °C min- 1
, 250 °C, 20 min): R, = 22.6 min (relatively small peak) ; MS (EI, 

70 eY): 111/z (%): 438 ( 17 %) [W (with 4 x 81Br)], 436 (61 %) [W (with 3 x 8 1 Brand 1 x 79Br)], 

434 (100 %) [W (with 2 x 8 1Br ancl 2 x 79Br; this is also the average mass)], 432 (63 %) [W 

(with 1 x 8 1 Br ancl 3 x 79 Br)] , 430 ( 18 %) [W (with 4 x 79Br)] , 358 ( 16 %) [Wxlii - 76] , 357 

(6 %) [W - 77] , 356 (47 %) [W - 78], 355 (12 %) [W - 79], 354 (51 %) [W - 80] , 353 (9 %) 

[W-81], 352 (18 %) [W-82], 277 (6 %) [W-157], 276 (18 %) [W-158] , 275 (14 %) 

[W- 159], 274 (36 %) [W - 160] , 273 (9 %) [W- 161], 272 (18 %) [W - 162], 196 (19 %) 

""' lf not otherwise indicated (Jike "/\Ir' (with 2 x " Br)". "/\Ir' (with 1 x '''Brand 1 x " Br)" or " /\Ir' (with 2 x "'Br)", 

resp.) , the average mass o f the product is specified as i11• = 276. 

'
1 lf not otherwise indicated (like "/\Ir' (with 2 x 81 Br)" , "lvr' (with 1 x 7''Br and 1 x " Br)" or "/\Ir' (with 2 x " Br)" , 

resp.), the average mass of Lhe product is specified as /\Ir'= 276. 

,i; lf not otherwise indicated (Jike "M+ (with 3 x " Br)" , "/\Ir' (with 2 x 81 Br and 1 x ''' Br)" , " /\Ir' (wilh 1 x 81 Br and 2 x 

79Br)" or "1\·r' (wilh 3 x ' '' Br)" , resp. ), lhe average mass of the producl is specified as M+ = 355. 

,,;; lf not otherwise indicaled (please see above for lhe particular J\1' , which depends on Lhe isotope dis1ribu1ion of 4 

Br atoms in the molecule). the average mass of the product is specified as /\Ir'= 434. 
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[M' - 238], 195 (12 %) [M'-239], 194 (19 %) [M'-240), 193 ( 12 %) [M'-241] . 168 (13 %) 

[M' -266], 166 (13%) [M'-268) , 88 (30 %) [M'-346], 87 (40 %) [111'-347]. 86 ( 18 %) 

[M'-348), 81 (8 %) [8 1Br+, M'-353], 79 (8 %) [79Br+, M+-355], 62 (18 %) [M+-372] , 61 

(31 o/o)[M'-373). 

Note: 

In order to see possi ble substitution or cleavage products with regard to a supposed Br at N-1 

(the N-Br-bond should be relatively weak), the product mixture was dissolvecl in C H2C l2 ancl 

st irrecl for 2 h with aqueous EtOH . A GC/MS analysis showecl the same result as given above. 

even after addition of some KOH to the mixture. 

11.2.4.5. 2-Bromo-1-iodo-lH-benzimidazole (122) - Attempted Synthesis 

500 mg (2.538 mmol , 1 eq) of 2-bromo-l H-benzimidazo le (107) were suspended in 20 ml 0 1· an 

aq ueous solution of socl ium hydrox icle (containing 102 mg (2 .538 mmol , 1 eq) of NaOH). AJ'tcr 

1 h o f stiITing, the educt still was not dissolvecl. Then, 494 mg (3.043 mmol , 1.2 eq) of iocl ine 

chloricle, 1-CI, were aclclecl, causing a yellow-brown preci pitate. The s lurry was stirred at rt for 

Y2 h. The precipitated solid was filtered, washecl with 100 ml 01· water and then with 500 ml 01· 

Et20 and then dried in a high vacuum. 

Yield 

200 mg ocher powcler (c rude). 

GC/MS 

Only ecluct (2-bromo- I H-benzimiclazole (107)) was detectable. 
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11.2.5. Building up the Ethynyl Moiety at Position C-2 of Benzimidazole 

Systems - Condensation Approaches 

11.2.5.1. Synthesis of Imidazole and Benzimidazole Derivatives from 

a,a'-Diketones with Formamide 

11.2.5.1.1. 2-Phenylethynyl-1H-phenanthro[9,10-d]imidazole (!@) - Attempted 

Synthesis 

1.500 g (7.204 mmol, 1 eq) of phenanthrene-9,10-dione (161) (9, 10-phenanthrenequinone) were 

suspended in 35 ml of formamide (159). Then, 0.880 ml (0.938 g, 7.204 mmol, 1 eq) of phenyl

propargyl aldehyde (162) were added to the reddish solution and the mixture heated to 210 °C 

within Y2 h.' 1
;;; The reaction mixture turned brown and was refluxed for 2Y2 h (ca. 200 °C) . After 

cooling to rt, the mixture was poured into 50 ml of ice water. The brown precipitate was filtered 

and purified by tlash column chromatography with hexanes / EtOAc 8: 1 -> hexanes / EtOAc 

8:2. 

GC/MS 

Apart from several other peaks, which could not be assigned to the product 2-phenylethynyl

I H-phenanthro[9, 10-d]imidazole (163), only educt (phenanthrene-9, 10-dione (161)) was 

detected. 

11.2.5.1.2. 4,5-Diphenyl-2-phenylethynyl-IH-imidazole (164) - Attempted 

Synthesis 

1.515 g (7 .206 mmol, 1 eq) of benzil (158) ( l ,2-diphenyl-ethane-1 ,2-dione) were suspended in 

35 ml of formamide (159). Then, 0.880 ml (0.938 g, 7.204 mmol, 1 eq) of phenylpropargyl 

aldehyde (162) were added to the yellowish solution and the mixture heated to 210 °C within 

Y2 h. The reaction mixture turned brown and was refluxed for 2Y2 h (ca. 200 °C). After cooling to 

rt , the mixture was poured into 100 ml of ice water. From the dark brown solution, an ocher, 

colloidal precipitate formed which could not be filtered. 

>hii ßoiling point of formamide: b.p. (H-(C=O)-NH,) = 2 10 °C. 
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GC/MS 

An extraction sample from the precipitate showed several peaks that could not be assignecl to the 

procluct 4,5-cliphenyl-2-phenylethynyl-1 H-imidazole (164). On ly tiny amounts of the ecluct 

(benzil (158)) were cletected. 

11.2.5.2. Synthesis of Imidazole and ßenzimidazole Derivatives from a,a'-Di

ketones with Ammonium Acetate 

11.2.5.2.1. 2-Phenylethynyl-1H-phenanthro[9,10-d]imidazole (163) - Attempted 

Synthesis 

In an argon atmosphere, 1.500 g (7.204 mmol , 1 eq) of phenanthrene-9,10-clione (161) 

(9, 10-phenanthrenequinone) were suspended in 60 ml of glacial acetic acid and heated to 100 °C. 

Upon heating under reflux conditions, a reddish solution formecl. To this solution. in a rapid 

manner were adcled first ll.178g (144.081 mmol, 20eq) of a111monium acetate. NH40Ac 

(causing the release of a white vapor), and then 0.880 ml (0.938 g, 7.204 m111ol , 1 eq) of phcnyl

propargyl aldehycle (162) (dissolvecl in 5 ml of glacial acetic acicl). The mixture turnecl brown 

ancl was refluxed for 1hat115 °C. After cooling to rt, an ocher solid precipitated. The solid was 

filtered and washed with glacial acetic acid . 

Solution attempts showecl that the solid was insoluble in MeOH. EtOH. acetone, EtOAc. Et20, 

MrB-ether, CHCh and CH2C'2. lt was slightly soluble in toluene and benzene. 

GC/MS 

An extraction sample from the prec ipitate showed several peaks that could not be assigned to the 

product 2-phenylethynyl- I H-phenanthro[9, 10-d]imidazole (163). 

11.2.5.2.2. 4,5-Diphenyl-2-phenylethynyl-lH-imidazole (IB) - Attempted 

Synthesis 

In an argon atmosphere, 1.515 g (7 .206 11111101, 1 eq) of benzil (158) (l ,2-diphenyl-ethane-

1,2-dione) were suspendecl in 40 ml of glacial acetic acid ancl heatecl to 100 °C. Upon heating 

under retlux conditions, a ye ll owish solution formed. To thi s solution, in a rapid manner were 

adclecl first 11.J 78 g ( 144.081 111mol, 20 eq) of ammon ium acetate, NH40Ac (causing the release 

of a white vapor), and then 0.880 ml (0.938 g, 7.204 mmol, 1 eq) of phenylpropargyl alclehycle 

(1 62) (dissolved in 5 mi of glacial acet ic acicl). The mixture turned dark brown and was rell uxecl 
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for 1 hat 115 °C. After cooling to rt , no precipitation of a solid occurred, neither after standing 

in the refrigerator (4 °C) for 20 h. 

GC/MS 

A sample from the dark brown solution showed several peaks that could not be assigned to the 

product 4,5-diphenyl-2-phenylethynyl- l H-imidazole (164). 

11.2.5.3. Synthesis of 2-Phenylethynyl-Benzimidazole Derivatives from a 

1,2-Diamine and an Aldehyde 

11.2.5.3.1. 2-Phenylethynyl-IH-benzimidazole (!Q2) 

In a three-necked tlask, equipped with a water separator connected to a reflux condenser, a 

thermometer and a septum, 0.779 g (7.204 mmol, 1 eq) of o-phenylenediamine (165) 

( 1,2-phenylenediamine) were suspended in 40 ml of toluene. Then, 0.880 ml (0.938 g, 

7.204 mmol, 1 eq) of phenylpropargyl aldehyde (162) and directly afterwards 0.260 ml (0.316 g, 

ca. 7 mmol, 1 eq) of formic acid (96 % ) were added. The mixture was refluxedxliv at ca. 120 °C 

for 2 h (until the formation of water stopped).'1v After allowing to cool to rt, the brown mixture 

was evaporated to dryness . The brown solid was purified by tlash column chromatography with 

hexanes / EtOAc 3: 1. 

Yield 

2-Phenyl ethynyl-1-(3-phenyl-prop-2-ynyl)- l H-benzimidazole (170): 

132 mg (6 %) (lit.239
: 81 %) slightly ocher solid. 

2-Phenylethynyl- l H-benzimidazole (109): 

71 mg (5 % ) colorless solid. 

Rr 

2-Phenylethynyl-J -(3-phenyl-prop-2-ynyl)- l H-benzimidazole (170): Rr = 0.3 (silica, n-hexane / 

EtOAc 3: l); 

2-Phenylethynyl-l H-benzimiclazole (109): Rr = 0.2 (silica, n-hexane / EtOAc 3: 1 ). 

xli v ß.p. (toluene) = 1 10 °C. 

·''' According to the stoichiometry of the reaction, at most 7.204 mmol ( 1 eq) of water are formed, corresponding to 

0.1 30 g (= 0.130 ml) of H,O. 
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GC/MS 

Cr=) - Ph 

1 
H2C~ 
~ 

170 Ph 

0:) - Ph 

H 

109 

2-Phenylethynyl- l -(3-phenyl-prop-2-ynyl)- I H-benzi midazole (l 70): 

235 

GC (SO °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 29.7 min ; MS (EI, 70 eV): 111/z (%): 333 

( 11 %) [W + 1 (H)], 332 (58 %) [W] , 331 (100 %) [W - 1 (H)] , 330 ( 17 %) [W - 2], 329 

(21 %) [W - 3] , 166 ( 18 %) [AI'- 166], 165 (34 %) [M°- 167], 77 (7 % ) [Ph•, M"-255]. 

2-Phenylethynyl- I H-benzimidazole (109): 

GC (50 °C , 2 min , 10 °C min- 1
• 250 °C, 20 min): R, = 21.0 min ; MS (EI. 70 cV): 111/z (%): 2 19 

( 16 %) [AI'+ 1 (H)] , 2 18 ( 100 %) [W], 217 (12 %) [W - 1 (H)] , 190 ( 13 %) [AI' - 28], 109 

( 10 %) (AI'- 109], 77 (7 %) [Ph•, AI'- 141], 64 (10 %) (AI'- 154], 63 ( 14 %) [AI'- 155]. 

11.2.5.4. Synthesis of 2-Phenylethynyl-Benzimidazole Derivatives from a 

1,2-Diamine and an Aldehyde with Copper(II) Acetate 

11.2.5.4.1. 2-Phenylethynyl-IH-benzimidazole (109) 

0:) - Ph 

H 

109 

In a three-necked flask. equipped with a reflux condenser, a gas inlet and a gas outlet , 0.884 g 

(8 .175 mmol , 1 eq) of o-phenylenediamine (165) ( 1,2-phenylenediamine) were suspended in 

30 ml of water.xlvi Then , 3.267 g (17.986 mmol , 2.2 eq) of copper(II) acelate, Cu11 (0Ach, were 

added. To the genera ted da rk blue solution was then added a solution of 1.000 ml ( l .064 g, 

8.1 75 mmol, l eq) or phenylpropargyl aldehyde (162) in l S ml of MeOH.' 1
" ;; The solution turned 

dark brown and was then heated to ca. 80 °C for 1 h. A dark precipitate fo rmed, wh ich was 

,,,; The solvents that were tri ed were: H,O. H,O / MeOH 1: 1 and MeOH. 

''';; The solve nts that were tr ied were: MeOH. H,O I MeO H 1: 1 and H,O. 
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filtered and washed with water after cooling to rt. The yield of the crude benzimidazole

copper(I) salt was 4.030 g of a black solid. 

The crude benzimidazole-copper(I) salt was suspended in 120 ml of waterxlviii and heated to 

80 °C. Hydrogen sulfide, H2S, was then bubbled for 10 min through the hot suspension at 

80 °C. xlix Afterwards, in order to expel the excess of H2S, nitrogen was bubbled through the 

suspension for 10 min. The mixture was filtered while still hot , giving a black fitter cake 

(consisting of copper(I) sulfide, Cu1
2S) and a light brown filtrate . Upon evaporating this filtrate 

to 50 ml, a light ocher solid precipitated. The solid was filtered , dried and analyzed by GC/MS. 

The sample was found not to be analytically pure. 

Yield 

2-Phenylethynyl- I H-benzimidazole (109): 

113 mg (6 % ) colorless solid. 

GC/MS 

2-Phenylethynyl- I H-benzimidazole (109): 

GC (SO °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 20.3 min; MS (EI, 70 eY): 111/z (%): 219 

(16 %) [M' + 1 (H)], 218 (100 %) [M'J, 217 (12 %) [M'- 1 (H)] , 190 (13 %) [M'- 28), 109 

(IO %) [M'- 109] , 77 (7 %) [Ph', lvr- 141] , 64 (IO %) [M'- 154] , 63 (14 %) [M'- 155]. 

''''' ' The solvents timt were tried were: H,O and H,O I Et OH 1: 1. 

'"' H,S was generated in a three-necked llask charged with 10 g Fe11S (or 10 g Na,S). The llask was eq uipped with a 

dropping funnel filled wi th 50 ml of 50 % H,Sü„ a gas inlet (for N,) and a gas outlet (for H2S). ßefore reaching the 

reaction tlask. H,S had to pass through 2 empty gas-washing bottles (for safety reasons) . After leav ing the reaction 

tlask. H2S was absorbed as Cu11S in a gas-washing bottle filled with an aq ueous solution of Cu11S04 • This bottle was 

finally co nnected to a bubbler. 
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11.2.6. Synthesis of 2-Phenylethynyl-Benzimidazole Derivatives -

The Final Route 

11.2.6.1. Preparation of the lmidate Salt 180 - A NOVEL COMPOUND 

11.2.6.1.1. Phenylpropiolic Acid Chloride (178) (Phenylpropynoyl Chloride) 

Ph----'-<~O 
Cl 

178 

237 

In a three-necked tlask, eq uipped with a retlux condenser and a bubbler,1 a mechanical prec ision 

stirrer and a septum , 20.000 g (0.137 mol , 1 eq) of phenylpropiolic acid (177) (phe nylpropyno ic 

ac icl) were suspenclecl in 220 ml of dry benzene 1
; in an argon atmosphere. To the sli ghtl y yc llow 

suspension,1;; 19.915 ml (32.561 g, 0.274 mol , 2 eq) of freshly cli stilled thionyl chloricle, SOCl 2, 

were aclclecl via a syringe ancl a septum. The resulting mixture was stirrecl ancl refluxecl (al ca. 

85 °C) for 2 h under argon. lnitially, a vigorous release of gas look place, which slowecl dow n 

cluring the course of the reaction. The obtained yellow solution was allowecl to cool to rt. and the 

solve nt ancl excess SOCl 2 were removecl in a rotavap previously tlushecl with nitrogen (bath 

temp.: 40 °C, pressure: 100 mbar). 

Phenylpropiolic acicl chloricle (178) was obtainecl as a yellow oil. Due to the high sensitivity o f 

acicl chloricles to hyclrolysis, no characterization was carried out - the product was submittccl 

immecl iately to the following reac tion . 

1 The bubb ler was connected to a gas-washing bottle filled with diluted aqueous NaOH-solution in order to remove 

hydrogen chloride and sulfur diox idc. These gases are formed according to the equation: R-COOH + SOCI, --> 

R-COCI + HCI +SO, . 
11 Due to the tox ici ty of benzcne. the reaction was also carried out in to luene. l-lowever, upon evaporation it is 

advantageous to use the former solvent: Benzene has a boiling point of b.p. (Ph- H) = 80 °C and thionyl chloridc or 

b.p. (SOCI,) = 76 °C. wh ile for toluene it is b.p. (Ph-CH_1) = I 1 O ' C. The ac id chloride is heat-scnsitive, and 

employment or toluene led to worse yield. 

"' Phenylpropiol ic acid (177) dissolved partially. 



11. EXPERIMENTAL SECTION 

11.2.6.1.2. Phenylpropiolic Acid Amide (!12) (3-Phenylpropynoic Acid Amide) 

Ph---J{~O 
NH2 

179 

238 

A two-necked flask, equipped with a septum and a mechanical precision stirrer, was charged 

with 150 ml of a solution of concentrated (25 %) aqueous ammonia. The flask was chilled in an 

ice bath. Then, the in the previously described reaction obtained phenylpropiolic acid chloride 

(178) was added dropwise via a syringe, upon vigorous stirring of the mixture. An ocher solid 

precipitated; after addition the stirring was continued for 1 h and the mixture was then 

refrigerated (ca. 4 °C) for 12 h. 

The crude product was filtered and then slurried in a chilled aqueous sodium carbonate 

solution,liii filtered again and washed 4 times with 200 ml of ice-cold water. 

After drying over P40 10, the product was purified by flash column chromatography with 

n-pentane / Et20 1 :9-> Et20 or by recrystallization from benzene and 5 drops of n-hexane added 

in the heat. 

Yield 

15.137 g (76 % ) Fine white crystals. 

Rr 

Rr = 0.3 (silica, 11-pentane / Et20 1 :9), Rr = 0.2 (silica, n-hexane / EtOAc 1: 1 ). 

Melting Point 

104 °C (recrystallized from benzene + 5 drops of 11-hexane). 

GC/MS 

Phenylpropiolic acid (177): 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 2.9 min; MS (EI, 70 eY): mlz (%): 146 

(0%) [M+ not detectable] , 103 (10%) [W-43], 102 (100 %) [W-44 (C0 2)J. 76 (40%) 

'''' The snturated Na,C0.1-solution was used in order to remove remaining phenylpropiolic acid (177). 
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[W- 70] , 75 (17 %) [W-71], 74 (26 %) [W-72], 63 (15 %) [W- SJJ, 62 (10 %) [M+ - 84]. 

61 (8 %) [W - 85] , 52 (10 %) [W -94] , 51 (18 %) [M+ -95], 50 ( 18 %) [M+ -96]. 

Phenylpropiolic acicl amicle (179): 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 13.7 min; MS (EI , 70 eV): 111/z (%): 145 

(37 %) [WJ , 129 (100 %) [M"-16] , 117 (16 %) [W-28] , 101 (21 %) [M°"-44], 89 ( 13 %) 

[W-56] , 77 (14 %) [Ph+, M"-68] , 76 (13 %) [W-69], 75 (42 %) [W-70] , 74 (30 %) 

[W-71], 63 (14 %) [W- 82] , 62 (12 %) [W- 83], 61 (10 %) [M+ - 84]. 51 (20 %) [M"- 94]. 

50 (10 %) [W - 95]. 

11.2.6.1.3. 0-Ethyl-phenylpropiolic Imidate Tetrafluoroborate (180) - A NOVEL 

COMPOUND 

OEt 

Ph ~ + _ 
NH2 BF4 

180 

In a three-neckecl tlask, equippecl with a rellux conclenscr with a bubblcr, an argon inlet ancl a 

stopper, 8.000 g (55.112 mmol , 1 eq) of clriecl phenylpropiolic acicl amicle (179) were suspenclccl 

in 100 ml of dry CH2C'2 in an argon atmosphere. Then, 11.518 g (60.623 mmol , 1.1 eq, weighecl 

out in a glove box) of triethyloxonium tetrafluoroborate. Et30 + BF4- . were aclclecl ancl the mi xture 

was heatecl (bath temp.: ca. 50 °C) uncler retlux for 1 h. The solicls cli ssolvecl upon heating. After 

allowing to cool to rt , colorless crystals precipitatecl. 

About half of the amount of CH2C'2 was then blown off with a nitrogen stream, causing chilling 

ancl precipitation of furth er material. The llask was packecl in an ice bath ancl another ca. 20 ml 

of CH2Cl2 were blown off (total time for removal of solvent: ca. 1 - 2 h). Afterwareis, the 

procluct was quickly vacuum-filterecl over a previously clriecl filter frit (porc si ze: 4), washecl with 

2 x 15 ml of dry CH2Cl2 ancl shortly suckecl to clryness. 

Due to its sensitivity to hyclrolysis, imiclate tetrafluoroborate 180 was submittecl immecliately to 

lhe foll owing reaction. For analytic purposes, however, it was al so recrystalli zecl from CH2C'2. 

Yielcl 

1 J .8 10 g (82 % ) hygroscopic. colorless crys tals; 

slightly soluble in CH2C!i. insoluble in Et20. 
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Melting Point 

121 °C (recrystallized from CH2Cl2). 

IR 

IR (KBr): V [cm- 1] = 3302 (m, br, v N-H), 3153 (m, br, V N-H), 3005 (w, V C-Haromaticl, 2870 

(w, V C-Haliphaiicl, 2233 (s, v C=C), 1688 (m), 1500 (m), 1445 (m), 111 6 (m), 1038 (m), 995 (m). 

UVNis 

MeCN, c =3.969· 10-5 molT1,d = 1 cm: A.max=291 ( 16,805), 195 (25,473). 

ESI-MS 

Cation mode: 111/z = 174 [M+ (cation )], mlz =435 [2 x M + (cation) + M - (anion, BF4-)]. 

Hi Res-MS 

HiRes-ESl-MS: 111/z = 174 [M+ (cation)], calc. for C 11 H120 N: 174.09 13, found: 174.092 1 (.'l = 

-0.8 mDa = -4.6 ppm). 

Elementary Analysis 

Calc. [%] for C 11 H120NBF4: C 50.62, H 4.63, N 5.37, 0 6 .13 , B 4.14, F 29. 11. Found [%]: 

C 50.68, H 4.65 , N 5.33. 

11.2.6.2. Preparation of the Perfluorinated Diamine 91 

11.2.6.2.1. 2,3,4,S-Tetrafluoro-6-nitro-phenylamine (185) 

F~NO, 
F~NH2 

F 

185 

A three-necked tlask, equipped with a gas inlet reaching into the solvent, a mechanical precision 

stirrer and a gas outlet, was charged with 300 ml of dry Et20. In an argon counter stream, 

25.000 g (0. 11 7 mol , 1 eq) of liquid pentafluoro-nitrobenzene (184) ( 1,2,3,4,5-pentafluoro-



] 1. EXPERIMENTAL SECTION 241 

6-nitro-benzene) were added. For 3 h, ammonia gas (99.98 %) was thcn bubblccl through the 

solution at a speecl of 10 bubbles in S sec. (experimental setup: see footnote1
;"). Thc color of the 

solution turned from light yellow to clark yellow, and a colorless prccipitate (NH4 F) formecl. 

After the clisappearance of ecluct (complete after 2 - 3 h, monitorecl by TLC), thc solu tion was 

filtered through a fluted filter. The filtrate was washed 1 x with 10 ml of a sat. solution of NaCI 

ancl then driecl over MgS04 • 

The crucle orange mixture was purifiecl by flash column chromatography with hexancs / toluenc 

1: 1 or aclvantageously with petroleum ether (30 - SO °C) / CH2Cl2 7:3 1
" and gave 3 main 

fractions (see Rr below). The solvents were removed in a rotavap at 600 mbar and a bath temp. 

of 30 °C. 

Yield 

16.294 g (66 %) (lit. 136
: 66 %) volatile, lemon yellow oi l, which so liclifies upon stancling. 

Rr 

Pentafluoro-nitrobenzene (184): 

R1 = 0.7 (silica, n-hexane / toluene 1: 1 ); column forerun. 

2.3,4,5-Tetratluoro-6-n itro-phenylamine (185): 

Yellow spot. R1 = 0.2 (si lica, n-hex ane / toluene 1: 1 ), R1 = 0.2 (silica, 11-hexane / CH2Cl2 2: 1 ); 

fraction 1. 

2,3,5,6-Tetratluoro-4-ni tro-phenylamine (186): 

Red spot. R1 = 0.1 (si lica, n-hexane / toluene 1: 1 ), Rr = 0.1 (silica, n-hexane / CH 2Ch 2: 1 ); 

fraction II. 

4,5,6-Trifluoro-2-nitro-benzene- l ,3-diamine (188) ancl 2,4,5-tritluoro-6-nitro-benzene-l ,3-di

amine (187): 

Red spot, R1 = 0.05 - 0.1 (silica, 11-hexane / toluene 1: 1 ), Rr = 0.05 - 0.1 (si lica, 11-hexane / 

CH2Cl2 2: 1 ); fraction 111 (separates upon chromatography). 

i;, Before reaching the react ion flask. NH.i was passed from the steel gas-bottle through a bubbler and then through 2 

empty gas-washing bottles ( for safety reasons). After leaving the reaction flask. the excess NH, had to pass through 

an empty gas-washing bott le and was then absorbed in a 2 M solution of aqueous !-ICI. 

"' Compound 185 is vo latile ancl partially coevaporates with toluene. 
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Melting Point 

4 1- 42 °C (lit.1'6: 41-43 °C). 

GC/MS 

F F F Fx?=NO, F*NO, F*NO, F*NO, 
1 ,,,::- 1 ,,,::- 1 ,,,::- 1 ,,,::-

F NH 2 
H2N F H2N NH2 F NH2 

F F F F 

165 186 187 188 

2,3,4,5-Tetratluoro-6-nitro-phenylamine (185): 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R1 = 7.0 min ; MS (EI, 70 eV): m/z (%): 211 

(8 %) [M+ + 1 (H)] , 210 (97 %) [W] , 180 (24 %) [W - 30 (NO)], 164 (58 %) [W - 46 (N02)] , 

163 (15 %) [W - 47] , 160 (21 %) [W - 50], 152 (13 %) [W -58] , 144 (50 %) [W - 66] , 137 

(100 %) [W-73], 136 (17%) [W-74], 117 (21%) [W-93] , 93 (14%) [W -1 17], 75 

(13 %) [M+ - 135], 70 (11 %) [W - 140], 69 (28 %) [W - 141]. 

2,3,5 ,6-Tetralluoro-4-nitro-phenylamine (186): 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R1 = 8.7 min ; MS (EI, 70 eY): m/z (%): 210 

(69 %) [WJ, 180 (59 %) [W - 30 (NO)], 164 (55 %) [W - 46 (N02)], 152 (12 %) [W - 58], 

144 (41 %) [W- 66], 137 ( 100 %) [W-73], 117 (26 %) [W - 93] , 93 ( 12 %) [W- 117], 82 

(10 %) [W-128] , 75 (14%) [W-135] , 70 (14%) [W-140], 69 (34%) [W - 141], 51 

(11 %) [M+ - 159] . 

4,5 ,6-Tritluoro-2-nitro-benzene- l ,3-diamine (188) and 2,4,5-trifluoro-6-nitro-benzene- l ,3-di

amine (187): 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 10.3 min ; MS (EI, 70 eY): Some charac

teristic peaks of this mixture of isomers are: 111/z (%): 207 (100 %) [W] , 177 (5 %) [W - 30 

(NO)], 161 (28 %) [M+ - 46 (N02)]. 

NMR 
1H-NMR (300 MHz, CDC!>. 300.0 K, TMS): 8 [ppm] = 5.80 (s, br, 2 H, NH2). 
19F-NMR (282 MHz, CDCh, 300.0 K, CCI,F external ): 8 [ppm] = -144.60 (111, 1 F), -146.87 (m , 

1 F), -160.07 (m, 1 F) , -172.06 (111, 1 F). 
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11.2.6.2.2. 3,4,S,6-Tetrafluoro-benzene-1,2-diamine (91) 

F~NH, 
F~NH2 

F 

91 

243 

A four-necked tlask, equipped with a mechanical precision st irrer, a rcflux condcnser, an 

addition funnel and a stopper, was charged with 407 ml (5.088 mol, ca. 66 eq) of a conc. (37 % ) 

hydrochloric acid (c (HCI)"' 12.5 mo!T 1
). Then, 146.470 g (0.773 mol , 10 eq) of anhydrous 

tin(ll) chloride, Sn 11Cl 2, and 78 ml (1.339 mol, ca. 17 eq) of dry EtOH werc added. The solulion 

was heated to reflux (ca. 120 °C), and slowly a sol ulion of 16.230 g (0.077 mol, l eq) of 

2.3,4,5-tetratluoro-6-nitro-phenylamine (185) in 39 ml (0.670 mol, ca. 8.7 eq) of dry EtOH was 

added. The yellow solution turned to pale yellow during the course of the reaction. Refluxing 

was conlinued for another 40 min (total re flux time: ca. 1 h). 

In the heal, 240 ml of water were added and the mixlure was allowed lo coo l lo rt. The so lution 

was neutrali zed by careful addition of sodium hydrogencarbonalc (sod ium bicarbonale, 

NaHCO,) and afterwards a sat. NaHCO, -solution. The precipilated while solids were vacuum

filtered off with a Filter frit (pore size: 4) , and the Filter cake was washed with CH2C'2. The 

aqueous phase was extracted 4 x with 50 ml of CH2C'2. The combined, colorless organic phase 

was dried over MgS04 , filtered and evaporated to yield a pale yellow solid . 

Recrysta lli zation from hot cyclohexane (after 1 d of crystallization at rt, the tlask was 

refr igerated for 24 h at 4 °C) gave fine , pale yellow needles. 

Purificalion procedure of 3,4,5,6-tetrafluoro-benzene- l ,2-diamine (91): 

1,2-Diaminotetratluorobenzene (91 ) was recrystallized from dichloromethane (with activated 

charcoal), filtered under argon and dried in vacuo. The obtained crystals were stored under argon 

and protected from light. lf quite brown, 91 was purified by flash column chromatography on 

s ilica wi th C H2C'2 as a solvent. 

Yield 

9.350 g (67 %) (lit."6
: 64 %) thin pale yellow needles, which are sensitive to ox idation and 

should be stored in a glove box and in the dark. 
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Melting Point 

128 - 130 °C (recrystallized from hol cyclohexane) (lit. 116
: 130 °C). 

GC/MS 

GC (50 °C, 2min, 10°Cmin- 1
, 250 °C, 20min): R1 = 6.6min; MS (EI, 70 eV): m/z(o/o): 181 

(15 %) [M° + 1 (H)] , 180 (100 %) [M"], 179 (68 %) [M°- 1 (H)], 159 (10 %) [M"- 21) , 153 

(II%) [M°-27), 152 (79%) [M°-28) , 134 (27%) [M°-46], 133 (36%) [M°-47), 132 

(20 %) [M° - 48), 124 ( 11 %) [M° - 56) , 106 (27 %) [M° - 74], 90 (27 %) [M° - 90), 82 ( 17 %) 

[M° - 98), 75 (16 %) [M° - 105), 70 (14 %) [M° - 110). 

NMR 
1H-NMR (300 MHz, [06)-acetone, 300.0 K, TMS): o [ppm] = 4.48 (s, br, 4 H, 2 x NH2). 

1 ~F-NMR (282 MHz, [06)-acetone, 300.0 K, CChF external): o [ppm) = -164.55 (2 x 1 m, 2 x 

1 F), -177.05 (2 x 1m,2 x 1 F). 

11.2.6.3. Synthesis of a Perfluorinated 2-Phenylethynyl-benzimidazole: 

4,5,6,7-Tetrafluoro-2-phenylethynyl-lH-benzimidazole (191) -

A NOVEL COMPOUND 

F 

191 

~ 11 12 

~13 
N~-9 ~ /; 
H 1 15 14 

A three-necked tlask, equipped with a retlux condenser with a bubbler, an argon inlet, a septum 

and a strong stirrer, was charged with 10.100 g (38.694 mmol, 1 eq) offreshly prepared 0-ethyl

phenylpropiolic imidate tetratluoroborate (180) in an argon atmosphere. Theo, ca. 550 ml of dry 

CH2Cl2 were added via a needle and the septum. The mixture was stirred at rt until nearly all of 

the imidate tetrafluoroborate 180 had dissolved. In an argon counter stream, 6.969 g 

(38.694 mmol, 1 eq) of freshly prepared or freshly purified1
vi 3,4,5,6-tetratluoro-benzene-

1
'

1 For the purification procedure, see the synthes is of 3,4.5.6-tetratluoro-benzene- l .2-diamine (91 ). 
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1,2-diamine (91) were then added and the yellow mixture was heated for 1 h undcr rcllux 

conditions (bath temp.: ca. 50 °C). 

Upon allowing to cool to rt , a white precipitate (partially ammonium tetrafluoroborate, 

NH4BF4,1vii and partially product1
viii) formed in the yellow solution. Various attempts (causing 

precipitation upon evaporating solvent or chilling, followed by filtrati on) in order to remove 

NH48F4 failed as also product was found in the precipitate (analyzed by GC/MS after a micro

work-up). Hence, the crude mi xture was evaporated and then rccrystalli zed from hot McOH 

(bath temp.: ca. 90 °C) . After standing for 12 hat rt , the mixture was filtered and washed wilh 

MeOH, yielding 7.4 g of a white solid. The mother liquid was evaporated. recrystallized from 

hot MeOH, allowed to stand, filt ered and washed as described above to yield 1.7 g of a slighlly 

yellow solid. The so lids were combined and purified by llash column chromatography with 

hexanes ---> hexanes / EtOAc 9: 1 ---> hexanes / EtOAc 4: 1 and gave - amongst others - 3 

interesting fractions (see analyses below). 

Note: 

The 7.4 g solid from the first crystallization showed mainly 3 TLC-spots (rraction 1 (containing 

190), fraction II (containing 196) and fraction lll (containing 191)). The 1.7 g solid from the 

second crystallization showed mainly 4 TLC-spots (no 190, but 196 and 191 amongst 2 others). 

11.2.6.3.1. Fraction III: 4,5,6,7-Tetrafluoro-2-phenylethynyl-lH-benzimidazole 

(191) - A NOVEL COMPOUND 

F 

~~1112 
~ 2 - 10 13 

N 8-9 ~/; 
H 1 15 14 

191 

Yield 

2.360 g (2 1 %) slightl y ye llow solid ; 

''" The an ion BF,- of NH4 BF4 was detected in an ESl -MS spectrum in the anion mode. What is morc. Nl-L,BF.1 is 

soluble in H,O. but inso luble in acetone and MeOH. 

""' Producl 191 was detected in a GC/MS speclrum. 
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fine transparent, nearly colorless crystals after dropping 11-pentane into a concentrated solution in 

acetone; 

soluble in acetone, insoluble in MeOH, EtOAc, CH2Cl2, 11-hexane, 11-pentane. 

RI' 

Rr = 0.3 (silica, 11-hexane / EtOAc 4: 1 ). 

Melting Point 

261 °C (decomposition) (recrystallized from acetone / 11-pentane). 

GC/MS 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 19.7 min; MS (EI, 70 eY): 111/z (%): 291 

(17 %) [W + I (H)J , 290 (100 %) [W], 289 (11 %) [W- 1(H)J,145 (15 %) [W- 145]. 

NMR 
1H-NMR (400 MHz, [D7]-DMF, 300.0 K, TMS): o [ppm] = 7.72 (m, 2 H, H-1 l, H-15), 7.56 (111, 

3 H, H-12, H-13 , H-14) , 4.42 (s, br, 1 H, H- 1 ). 
1'C-NMR ( 100 MHz, [D7]-DMF, 300.0 K, TMS, aq = 2 sec, dl = 3 sec): o [ppm] = 139.5 (C-2 

(C, q)) , 138.8 ancl 137 .6 ancl 136.4 and 135.1 (C-4, C-5, C-6, C-7 (all C-F, q, appearing as 

mu!tiplets)) , 132.7 and 129.7 (C- 11 , C-15 ancl C- 12, C-14 (all CH, p)), 131.0 (C-13 (CH, p)), 

125.8 (C-3a and C-7a (both C, q, appearing as a multipler)) , 121.0 (C- 10 (C, q)) , 92.5 (C-9 

(acetylenic C (C-Ph), q)), 80.0 (C-8 (acetylenic C, q)). 

IR 

IR ( KBr): v [cm- 1
] = 2224 (m, v C=C), 1560 (s), 1533 (m), 1493 (s) , 1422 (s) , 1302 (s), 1024 

(s), 1014 (s), 1003 (s) , 810 (m), 754 (m), 687 (m) . 

UV/Vis 

MeCN , c = 2.054· I0-5 molr 1
, d = 1 cm: Amax = 320 (26,587), 308 (29,411 ), 252 ( 16,994), 197 

(41 ,098). 
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Hi Res-MS 

HiRes-MALOl: 111/z = 291 [M+ + 1 (H)], calc. for C 15 H6N2 F4 + H: 291.0540. founcl: 29 1.0544 

(1'. = +0.4mDa = +1.37 ppm). 

Elementary Analysis 

Calc. [%] for C 11H6N2F4: C 62.08, H 2.08, N 9.65, F 26.18. Founcl [%]: C 6 1.83, H 2.29. N 9.73, 

F 26.33. 

Aciclity: pKa = 7.35 (titration with 0.10 M NaOH at 25 °C in MCS / H204:1 as a so lvent ). 

Basicity: No protonation coulcl be observed upon titration with 0.10 M HCI at 25 °C in MCS / 

H20 4:1 as a solvent. The analysis indicated decomposition of the compouncl. 

X-Ray 

Fine, transparent crystals were obtained by dropping 11-pentane inlo a concentratecl so luti on in 

acetone and allowing to crystallize for 5 d at rt. For crystal data, structure re finement and X-ray 

structure see Appendix , Table 12- 1 and Figure 12-1. 

Note: 

The spots corresponding to fractions l and II could not be separated cleanly by the chroma

tography procedure described above. Hence, the total 5.0 g of a white solid were separated by 

column chromatography on a plate column with hexanes / M1B-ether 30: l. 

11.2.6.3.2. Fraction 1: N-(2-Amino-3,4,5,6-tetrafluoro-phenyl)-3-phenyl-propyn

imidic Acid Ethyl Ester (190)- A NOVEL COMPOUND 

Ph 
F ~ F*N=C 1 : 'oEt 

F NH2 

F 

190 

Yield 

0.235 g (2 %) white solid. 
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Rr 

Rr = 0.6 (silica, 11-hexane I EtOAc 4: 1 ), Rr = 0.4 (silica, 11-hexane I Mrß-ether 4: 1 ). 

GC/MS 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 18.2 min ; MS (EI, 70 eV) : m/z (%): 337 

(8 %) [Ar+ 1 (H)], 336 (52 %) [Ar], 308 (22 %) [Ar - 28], 307 (22 %) [Ar - 29], 293 (10 %) 

[W-43] , 292 (9 %) [W-44] , 291 (51 %) [W-45] , 279 (36 %) [W-57], 267 (15 %) 

[W-69], 266 (100 %) [W-70], 265 (15%) [W-71], 103 (20 %) [W-233], 91 (31 %) 

[M+ - 245] , 77 (29 %) [Ph+, Ar - 259]. 

No furth er characterization was carried out. 

11.2.6.3.3. Fraction II: 6,7,8,9-Tetrafluoro-2-methoxy-4-phenyl-3H-benzo[b ]

[1,4]diazepine (196) - A NOVEL COMPOUND 

196 

Yield 

2.055 g ( 16 %) white powder, 

colorless transparent crystals after recrystallization from 11-hexane (3 d at ca. 4 °C) , 

soluble in EtOAc, insoluble in n-hexane. 

Rr 

R1 = 0.5 (silica, n-hexane I EtOAc 4: I ), R1 = 0.3 (silica, 11-hexane I Mrß-ether 4: 1 ). 

Melting Point 

122 - 124 °C (recrystallized from 11-hexane). 
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GC/MS 

GC (50 °C, 2min, 10 °Cmin- 1, 250 °C, 20min): R,= 17.8min; MS (EI, 70eY): 111/z (o/o): 323 

(16%) [W+ 1(H)] , 322 (100%) [W], 321 (88 %) [W-1(H)],291 (18 %) [W-31] , 279 

(27 %) [W-43] , 278 (14%) [W-44], 266 (32%) [W-56], 265 (12 %) [M+-57], 148 

(12 %) [W- 174], 103 (33 %) [W-219] , 91 (16 %) [W- 231] , 77 (27 %) [Ph+, M'"- 245] , 57 

(25 %) [M'°- 265] , 51 (13 %) [M'°-271]. 

NMR 
1 H-NMR (500 MHz, CDCI3, 300.0 K. TMS): ö [ppm] = 8.08 (111, 2 H, H-12, H-16), 7.51 (111 . 3 H, 

H-13 , H-14, H-15), 3.89 (s , 3 H, H-10 (CH,)), 3.42 (m, 2 H, H-3 (CH 2, H-3;1• H-311)). 

13C-NMR ( 125 MHz, CDCh, 298.0 K, TMS, aq = 2 sec, dl = 3 sec): ö [ppm] = 157.6 ancl 156.9 

(C-2 ancl C-4 (both C. q)) , 143.0 ancl 141.I ancl 139.1ancl137.2 (C-6, C-7, C-8. C-9 (all C-F, q. 

appearing as multipler.1)), 136.9 (C-11 (C, q)), 132.0 (C- 14 (CH, p)), 129.2 ancl 128.8 (C- 12, 

C- 16 ancl C- 13, C-15 (all CH, p)), 127.0 ancl 125.5 (C-5a ancl C-9a (both C, q, appcaring as 

mulriplers)), 56.0 (C-10 (CH3, t)), 36.6 (C-3 (CH2, s)). 

IR 

IR (Kßr): V [cm- 1] = 3004 (vw, V C-Harnma1ic), 2962 (m, V C-Halipha1ic), 1730 (111, V C=N), 1655 

(s) , 1634 (s), 1568 (111), 1508 (s) , 1483 (s) , 1443 (s), 1334 (s), 1313 (s) , 1040 (s) , 1024 (s). 1010 

(m), 975 (s) , 785 (m), 762 (m), 691 (m). 

UVNis 

MeCN, c = 2.048· I 0-5 molr1, d = 1 cm: Amax = 320 (7,715), 254 (22,558), 200 (37,255). 

Hi Res-MS 

HiRes-MALDI: m/z = 323 [M+ + 1 (H)], calc. for C16H10N 20F4 + H: 323.0802, founcl: 323.0804 

(11 = +0.2 mDa"" +0.62 ppm). 

Elementary Analysis 

Calc. [%] for C 16H1oN20F4 : C 59.63 , H 3.13, N 8.69, 0 4.96, F 23.58 . Founcl [%]: C 59.74, 

H 3.26, N 8.57 , F 23.35. 
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X-Ray 

Colorless, transparent crystals were obtained by crystallization from n-hexane (3 d at ca. 4 °C). 

For crystal data, structure refinement and X-ray structure see Appendix, Table 12-2 and Figure 

12-2. 

Note: 

Attempts in order to convert 196 into 191 failed. These experiments consisted in dissolving 196 

in CH2C'2, followed by addition of TFA or BF3·Et20, respective ly, in varying amounts. No 

formation of 191 could be detected in any case by monitoring the reaction with TLC. 

11.2.6.4. 2-Phenylethynyl-lH-benzimidazole (109) 

cr.4 3 ~~11 12 
5 '\ 2 == 10 - 13 

6 N B 9 ~ j 
7 7a H 1 15 14 

109 

A three-neckecl flask , equipped with a reflux condenser with a bubbler, an argon inlet, a septum 

and a strong stirrer, was chargecl with 10.724 g (41.085 mmol, 1 eq) of freshly prepared 0-ethyl

phenylpropiolic imidate tetralluoroborate (180) in an argon atmosphere. Then, ca. 550 ml of dry 

CH2C'2 were acldecl via a neeclle ancl the septum. The mixture was stirrecl at rt until nearly all of 

the imidate tetrafluoroborate 180 had dissolved. In an argon counter stream, 4.443 g 

(41.085 mmol , 1 eq) of freshly purified1
ix o-phenylenediamine (165) ( 1,2-phenylenediamine) 

were then adcled and the yellow mixture was heated for 1 h uncler reflu x conditions (bath temp.: 

ca. 50 °C). 

Upon allowing to cool to rt for 1 h, a yellowish precipitate (partially ammonium tetratluoro

borate, NH4BF4,
1
' and partially product1' i) formed in the orange-red solution. 

The pale yellow precipitate (5.6 g crude material , mainly 1 spot on a TLC-plate, R1 = 0. 1 (silica, 

11-hexane / EtOAc 4: 1 )) was filtered ancl purified by flash column chromatography with 

i;, For the purification procedure, see below the synlhesis of2-phenylethynyl-IH-benzimidazole (109). 

1
' The anion BF,- o r NH.1BF1 was detectecl in an ES l-MS spectrum in the anion mode. What is more, NH4BF4 is 

soluble in H,O. bul inso luble in acetone ancl MeOH. 

1.,; Procluct 109 was cletecled in a GC/MS spectrum. 
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hexanes / EtOAc 9 : 1 --> hexanes / EtOAc 4: 1 --> hexanes / EtOAc 1: l --> EtOAc. Evaporation of 

the solvents gave 2.087 g of a yellowish solid. 

The orange-red molher liquid was evaporated, yielding 8.0 g (crude material , mainly 3 spots on a 

TLC-plate, R1 = 0.1 and R1 = 0.2 and R1 = 0.5 (silica. n-hexane / EtOAc 4: 1 )) of an orange-red 

sol id. Flash column chromatography with hexanes / EtOAc 9: 1 --> hexanes / EtOAc 4: 1 --> 

hexanes / EtOAc 1: 1 --> EtOAc fo llowed by evaporation of the solvents yiclcled 1.200 g of a 

yellowish solid. 

The fractions containing product from both columns were combinecl to givc 3.287 g of a pale 

yellow solid. 

Note: 

The TLC-plates from the flash column chromatographies showed mainly 3 spots , which wcre 

assigned as follows: Fraction 1 (containing 197), fraction II (still several spots and low yield , so 

that fraction II was not further investigatecl) and fraction lll (containing 109) (see analyscs 

below). 

Purification proceclure of 1,2-phenylenediamine (165): 

Purchasable o-phenylenediamine (165) was purified by refluxing a dichloromethane solution , 

adding activated charcoal, continued retluxing for 5 min followed by bot filtration through 2 

fluted filters ancl evaporation.284
· 

285 The obtained solid was then recrystalli zed from bot dichloro

methane, filterecl ancl washed with clichloromethane. The latter procedure was repeatecl two 

times, and the obtained white crystals (111.p. = 99 - 100 °C from CH2C'2 (lit.1112
: 102 - l 03 °C 

from CHCh)) were clried in vacuo, stored under argon and protected from light. 

11.2.6.4.1. Fraction III: 2-Phenylethynyl-lH-benzimidazole (!Q2) 

a
4 38 ~~1112 

5 '\ 2 == 10 13 
6 N 8 g ~ h 

7 7a H 1 15 14 

109 

Yield 

3.287 g (37 %) pal e ye llow solid ; 

pale ye llow, nearly colorl ess need les after recrystallization from acetone; 

soluble in acetone and hot MeOH, insoluble in CH2Cl2 and n-hexane. 
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Rr 

Rr = 0.1 (silica, n-hexane / EtOAc 4: 1), Rr = 0.4 (silica, n-pentane / El2Ü 1 :9). 

Melting Point 

194 - 196 °C (recrystallized from acetone) . 

GC/MS 

GC (50 °C, 2 min, 10 °C min- r, 250 °C, 20 min): R1 = 20.6 min ; MS (EI, 70 e V): m/z (% ) : 219 

(16 %) [M+ + 1 (H)], 218 (100 %) [W], 217 (12 %) [W - 1 (H)], 190 (13 %) [W - 28] , 109 

(10 %) [W - 109] , 77 (7 %) [Ph+, W - 141], 64 (10 %) [W - 154], 63 (14 %) [W - 155]. 

NMR 
1 H-NMR (400 MHz, [D7]-DMF, 300.0 K, TMS): ö [ppm] = 7.70 (m, 2 H, H-4, H-7), 7.68 (111 , 

2 H, H- 11 , H- 15), 7.54 (111 , 3 H, H-12, H-13, H-14) , 7.30 (m , 2 H, H-5, H-6) , 3.48 (s, br, 1 H, 

H-1). 

t)C-NMR (100 MHz, [D7]-DMF, 300.0 K, TMS, aq = 2 sec, dl = 3 sec): ö [ppm] = 152.4 (C-2 

(C, q)) , 140. 1 and 139.3 (C-3a and C-7a (both C, q)), 132.5 and 129.6 (C-11 , C- 15 and C-12, 

C-14 (all CH, p)) , 130.6 (C-13 (CH, p)), 124.0 and 123.1 and 116.0 and 115.8 (C-4, C-5, C-6, 

C-7 (all C-H, p)), 121.5 (C- 10 (C, q)), 91 .8 (C-9 (acetylenic C (C-Ph), q)) , 80.9 (C-8 (acetylenic 

C, q)). 

UV/Vis 

MeCN, c = 8.614· I o-6 molr 1
, d = 1 cm: A.111ax = 327 (25, 192), 307 (33,667), 254 (18,343), 203 

(46,786). 
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11.2.6.4.2. Fraction 1: N-(2-Amino-phenyl)-3-phenyl-propynimidic Acid Ethyl Ester 

(!21.) - A NOVEL COMPOUND 

Yield 

2.183 g (20 %) white so lid. 

Rr 

12 

11 Y" 13 

9 10 ~ 11 4 

7 B~ 15 

ct
6 

1 N=C, H 
s o-c2 
4 16'CH3 

3 
2 NH

2 
17 

197 

Rr = 0.5 (silica, 11-hexane / EtOAc 4: 1), Rr = 0.7 (silica, n-pentanc / Et20 1 :9). 

GC/MS 

GC (50 °C, 2 min, 10 °C min- 1
, 250 °C, 20 min): R, = 18.4 min ; MS (EI, 70 eY): 111/z (%): 265 

(18 %) [W + 1 (H)], 264 ( 100 %) [W], 263 ( 18 %) [/\I'- 1 (H)], 249 (24 %) [W- 15 (Me)], 

236 (35 %) [W - 28], 235 (56 %) [W - 29 (Et)], 221 (14 %) [W - 43] , 220 (11 %) [M+ - 44], 

219 (53%) [W-45], 218 (7 %) [W-46], 208 (11 %) [W-56] , 207 (69%) [W-57], 206 

(16 %) [W-58], 195 (14 %) [W-69] , 194 (84 %) [W-70], 193 (25%) [W-71] , 104 

(14 %) [W- 160], 103 (21 %) [W- 161], l02 (15 %) [M+ - 162], 91 (27 %) [W - 173] , 90 

(30 %) [W- 174], 89 (14 %) [W- 175], 78 (8 %) [W- 186] , 77 (49 %) [Ph+, /\I'- 187] , 76 

( 19 %) [W-188], 75 (8%) [W-189] , 65 (10 %) [W-199], 64 (10 %) [W -200], 63 

( 15 %) [/\I'-201] , 51 (18 %) [/\I'-213]. 

NMR 
1 H-N MR ( 400 MHz, CDC13, 300.0 K. TMS external ): 8 [ppm] = 8.07 and 7.50 and 7.44 and 7 .31 

and 7.22 (several 111, altogether 9 H, H-11 , H- 12, H- 13, H-14, H-15 and H-3, H-4, H-5, H-6), 

4.28 (q , 3
JH_ 16 - H-l7 = 7.1 , 2111. 16 - H- 16' = 14.2, 2 H, H-16, H-16' (CHrgroup)), 3.30 (s , br, 2 H, 

H-2. H-2' (NH2-group)) , 1.29 (1 , 
3
JH- 17- H- 16 = 7.1 , 3 H, H- 17, H-17' , H-17" (CH,-group)). 

13C-N MR ( 100 MHz, CDCl3, 300.0 K, TMS external , aq = 2 sec, dl = 3 sec) : 8 [ppm] = 154.4 

(C-7 (C, q)), 140.1 and 138.5 and 138.0 (C-1 and C-2 and C-10 (all C, q)) , 130.5 and 127.0 and 
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125.9 and 123.7 (C-3, C-4, C-5, C-6 (all CH, p)), 128.4 and 127.8 (C- 11 , C-15 and C- 12, C-14 

(all CH , p)), 128.2 (C-13 (CH, p)), 90.3 and 59.2 (C-8 and C-9 (both acetylenic C, q)) , 63.4 

(C-16 (CH2), s), 14.2 (C-17 (CH, ), 1). 

No further characterization was carried out. 

11.2.7. Attaching Alkynyl Moieties at N-1: Building up Azaenediynes 

11.2.7.1. Building up a Perfluorinated Azaenediyne 

11.2. 7 .1.1. 4,5,6,7-Tetrafluoro-2-phenylethynyl-1-trimethylsilylethynyl-lH-benz

imidazole (!2fil - A NOVEL COMPOUND 

F 

198 

~~1112 
'\ 2 - 10 13 

N 8-9 ~/; 
~~ 15 14 

\~1~7 
Si(CH3)3 

18 

A previously dried three-necked tlask, equipped with an argon inlet, a septum and an argon 

outlet connected to a bubbler, was charged with 170 ml of dry toluene. In an argon atmosphere, 

1.459 g (5.027 mmol, 1 eq) of dried 4,5 ,6,7-tetratluoro-2-phenylethynyl-I H-benzimidazole (191) 

were then added (in an argon counter stream). The turbid suspension was stirred for 10 min at rt. 

Afterwards, Ihe suspension was cooled to 0 °C in an ice bath and stirred for 10 min. Via a 

syringe and a septum, slowly 10.881 ml (5.027 mmol , 1 eq) of a freshly prepared 0.462 M LOA 

solution in THF were added dropwise. The mixture was stirred for 10 min at 0 °C (the solids 

dissolved nearly completely, resulting in a nearly clear, pale yellow solution), then allowed to 

reach rt and stirred for another 10 min at rt. 

In an argon counter stream, 1.95 l g (5.027 mmol , 1 eq) of trimethylsilylethynyl(phenyl)

iodonium tetralluoroborate (69) were added as a solid in 4 portions. Upon adding, the mixture 

warmed up to 30 - 40 °C and turned dark yellow. Monitoring the reaction by TLC and GC/MS 

showecl that still ecluct was left after Y2 h, 1 h, 2 h ancl 3Y2 h. There fore, after 1 Y2 h another 

1.000 g (2.577 mmol, 0.513 eq) of trimethylsilylethynyl(phenyl)-iodonium tetratluoroborate (69) 

was aclcled as a solid in 2 portions, leading to a recldi sh reaction mixture - the amounts of both 
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product 198 and phenyl iodide (C6H5-l) increased upon longer slirring ancl aclclilion of 69. 

Addition of another 1.000 g (2.577 mmol, 0.513 eq) of 69 after 2Y2 h led to a brown color (in 

total , 1.000 eq + 1.025 eq = 2.025 eq of 69 were used). After a reaction time of 5 h, praclically 

no educt coulcl be detected. 

As a work-up proceclure, first ethyl acetate and then water were aclclecl. The mixlure was 

extracted 6 times with ethyl acetate (until the organic layer remainecl colorless) ancl lhe 

combined organic layers clriecl over Na2S04, filtered and evaporatecl. A two-climensional TLC 

showed that no decomposition occmTed on the silica TLC-plate. 

The product was purified by tlash column chromatography with hexanes / EtOAc 32.5: 1. An 

analytical sample was aclclitionally purified by HPLC on a Si 60 phase (with n-hexane / M1B

ether 30: 1) or by flash column chromatography with n-hexane / MtB-ether 30: 1, followecl by 

cliffusion-controlled crystallization (see below). 

Yielcl 

1.032 g (53 %) while solid ; 

fine, long, colorless ancl transparent needles after diffusion-controllecl crystallizalion cror 2 cl at 

16 °C cliffusion of n-pentane into a concentrated solution in CH2Clz); 

soluble in acetone, EtOAc, CH2Clz, low solubility in Et20, CCl4, 11-hexanc, 11-pcntane. 

Rr 

Rr= 0.3 (silica, n-hexane/ EtOAc 32.5:1), Rr= 0.7 (silica, n-hexane/ EtOAc 5:1) , Rr= 0.7 

(silica, n-hexane / M1B-ether 30: 1 ) . 

Melting Point 

171 - 172 °C (clecomposition) (recrystallized from CH 2Ch / 11-pentane by diffusion-controllecl 

crystalli zation for 2 d at 16 °C). 

GC/MS1,;; 

GC (50 °C, 2 min. 10 °C min- 1
, 250 °C, 20 min): R, = 20.4 min ; MS (EI, 70 eV): 111/z (%) : 387 

(30 %) [M°' + 1 (H)] , 386 ( 100 %) [M°'] , 385 (21 %) [M°'- 1 (H)] , 371 (28 %) [M°'- 15 (Me)], 

''''Phenyl iocl icle (C,H, - IJ was detecied in the GC/MS as follows: 

GC: R, = 4.0 min : MS (E I. 70 eY) : 111/G ('7o): 204 (100 %) [1W]. 127 (22 %) p+. /l;f• - 77 (Ph)], 77 (98 %) [Ph• . 

M• - 127 (I)]. 
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370 (14 %) [M+ - 16] , 369 (19 %) [W- 17], 367 (14 %) [W- 19], 309 ( 10 %) [W-77 (Ph)], 

186 (13 %) [W-200], 127 ( 13 %) [W-259], 81 ( 14 %) [M+-305] , 77 (16%) [Ph+, 

W- 309] , 73 (55 %) [Me3Si+, W- 313]. 

NMR 
1H-NMR (500 MHz, CD2Ch, 300.0 K, TMS external): o [ppm] = 7.66 (m, 2 H, H- 11, H-15), 

7.49 (m, 3 H, H-12, H-13 , H-14), 0.32 (s, 9 H, TMS). 
13C-NMR ( 125 MHz, CD2C]i, 298.0 K, TMS external, aq = 2 sec, dl = 3 sec): o [ppm] = 141.3 

(C-2 (C, q, appearing as a multiplet)), 139.5 and 138.8 and 138.5 and 135.0 (C-4, C-5 , C-6, C-7 

(all C-F, q, appearing as multiplets)) , 132.8 and 129.l (C- 11 , C- 15 and C-12, C- 14 (all CH, p)), 

131.1 (C-13 (CH, p)), 127.9 and 120.0 (C-3a and C-7a (both C, q, appearing as multiplets)), 

120.4 (C-10 (C, q)), 98.0 (C-16 (acetylenic C (C-N), q, appearing as a double!, 4l c - r = 0.7)), 

87.1 (C-9 (acetyl enic C (C-Ph), q)), 80.4 (C-17 (acetylenic C (C-Si), q, 1l c- s; = 40.0 (S i

satellites))), 76.9 (C-8 (acetylenic C, q)), -0.3 (TMS (3 x CH3, 1, 
1l c - s; = 28 .4 (Si-satellites))). 

19F-NM R (282 MHz, CD2Cl2, 298 .0 K, CCl}F external ): o [ppm] = -154.05 and -160.99 and 

-161.26 and -1 63.56 (4 x l 111 , 4 x 1 F, F-4, F-5 , F-6, F-7). 

IR 

IR (KBr): V [cm- 1] = 30 18 (vw, V C-Harol!latic), 2966 (w, V C-Haliphatic), 2232 (m, V C=C), 2 198 

(m, v C=C), 1550 (s), 1532 (m), 1489 (s), 1474 (s), 1305 (s) , 1250 (m), 1207 (m), 1032 (s), 1022 

(m), 1004 (s), 869 (s), 849 (s), 759 (s) , 686 (m). 

UV/Vis 

MeCN, c = 1.304· l 0-5 rnolr 1, d = 1 cm: Alllax = 307(29, 135), 2 19 (27,2 18), 196 (35,959). 

ESI-MS 

Cation mode: 111/z = 387 [M+ + 1 (H)] (rnain peak). 

Hi Res-MS 

HiRes-MALDI: 111/z = 387 [M+ + 1 (H)] , calc. for C20H14N2F4Si + H: 387.0935 , found: 387.0932 

(L'. = -0.3 rnDa = -0.78 ppm). 
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Elementary Analysis 

Calc. [%] for C20H14N2F4Si: C 62.17 , H 3.65, N 7.25 , F 19.67, Si 7.27. Founcl [%]: C 62.32. 

H 3.77, N 7.16, F 19.74. 

X-Ray 

Fine, long, colorless ancl transparent neeclles were obtainecl by cliffusion-controllccl crystal 

lization (for 2 cl at 16 °C cliffusion of n-pentane into a concentratecl solution in CH2Cli). For 

crystal clata, structure refinement ancl X-ray slructure see Appendix , Table 12-3 ancl Figure 12-3. 

11.2.7.2. Building up a Non-Fluorinated Azaenediyne 

11.2.7.2.1. 2-Phenylethynyl-1-trimethylsilylethynyl-lH-benzimidazole (!22) -

A NOVEL COMPOUND 

A previously clriecl three-neckecl flask, equippecl with an argon inlet, a septum ancl an argon 

outlet connectecl to a bubbler, was chargecl with ca. 200 ml of dry toluenc. In an argon 

atmosphere, 2.015 g (9.232 mmol , 1 eq) of clriecl 2-phenylethynyl - IH-benzimiclazole (109) were 

then aclclecl (in an argon counter stream). The turbicl suspension was stirrecl for 10 min at rt. 

Afterwareis. the suspension was coolecl to 0 °C in an ice bath ancl stirrecl for 10 min. Via a 

syringe ancl a septum, slowly 19.983 ml (9.232 mmol, 1 eq) of a freshly preparecl 0.462 M LDA 

solution in THF were aclclecl clropwise. The mixture was stirrecl for 10 min at 0 °C (the solicls 

clissolvecl nearly completely, resulting in a nearly clear, pale yellow solution), then allowecl to 

reach rt ancl stirrecl for another 10 min at rt. 

In an argon counter stream, 3.582 g (9.232 mmol , 1 eq) of trimethylsilylethynyl(phenyl)

ioclon ium tetrafluoroborate (69) were aclclecl as a solid in 6 portions. Upon aclcling, the mixture 

warmecl up to 30 - 40 °C ancl turnecl reclclish brown. Monitoring the reaction by TLC ancl 

GC/MS showecl that still ecluct was left after \/2 h ancl 1 h. Therefore, after 11/2 h another 1.700 g 

(4.38 1 mmol, 0.475 eq) of trimethylsilylethynyl( phenyl)-ioclonium tetrafluoroborate (69) were 
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added as a solid in 2 portions, leading to a brown reaction mixture - the amounts of both 

product 199 and phenyl iodide (C6H5-I) increased upon langer stirring and addition of 69 (in 

total , 1.000 eq + 0.475 eq = 1.475 eq of 69 were used) . After a reaction time of 3 h, practically 

no educt could be detected . 

As a work-up procedure, the reaction mixture was vacuum-filtered over celite and washed until 

no product could be detected by TLC. The solvents were evaporated (bath temp. < 40 °C). A 

two-dimensional TLC showed that no decomposition occurred on the silica TLC-plate. 

The product was purified by flash column chromatography with hexanes / EtOAc 10: 1 --> 

hexanes / EtOAc 7: 1 ---> hexanes / EtOAc 5: 1 (yield: 38 %). A mixed fraction was submitted 

again to llash column chromatography (hexanes / EtOAc 19: 1 ---> hexanes / EtOAc 9: 1, yield: 

13 %). 

Yield 

1.463 g (50 %) viscous yellow oil, which solidifies in a vacuum (8· I 0-3 mbar) 1
x; ;; or upon cooling 

to give a yellow wax; 

turned from light yellow to dark yellow while standing at the air; 

several crystallization attempts failed (diffusion-controlled crystallization at rt by diffusing 

11-pentane into a concentrated solution in CH2Ch, precipitation in a system of CH2Ch I H20 , 

MeCN / H20, hexafluorobenzene (C6F6) / H20 and EtOH / H10, freezing out of a solution of 

n-pentane at +4 °C, -20 °C or - 78 °C, as weil as sublimation at rt , 40 °C or 50 °C and 

8· I0-3 mbar only gave an oil or a pale yellow, non-crystalline solid , respectively); 

purification for analytical purposes was carried out via Kugelrohr-distillation at ca. 150 °C and 

I0-2 mbar, resulting in a light ye llow oil ; 

so luble in acetone, EtOAc, MeCN, CH2Ch, n-hexane, less soluble in 11-pentane, insoluble in 

H10. 

Rr 

R1 = 0.4 (silica, 11-hexane / EtOAc 5: !). 

Melting Point 

49 - 50 °C (sublimed at 40 °C). 

''''' Compound t99 is slightl y volatile in a high vacuurn (< 2· IO--' mbar) and could therefore be Kugelrohr-distilled. 
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GC/MS1xiv 

GC (50 °C, 2 min , 10 °C min- 1
, 250 °C, 20 min): R, = 21.1 min ; MS (EI , 70 eV): 111/z (%): 315 

(24 %) [W + 1 (H)], 314 (100 %) [WJ, 313 (29 %) [W- 1 (H)J, 300 (10 %) [W- 14), 299 

(49 %) [W- 15 (Me)J, 297 (II%) [W- 17), 255 (12 %) [W-59), 142 (11 %) [W-172), 

127 (11 %) [W- 187), 77 (5 %) [Ph•, W-237), 73 (14 %) [Me1Si+, W-241). 

NMR 
1H-NMR (400 MHz, CD2Ch, 300.0 K, TMS external): o [ppm) = 7.73 - 7.32 (several 111 , 

altogether 9 H, H-4, H-5, H-6, H-7 and H-11 , H-12, H-13, H-14, H-15), 0.32 (s, 9 H, TMS). 
11C-NMR ( 100 MHz, CD2Cl2, 300.0 K, TMS external , aq = 2 sec, dl = 3 sec): o [ppm] = 142.3 

(C-2 (C, q)), 138.7 and 135.1 (C-3a and C-7a (both C, q)) , 132.6 and 129.0 (C-11, C-15 and 

C- 12, C-14 (all CH, p)), 130.5 (C-13 (CH, p)), 125.8 and 125.0 and 120.9 and 111.3 (C-4, C-5, 

C-6, C-7 (all C-H, p)) , 121.2 (C- 10 (C, q)), 96.I (C-16 (acetylenic C (C-N), q)) , 88.3 (C-9 

(acetylenic C (C-Ph), q)), 79.6 (C-17 (acetylenic C (C-Si), q, Si-satellites visible)) , 78.5 (C-8 

(acetylenic C, q)), 0.1 (TMS (3 x CH1, t, 11c-si = 28.3 (Si-satellites))). 

IR 

IR (film): V [cm- 1
) = 3065 (m, V C-H,1111ma1ic), 2958 (s, V C-Halipha1ic), 2925 (s , V C-H,t1ipha1 ic), 

2854 (m, v C-Haliphaticl, 2228 (s, v C=C), 2191 (s, V C=C), 1612 (m), 1598 (m), 1524 (s), 1480 

(m), 1450 (s), 1383 (s), 1311 (s), 1276 (s), 1251 (s), 1190 (s) , 1176 (m), 1142 (m), 883 (s), 856 

(s), 757 (s), 741(s), 688 (s), 655 (m), 641(s)617 (w), 602 (w). 

UVNis 

MeCN, c = 2.646· I 0-5 molr 1
, d = 1 cm: Amax = 309(29, 178), 263 ( 12,662), 203 (33,223). 

ESI-MS 

Cation mode: 111/z = 315 [M+ + 1 (H)] (main peak). 

''''Phenyl iodide (C„H,-1 ) was detected in the GC/MS as follows: 

GC: R, = 4.0 min ; MS (EI, 70 eY): 111/z (%): 204 ( 100 %) [M'], 127 (22 %) p+, Nr- 77 (Ph)], 77 (98 %) [Ph+, 

Nr- 127 (I)] 
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HiRes-MS 

HiRes-MALDI: m/z = 315 [M+ + l (H)], calc. for C20 H18N2Si + H: 315.1312, found: 315.1300 

(~ = -1.2 mDa = -3.80 ppm). 

Elementary Analysis 

Calc. [%] for C20H 18 N2Si: C 76.39, H 5.77, N 8.91, Si 8.93. Found [%]: C 76.18, H 6.01, N 8.91. 

11.2.8. N-Functionalizations of Azaenediynes 

11.2.8.1. N-Protonation of Azaenediynes 

11.2.8.1.1. 4,5,6, 7-Tetrafluoro-2-phenylethynyl-1-trimethylsilylethynyl- lH-benz

imidazol-3-ium Salts 200, 201 and 202 - NOVEL COMPOUNDS -

Attempted Syntheses 

X - = F3C-S03 200 

X- = F3C-COO 201 

x- =Cl 202 

Yarious protonation reactions were generally carried out as follows: The educt was dissolved in 

dry CH2C'2 or dry Et20 , with or without buffer and treated with 1 eq or 10 eq of an acid (triflic 

acid, TFA or HCI) at rt or at 0 °C, respectively. 

A previously dried two-necked flask, equipped with an argon inlet, a septum and an argon outlet, 

was charged with ca. 10 ml of dry CH2Ch.1xv In an argon atmosphere, 40 mg (0.104 mmol, l eq) 

of dried 4,5,6,7-tetrafluoro-2-phenylethynyl-1-trimethylsilylethynyl-1 H-benzimidazole (198) 

were then added (in an argon counter stream).1xvi Via a syringe and a septum, 9.032 µI (0.016 g, 

lxv The reactions were also carried out wilh Et20 as a solvent. 

'"' The reactions were also cruTied out with 1 eq (8.894µ1 , O.OIOg, 0. 104mmol) or IOeq (88.941 µI , 0.101 g. 

1.035 mmol) of 2-tluoropyridine as a buffer, respectively, depending on the amount of acid added. 
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0.104 mmol, 1 eq) 1
xvii of trilluoromethanesulfonic acid (tritlic acid) , CF,SO,H, were added 

dropwise to the resulting solution. The solution was stirred for 10 min at rt 1
xv iii and afterwards 

directly analyzed by ESl-MS. 

Correspondingly, also 7.921 µ1 (0.012 g, 0.104 mmol , 1 eq)1
'ix of trifluoroacetic acid (TFA), 

CF,COOH and 8.281 µI (0.104 mmol, 1 eq) 1
xx of hydrochloric acid (38 % HCI in H10, c = 

12.5 molT 1
) were employed as acids under the mentioned conditions. In the latter case. absolute 

solvents and inert gas atmosphere were not necessary. 

In the ESl-MS, not only the product peak of the cation could be detected, but mainly several 

peaks indicating decomposition products. The isolation of a protonated product was not possiblc. 

ESI-MS 

Cation mode : 111/z = 387 [M+ (cation)] (main peak). 

11.2.8.1.2. 2-Phenylethynyl-1-trimethylsilylethynyl-lH-benzimidazol-3-ium Salts 

203, 204 and 205 - NOVEL COMPOUNDS - Attempted Syntheses 

X- = F
3
C-S0

3
- 203 

X- = F3C-COO 204 

x- =Cl 205 

Yarious protonation reactions were generally carried out as follows: The ed uct was dissolved in 

dry CH2C'2 or dry Et20, with or without buffer and treated with 1 eq or 10 eq of an acid (triflic 

acid, TFA or HCI) at rt or at 0 °C, respectively. 

'"''' The react ions were also ca rri ed out with 10 eq of triflic acid (90.3 17 µ!. 0.155 g. 1.035 11111101). 

lxviii The reac1ions were al so carried out at 0 °C. 

'''' The rcactions were also carriccl out with 10 eq of TFA (79.2 15 µ!. 0.118 g. 1.035 11111101). 

'" The reactions were also carried out with 10 eq of 38 7o HCl (82.8 1 1 µl. 1.035 mmol). 
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A previously dried two-necked tlask, equipped with an argon inlet. a septum and an argon outlet, 

was charged with ca. 10 ml of dry CH2C'2.1
xxi In an argon atmosphere, 40 mg (0.104 mmol, 1 eq) 

of dried 2-phenylethynyl-1-trimethylsilylethynyl-IH-benzimidazole (199) were then added (in 

an argon counter stream).1
xxii Via a syringe and a septum, 9.032 µI (0.016 g, 0.104 mmol , 

1 eq) 1
xx iii of tritluoromethanesulfonic acid (tritlic acid) , CF,SO,H, were added dropwise to the 

resulting solution. The solution was stin-ed for 10 min at rt1
xx iv and afterwards directly analyzed 

by ESl-MS. 

Correspondingly, also 7.921 µI (0.012 g, 0.104 mmol , 1 eq)1
xxv of tritluoroacetic acid (TFA), 

CF1COOH and 8.281 µI (0.104 mmol, J eq)1
xxvi of hydrochloric acid (38 % HCI in H10, c = 

12.5 mol-i- 1
) were employed as acids under the mentioned conditions. In the latter case, absolute 

solvents and inert gas atmosphere were not necessary. 

In the ESl-MS, not only the product peak of the cation could be detected, but mainly several 

peaks indicating decomposition products. The isolation of a protonated product was not possible. 

ESI-MS 

Cation mode: mlz = 315 [M+ (cation)] (main peak). 

lxxi The reactions were also carried out with Et.!O as a solve nt. 

'"'' The reactions were also carr ied out with 1 eq (8.894 µI , 0.010 g, 0.104 mmol ) or 10 eq (88.94 1 µI , 0.101 g, 

1.035 mmol) of 2-tluoropyridine as a buffer, respectively, depending on the amount of acid added. 

" ·' '' ' The reac tions were also carried out with 10 eq of tritlic acid (90.317 µI , 0.155 g, 1.035 mmol). 

lxxiv Tbe reactions were also carri ed out at 0 °C. 

'"' The react ions were al so carried out with 10 eq of TFA (79.2 15 µI , 0.118 g, 1.035 mmol ). 

'""' The reactions were also carr ied out with 10 eq of 38 % HCI (82.8 1 1 µI, 1.035 mmol). 
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11.2.8.2. N-Methylation of Azaenediynes 

11.2.8.2.1. 4,5,6, 7-Tetrafluoro-3-methyl-2-phenylethynyl-1-trimethylsilylethynyl

lH-benzimidazol-3-ium Tetrafluoroborate (~ -

A NOVEL COMPOUND 

263 

A previously dried three-necked flask, equipped with an argon inlet , a reflux condenscr 

connected to a bubbler and a glass stopper, was chargcd with 0.360 g (0.932 mmol , 1 eq) of 

dried 4,5,6,7-tetratluoro-2-phenylethynyl- l-trimethylsilylethynyl- I H-benzimidazole (198) . In an 

argon atmosphere, ca. 80 ml of dry CH2C'2 were then added. To the resulting clear solution, 

0.152 g ( 1.025 mmol, 1.1 eq, weighed out in a glove box) of trimethyloxonium tetrafluoroborale, 

Me,o+ BF4-, were added in an argon counter stream. The mixture was heatcd to reflux for 5Y2 h 

(bath temp. ca. 50 °C). 

Monitoring the reaction by TLC and GC/MS showed that still educt was left after Y2 h, 1 h, 2 h 

and 4 h. Therefore, after 2Y2 h another 0.138 g (0.932 mmol , 1.0 eq) of trimethyloxonium tetra

tluoroborate, Me,o+ BF4- were added. After a reaction time of 5 h, practically no educt could be 

detected, but an intensive start spot had formed (TLC: hexanes / EtOAc 5: 1 ). 

The mixture was allowed to reach rt. After standing for 2 h at rt, a small amount of a colorless 

precipitate had fonned in the pale yellow solution. The solvent was removed at rt by blowing 

argon over the reaction mixture. The residue was then dissolved again in a small amount of dry 

CH2C l2, and afterwards crystallized by diffusion-controlled crystallization (diffusion of 

11-pentane, see below). The crystals were vacuum-filtered over a previously dried filter frit (pore 

size: 4), washed with the mother liquid, then with 1 x 10 ml of dry CH2Cl2 / 11-pentane 1: 1 and 

finally with 2 x 10 ml of dry 11-pentane and quickly sucked to dryness. Residual solvents were 

removed in a high vacuum : the product was kept under argon. 

Yield 

0.341 g (75 % ) white solid ; 
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colorless, transparent crystals after diffusion-controlled crystallization (for 2 d at rt diffusion of 

11 -pentane into a concentrated solution in CH2Cb); 

unstable in air, sensitive to water; 

soluble in acetone, DMF and DMSO, low solubility in CH2Cb and PhCI, insoluble in EtOAc, 

iPr20, 11-hexane, 11-pentane. 

Melting Point 

165 - 168 °C (recrystallized from CH2Cb / 11-pentane by diffusion-controlled crystallization for 

2 d at rt). 

NMR 
1H-NMR (400 MHz, CD2Ciz, 300.0 K, TMS external) : 8 [ppm] = 7.74 (111, 2 H, H-11 , H-15), 

7.50 (m , 3 H, H-12, H-13, H-14) , 4.24 (111, 3 H, H-19, H-19', H-19" (CH1)), 0.28 (s, 9 H, TMS). 

11C-NMR ( 100 MHz, CD2Cl2, 300.0 K, TMS external, aq = 2 sec, dl = 3 sec): 8 [ppm] = 141.6 

(C-2 (C, q, appearing as a multiplet)), 139.I and 136.8 and 134.l and 130.5 (C-4, C-5, C-6, C-7 

(all C-F, q, appearing as multiplets)) , 132.9 and 128.5 (C-11 , C- 15 and C-12, C- 14 (all CH, p)) , 

132.6 (C- 13 (CH, p)) , 128.6 and 116.9 (C-3a and C-7a (both C, q, appearing as multiplets)), 

116.4 (C-10 (C, q)), 114.6 (C-16 (acetylenic C (C-N), q)) , 85 .6 (C-9 (acetylenic C (C-Ph), q)), 

82.4 (C- 17 (acetylenic C (C-Si) , q, appearing as a multipler)) , 69.7 (C-8 (acetylenic C, q)), 36.3 

(C-19 (CH1, r)) , -1.9 (TMS (3 x CH1, t, 1lc -s; = 28.7 (Si-satellites))). 

IR 

IR (Kßr): V [cm- 1
] = 3020 (vw, V C-Haroma1;0), 2967 (w, V C-Haliphaiic), 2217 (s , V C=C), 1568 

(m), 1552 (m), 1496 (s), 1461 (m), 1445 (m), 1351 (m), 1252 (m), 1073 (s) , 1022 (s), 928 (m), 

852 (s), 815 (m), 770 (m), 685 (w). 

UV/Vis 

MeCN, c = 4.219· l 0-5 molT 1
, d = 1 cm: Amax = 342 (23 ,915), 325(21 , 142), 197 (33,965). 

ESI-MS 

Cation mode: mlz = 419 [M+ (cation) + 18 (H20)] , 401 [M+ (cation)] (main peak), 387 [M+ 

(cation) + 1 (H) - 15 (Me)]. 
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Daughter spectrum of 111/z = 401: 111/z = 386 [M+ (cation) - 15 (Me)] , 371 [M+ (cation) - 2 x 15 

(2 x Me)]. 

Hi Res-MS 

Hi Res-ES!: mlz = 401 [M+ (cation)], calc. for C21H 17 N2F4Si: 401.1092, found : 401.1095 (~ = 

+0.3 mDa = +0.7 ppm). 

Elementary Analysis 

Calc. [%] for C21 H11N2F4Si BF4: C 51.66, H 3.51 , N 5.74, F 31.13, Si 5.75 , B 2.21. Found [%]: 

C 51.68, H 3.64, N 5.87. 

X-Ray 

Colorless, transparent crystals were obtained by diffusion-controlled crystallization (for 2 d at rt 

diffusion of n-pentane into a concentrated solution in CH2C'2). For crystal data , structure 

refinement and X-ray structure see Appendix, Table 12-4 ancl Figure 12-4. 

Note: 

4,5 ,6, 7-Tetrafluoro-3-methyl-2-phenylethynyl-1-trimethylsi 1 ylethynyl - 1 H-benzi miclazol-3-ium 

tetrafluoroborate (206) was converted into (E)-l -ethynyl-4,5,6,7-tetrafluoro-2-(2-methoxy-

2-phenyl-vinyl)-3-methyl-IH-benzimidazol-3-ium tetrafluoroborate (207) by slightly warming in 

MeOH . The conversion took place already at 25 - 30 °C within 15 min in MeOH. Complete 

conversion (no educt cletectable) occurrecl upon heating to 35 - 40 °C for Y2 h in MeOH. 

11.2.8.2.2. (E)-1-Ethynyl-4,5,6,7-tetrafluoro-2-(2-methoxy-2-phenyl-vinyl)-

3-methyl-lH-benzimidazol-3-ium Tetrafluoroborate (207) -

A NOVEL COMPOUND 
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A two-necked tlask, equipped with a reflux condenser and a glass stopper, was charged with 

0.200 g (0.410 mmol, 1 eq) of 4,5,6,7-tetrafluoro-3-methyl-2-phenylethynyl-1-trimethylsilyl

ethynyl-1 H-benzimidazol-3-ium tetrafluoroborate (206). Then, ca. 20 ml of MeOH were added. 

The resulting pale yellow Solution was stirred and heated to 35 - 40 oclmii for Y2 h. 

Upon allowing to cool to rt , a pale yellow solid precipitated from the pale yellow solution. The 

solid was filtered and washed with ice cold MeOH. Evaporation of half of the volume of the 

mother liquid and chilling caused precipitation of further solid, which was fillered and washed 

with ice cold MeOH. The solids were combined, dissolved in acetone and crystallized by 

diffusion-controlled crystallization (diffusion of CH2Ch, see below). 

Note: 

The conversion took place already at 25 - 30 °C within 15 min in a syringe filled with MeOH. 

Complete conversion (no educt detectable in an ESl-MS spectrum) occurred upon heating to 

35 - 40 °C or higher for Y2 hin MeOH. 

Yield 

0.142 g (77 % ) pale yellow powder; 

pale yellow, transparent crystals after diffusion-controlled crystallization (for 4 d at rt diffusion 

of CH 2Cb into a concentrated solution in acetone); 

soluble in acetone and hot MeOH, insoluble in CH2Ch, n-hexane, n-pentane. 

Melting Point 

186 - 194 °C (decomposition) (recrystallized from acetone / CH2Cb by diffusion-controlled 

crystallization for 4 d at rl). 

NMR 
1H-NMR (300 MHz, [06]-acetone, 300.0 K, TMS external): o [ppm] = 7.60 (m, 2 H, H-11, 

H- 15), 7.44 (111 , 3 H, H-12, H-13, H-14), 6.19 (m, not resolved, 1 H, H-8 (olefinic H)), 4.28 (s, 

3 H, H-19, H-19', H-19" (Hof N-Me group)), 4.06 (d, badly resolved, 5
JH-IS- H-s = 1.5, 3 H, 

H-18, H-18 ', H-18" (H ofü-Me group)), 2.83 (s , 1 H, H-17 (acetylenic H)). 

lxx\'ii The reaction was first carried out at a bath temperature of 90 - l 00 °C for Y2 h, giving the same result. 
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11C-NMR (75 MHz, [D6]-acetone, 298.0 K, TMS external): 8 [ppm] = 175.8 (C-9 (olefinic C 

(C(Ph)-OMe), q)). 158.8 (C-2 (C, q)) , 140.4lxxviii ancl 139.01.mi ii ancl 136.i·' ·"iii ancl 133.im iii 

(C-4, C-5, C-6, C-7 (all C-F, q, these shifts were calculatecl as they were not cletcctecl)). 133.3 

(C-10 (C, q)) , 130.3 ancl 129.6 (C-11 , C-15 ancl C-12, C-14 (all CH, p)), 130.1 (C-13 (CH, p)), 

124.ixxviii ancl l l 6.51''viii (C-3a ancl C-7a (both C, q, these shifts were calculatecl as they were not 

cletectecl)), 81.1 (C-8 (olefinic C (C(H)-benzimiclazolium), p)) , 71.0 (C-16 (ace tylenic C (C-N). 

q)), 59.6 (C-17 (acetylenic C (C-H), p)), 51.0 (C-18 (O-CH1), r), 37.0 (C-19 (N-CH1), 1) . 

19F-NMR (282 MHz, [D6]-acetone, 298.0 K, CCl1F external): 8 [ppm] = -15 1.70 (m, 4 F, BF4- ), 

-156.84 ancl -157.27 ancl -157.83 ancl -159.07 (4 x 1 111 , 4 x 1 F, F-4, F-5 , F-6. F-7). 

IR 

IR (KBr): V [cm- 1] = 3311 (s, V C-Hacc1ylcnk), 3052 (m , V C-Haroma1ic), 2952 (w, V C-Halipha1ic), 

285 1 (w, v C-Haliphaik), 2175 (w, v C=C), 1610 (s), 1600 (s), 1576 (s) , 1562 (s), 1535 (s), 1496 

(s), 1443 (m), 1411(m),1374 (s), 1331(s), 1251(s), 1231(s), 1137 (m), 1067 (vs), 999 (m), 978 

(m), 776 (s), 684 (m) , 596 (m), 521 (s). 

UVNis 

MeCN, c= 1.384·10-5 molr 1, d= 1 cm: Amax = 333 (17,419), 325 (17,491). 

ESI-MS 

Cation mocle: m/z = 361 [M+ (cation)] (main peak) ; anion mocle: 111/z = 87 [M- (BF4- )) (main 

peak). 

Daughter spectrum of mlz = 361: 111/z = 346 [M+ (cation) - 15 (Me)], 335 [M+ (cation) - 26], 318 

[M+ (cation) - 43] , 303 [M+ (cation) - 58]. 

HiRes-MS 

HiRes-MALDI: mlz = 361 [M+ (cation)], calc. for C1 9H1>N2ÜF4: 361.0959, founcl: 361.0955 (ß = 

-0.4 mDa = -1.1 1 ppm). 

lxx vii i T his shift was ca lcu lated. 
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X-Ray 

Pale yellow, transparent crystals were obtained by diffusion-controlled crystallization (for 4 d at 

rt diffusion of CH2Cl2 into a concentrated solution in acetone). For crystal data, structure 

refinement and X-ray structure see Appendix, Table 12-5 and Figure 12-5. 

11.2.8.2.3. 3-Methyl-2-phenylethynyl-1-trimethylsilylethynyl- lH-benzimidazol-

3-ium Tetrafluoroborate (208) - A NOVEL COMPOUND 

19 
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A previously dried three-necked flask , equipped with an argon inlet, a retlux condenser 

connected to a bubbler and a glass stopper, was charged with 400 mg ( 1.272 mmol, 1 eq) of 

dried 2-phenylethynyl- 1-trimethylsilylethynyl-lH-benzimidazole (199). In an argon atmosphere, 

ca. 40 ml of dry CH 2Cl2 were then added. To the resulting clear solution, 226 mg ( 1.526 mmol , 

1.2 eq , weighed out in a glove box) of trimethyloxonium tetratluoroborale, Me,o• BF4-, were 

added in an argon counter stream. The mixture was heated to retlux for 3 h (bath temp. ca. 

50 °C). 

Monitoring the reaction by TLC and GC/MS showed that little amounts of educt were left after 

Y2 h and 1 Y2 h. After a reaction time of 3 h, practically no educt could be detected, but an 

intensive start spot had formed (TLC: hexanes / EtOAc 5: 1). 

The yellowish mixture was allowed to reach rt. About half of the volume of the solvent was 

removed at rt by blowing argon over the reaction mixture. Addition of dry n-pentane caused 

precipitation of a while solid, which was vacuum-filtered quickly over a previously dried fitter 

frit (pore size: 4) and washed with 10 ml of dry Et20 and 10 ml of dry n-pentane, yielding 91 % 

of product. 

The mother liquid from the first precipitation was evaporated, the residue dissolved in dry 

CH2Ch and precipilated with dry n-pentane, filtered and washed as described above (yield: 7 %). 

The pale ocher solids from both precipilations were combined, dissolved in a small amount of 

dry CH2Ch and crystallized (see below) by dropping MeOAc into the solution . After vacuum-
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Filtration, washing with 2 x 5 ml of dry MeOAc and sucking to dryness, the residual solvents 

were removed in a high vacuum and the product was kept under argon. 

Yield 

520 mg (98 %) white powder after precipitation; 

colorless. transparent crystals after recrystallization (by clropping MeOAc into a concentrated 

solution in CH2Cl2); 

soluble in CH2Cl2, insoluble in EtOAc, MeOAc, Et20 , 11-hexane, 11 -pentane. 

Melting Point 

185 - 187 °C (clecomposition) (recrystallized from CH2C '2 / MeOAc). 

NMR 
1H-NMR (400 MHz, CD2C!i, 300.0 K, TMS external): li [pprn] = 7.95 - 7.43 (several 111, 

altogether 9 H, H-4, H-5 , H-6, H-7 and H-11 , H-12, H-13 , H-14, H-15) , 4.27 (s , 3 H, H-19, 

H- 19', H-19" (CH>)), 0.37 (s , 9 H, TMS). 

13C-NMR ( 100 MHz, CD2Cl2, 300.0 K, TMS external, aq = 2 sec, dl = 3 sec) : li [ppm] = 137.1 

(C-2 (C, q)), 132.0 and 131.4 (C-3a ancl C-7a (both C, q)), 134.1 and 130.0 (C- 1 1. C- 15 and 

C-12, C- 14 (all CH, p)) , 133.9 (C-13 (CH , p)) , 130.3 and 130.2 ancl 114.8 ancl 113.9 (C-4. C-5, 

C-6, C-7 (all C-H. p)) , 118.2 (C-10 (C, q)) , 114.5 (C-16 (acetylenic C (C-N), q)), 87.1 (C-9 

(acetylenic C (C-Ph), q)), 83.9 (C-17 (acetylenic C (C-Si), q)), 71.4 (C-8 (acetylenic C, q)), 

35. I (C-19 (CH,, 1)), -0.2 (TMS (3 x CH,, t , 1l c-s; = 28.6 (Si-satellites))). 

IR 

IR (KBr): V [cm- 1
] = 3092 (vw. V C-Harornaticl, 3030 (vw, V C-Haroma1;c) , 2968 (w, V C-Haliphatic), 

2903 (w, v C-H,t1iphatic), 2218 (s, v ü=C), 1615 (w), 1558 (rn) , 1465 (m), 1453 (m), 1444 (m), 

1254 (m), 1061(vs),864 (s), 838 (m), 766 (s), 756 (s) , 703 (m), 690 (m), 536 (w), 521 (w). 

UVNis 

MeCN , c = 9.032· I o-6 mol·l- 1
, d = 1 cm: Amax = 338 (26,683), 325 (24,690), 202 (26,351 ). 

CH2Ch, c = 9.224· I o-6 molr 1
• d = 1 cm: Arnax = 346 (37,619), 325 (30,572), 225 (22,550). 
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ESI-MS 

Cation mode: mlz = 329 [M+ (cation)] (main peak), 314 [M+ (cation) - 15 (Me)]. 

HiRes-MS 

HiRes-ESl: m/z = 329 [M+ (cation)], calc. for C21 H21 N2Si: 329.1469, found: 329.1470 (~ = 

+0.1 mDa = +0.30 ppm). 

Elementary Analysis 

Calc. [%] for C21 H21 N2Si BF4: C 60.59, H 5.08, N 6.73, F 18.25, Si 6.75, B 2.60. Found [%]: 

C 60.35, H 5.26, N 6.79. 

X-Ray 

Colorless, transparent crystals were obtained by recrystalli zation (by dropping MeOAc into a 

concentrated solution in CH2Ch). For crystal data, structure refinement and X-ray structure see 

Appendix, Table 12-6 and Figure 12-6. 

11.2.8.3. N-Ethylation of Azaenediynes 

11.2.8.3.1. 4,5,6, 7 -Tetrafl uo ro-3-ethy l-2-phenylethynyl-1-trimethy lsilylethynyl

lH-benzimidazol-3-ium Tetrafluoroborate (209) -

A NOVEL COMPOUND 

A previously dried three-necked tlask, equipped with an argon inlet, a retlux condenser 

connected to a bubbler and a glass stopper, was charged with 60 mg (0.155 mmol, 1 eq) of dried 

4,5,6,7-tetratluoro-2-phenylethynyl- l-trimethylsilylethynyl- I H-benzimidazo le (198). In an argon 

atmosphere, ca. 20 ml of dry CH2Ch were then added. To the resulting clear solution, 32 mg 
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(0.171 mmol , 1.1 eq, weighecl out in a glove box) of triethyloxonium tetrafluoroborate, 

EtJÜ+ BF4-, were aclclecl in an argon counter stream. The mi xture was heatecl to rellux for 2 1 h 

(bath temp. ca. 50 °C). 

Monitoring the reaction by TLC ancl GC/MS showecl that still ecluct was lert after 1 h, 2 h, 4 h 

ancl traces after 20 h. Therefore, both after 2Y2 h ancl 4Y2 h another 29 mg (0.155 mmol , 1.0 eq) of 

triethyloxonium tetratluoroborate, ElJO+ BF4-, were aclclecl (in total , 1.1 eq + 1.0 eq + 1.0 eq = 

3.1 eq of EtJÜ+ BF4- were usecl). After a reaction time 01· 20 h, still some ecluct coulcl be 

cletectecl , but also a start spot hacl formecl (TLC: hexanes / EtOAc 30: 1 ). 

The mixture was allowecl to reach rt. Neither after stancling for 2 h at rt nor after refrigerating at 

+4 °C for 2 cl crystals formecl. Yarious crystallization attempts failecl (cliffusion-controllecl 

crystallizations like cliffusion of n-pentane into a concentratecl solution in CH2C'2 or CH2Cl2 / 

EtOAc 1: 1 or acetone, respectively, for 2 cl at rt as weil as crystallization from a concentratecl 

solution in CH2C'2 or in CH2Cl2 / acetone 1: l for 4 cl at +4 °C). The crystalli zat ion attempts 

yielclecl no crystals or small amounts of an impure solid, which was only analyzecl by ES l-MS. 

ESI-MS 

Cation mocle: mlz = 415 [M+ (cation)] (main peak); claughter spectrum of 111/z = 415 shows 111/z = 

387 [M+ + 1 (H) - 29 (Et)]. 
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11.3. Thermolysis Experiments (Trapping Experiments) 

in the Liquid Phase (in Solution) 

11.3.1. Treatment of Solvents 

272 

In order to absolutely exclude moisture, oxygen1xxix and solvent impurities as weil as stabilizers, 

all employed solvents were dried, degassed and distilled under argon, respectively, and hence 

treated as follows: 

Chlorobenzene, [05]-chlorobenzene and 1,4-dioxane were dried for 4 d over activated 4 Ä. 

molecular sieve, then distilled and subsequently freeze-pumped1xxx (4 times) under an argon 

atmosphere. 

1,4-Cyclohexadiene was dried over CaC]z, distilled and freeze-pumped1xxx ( 4 times) under an 

argon atmosphere. 

Isopropyl ether ( diisopropyl ether) was refluxed over calcium hydride, distilled and freeze

pumped1xxx (4 times) under an argon atmosphere and subsequently stored in the dark. 

11.3.2. Preparation of the Thermolysis Mixtures 

All samples were prepared in a glove box, or in an argon atmosphere. 

First, a standard solution in the particular solvent (diisopropyl ether, 1,4-dioxane, 1,4-cyclo

hexadiene, chlorobenzene; [05]-chlorobenzene or CD2C]z, respectively) was prepared, which 

contained 1 mg (2.0· I o-6 
- 2.6· I o-6 mol) of the respective azaenediyne (198, 199, 206 or 208). 

Then, 1 ml of the solution was pipetted into the pressure tube. 

For the in siru-protonation experiments, to each solution of the azaenediynes 198 and 199, a 

solution of l eq or 20 eq of trifluoromethanesulfonic acid (tritlic acid), CF3S03H, 1 eq of 

tritluoroacetic acid (TFA), CF3COOH, or 1 eq of deutero-hydrochloric acid (38 % DCl in 0 20, 

1
"

1
' Note that oxygen in its ground state (triplet oxygen , 30,), is also a biradical. 

lxxx Freeze-pumping in order to remove gaseous compounds: 

Under argon , the distilled solvent was filled into a dry Schlenk tube, closed with a glass stopper and attached to a 

vacuum pump. After that, the following procedure was repeated four times: 

With the stopcock closed, the liquid was frozen in liquid nitrogen ; then the stopcock was opened in order to 

evacuate the Schlenk tube. The stopcock was closed again , and the liquid was allowed to thaw. 



11. EXPERIMENTAL SECTION 273 

c = 12.5 molr 1
), respectively, was added. All experiments were carriecl out with ancl without 

1 eq of 2-tluoropyricline as a buffer. 

For the trapping experiments with 2,2,6,6-tetramethyl- l-oxy-pipericlinyl raclical (210) (TEMPO). 

the azaenecliynes (198, 199, 206 or 208, respectively) were dissolvecl in ch lorobenzcne or in 

[05]-chlorobenzene, ancl a solution of 1 eq or 3 eq of 2,2,6,6-tetramethyl- l-oxy-pipericlinyl 

raclical (210) (TEMPO) in the respective solvent was aclclecl. 

The final mixture in the pressure tubes containecl 1 mg of azaenecliyne in 1 ml of solvent (c = 

2.0· I 0-1 
- 2.6· I 0-1 mol·l - 1

). Each tube was fillecl with a total volume of 2 ml of reaction mixture 

in a glove box ancl subsequently thermolyzed. 

11.3.3. Experimental Conditions - Temperatures and Reaction Times 

As pressure tubes, lockable glass tubes from Ace Glass lncorpora1ed, total height 19.6 cm, 

external diameter 2.5 cm, internal cliameter 1.9 cm) were employed. They could be closecl with a 

Teflon screw cap ancl a seal. Accorcling to an unofficial information from Aldrich, the employecl 

pressure tubes do withstancl a maximum pressure of 14 bar. 

As the pressure of a heated liquid in a closecl system increases with ri sing temperature, the 

maximum allowecl temperature was calculated with the aicl of the Clausius-Clapeyron 

equat ion. 1
"'' Various temperatures were testecl, the highest being the particular value causing a 

solvent pressure of ca. 12 bar. 

The pressure tubes were heatecl in an oil bath with a contact thermometer in orcler to maintain a 

constant temperature. For higher temperatures (> 180 °C) ancl longer reaction times (24 h ancl 

longer), a graphite bath with a contact thennometer was usecl. Typical reaction times were Y2 h, 

1 h, 2 h, 24 h ancl 48 h. 

'""' The Clausius-Clapeyron equation descri bes the pressure in dependenee on the ternperature: 

p 1 = Pn · exp [-(llH""r"""'"" I R) · ( 1 /T 1 - lff0)] . in which Pn = 1 bar. T" = b.p„ llH"''''"'"'"" = rnolar enthalpy of 

evaporation: p1 and T 1 are variables . 

Boiling points of the ernployed so lvents: b.p. (diisopropyl ether) = 69 °C, b.p. ( 1,4-dioxane) = 102 °C, b.p. 

( 1.4-cyelohexad iene) = 88 - 90 °C, b.p. (chlorobenzene) = 132 °C. 
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11.3.4. Work-up and Analyses 

After the reaction time had elapsed, the pressure tubes were cooled as fast as possible (first at the 

air, then in watet} 

For GC/MS analyses, a fraction of the sample was first submitted to micro-filtration over celite, 

and then washed with the solvent used in the reaction and injected into the GC/MS. 

For TLC analyses (on silica and RP-18, each using n-hexane / EtOAc 30: 1 ), the mixture was 

spotted directly onto the TLC-plates. 

For ESI-MS analyses, a fraction of the mixture was diluted in dry CH2Ch to achieve a 10-5 M

solution and sprayed. 

With other fractions of the sample, crystallization attempts and further separation attempts were 

started (see below). 

11.3.5. Scaling up some Thermolysis Experiments of the Methylated 

Azaenediynes 206 and 208 - The Search for Assumed 

Cyclization Products 

In a glove box, a previously dried three-necked flask was charged with 0.050 g (0.102 mmol, 

1 eq) of 4,5,6,7-tetrafluoro-3-methyl-2-phenylethynyl- l-trimethylsilylethynyl-l H-benzimidazol-

3-ium tetrafluoroborate (206) . Then, 50 ml of dried and degassed PhCI were added. The 

suspension was stirred for 10 min, until all of the solid had dissolved. A solution of 0.048 g 

(0.307 mmol, 3 eq) 01· 2,2,6,6-tetramethyl-l-oxy-piperidinyl radical (210) (TEMPO) in 30 ml of 

dried and degassecl PhC I was added. The flask with the salmon colored solution was brought out 

of the glove box, equipped with a reflux condenser, an argon inlet and an argon outlet and heated 

to 70 °C for 24 hin an argon atmosphere. 

The reaction was repeated with 0.043 g (0.102 mmol, 1 eq) of 3-methyl-2-phenylethynyl- l-tri

methylsilylethynyl- l H-benzimidazol-3-ium tetrafluoroborate (208) as an educt. 

Both reactions were conducted with 3 eq of TEMPO (210) as describecl above and l eq (0.016 g, 

0.102 mmol) ofTEMPO (210). 

A !arge excess of TEMPO (210) (up to 6 eq) did not lead to increased product-formation. In all 

cases, still educt 206 or 208, respectively, could be detected. 
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In another attempt, the solvent PhCI was replaced with CD2Cl 2 and the sample heated to 70 °C 

for 24 h. This experiment should not only aid a subsequent diffusion-controlled crystallization 

with n-pentane, but also clarify whether a deuterium-uptake took place. In the ES l-MS, no 

uptake of deuterium could be seen; and no crystals were obtained. 

The solvent PhCI was also replaced with [05]-chlorobenzene ([05]-PhCI) ancl the sample heated 

to 70 °C for 24 h. No uptake of deuterium coulcl be seen in the ESl-MS. The reaction was 

conducted with 1 eq, 3 eq and 6 eq of TEMPO (210). 

11.3.6. Testing the Stability of Diisopropyl Ether under Thermolysis 

Conditions 

In the following experiments it was tested whether diisopropyl ether remainecl stable even uncler 

ex treme reaction conclitions, or transformecl into iso-propanol ancl propene upon heating. The 

analyses were carriecl out by GC/MS 1
xxxii on a Zebron ZB-1 capillary GC-column with a length 01· 

60 m. A syringe was fillecl with 1 µ1 of the gas phase over the liquid of each sample, ancl inj ectccl 

clirectly into the GC/MS. The employed solvents - diisopropyl ether (iPr20) and iso-propanol 

(iPrOH) - were previously dried , distilled and degassed, and treated like uncler the employed 

thermolysis conditions. 1
xxxiii 

Firsr , in a control experiment the following samples were injected: Neat cliisopropyl ether, neat 

iso-propanol , a mixture of iPr20 / iPrOH 1: 1 and a mixture of iPr20 / iPrOH 100: 1: 

11.3.6.1. GC/MS of the Gas Phase (at rt) of iso-Propanol (iPrOH) 

iPrOH (main peak): 

GC (40 °C, 10 min, 50 °C min- 1
, 200 °C, 1 min): R, = 5.5 min; MS (EI, 70 eV): 111/z (%): 60 

(2 %) [lf]. 59 (17 %) [lf-1 (H)], 45 ( 100 %) [lf-15 (Me)], 43 (74%) [iPr+, lf-17 

(OH)], 41 (33 %) [lf- 19] , 39 (22 %) [M'- 21] , 31 (17 %) [lf-29], 29 (28 %) [lf- 31], 27 

(36 %) [lf - 33]. 

1,„„;; Note: ES I-MS experiments were also carried out ( 1 drop of the respective solvent or mixture was dissolved in 

ca. 5 ml or CH,C1 2), but they were founcl not to be suited as iPr,O aml iPrOH only showed very low intensity when 

sprayecl. 

1.m1.ii Boiling points of the solve nts dii sopropyl ether and isu-propanol: b.p. (iPr,0 ) = 69 °C, b.p. (iPrOH) = 82 °C. 
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Water (H20): 

GC (40 °C, 10 min, 50 °C min- 1
, 200 °C, 1 min) : R, = 4.7 min ; MS (EI , 70 eY): 111/z (%): 18 

(100 %) [lf], 17 (22 %) [OH+, M' - 1 (H)]. 

Air (N2, 0 2, Ar) : 

GC (40 °C, 10 min, 50 °C min- 1
, 200 °C, 1 min): R, = 4.5 min; MS (EI, 70 eV): 111/z (%): 40 

(3 %) [Ar, lf]; 32 (31 %) [02, lf]; 28 ( 100 %) [N2, lf]; l 8 (3 %) [H20, lf]. 

11.3.6.2. GC/MS of the Gas Phase (at rt) of Diisopropyl Ether (iPr20) 

iPr20 (main peak): 

GC (40 °C, 10 min , 50 °C min- 1
, 200 °C, 1 min): R, = 7.2 min; MS (EI , 70 eV): 111/z (%): 102 

(7 %) [lf], 87 (68 %) [lf-15 (Me)], 69 (21 %) [lf-33], 59 (46 %) [lf-43 (iPr)] , 45 

(100 %) [lf - 57] , 43 (86 %) [iPr+, M' - 59] , 41 (58 %) [lf - 61], 39 (26 %) [M' - 63], 28 

(19 %) [lf -74] , 27 (27 %) [lf - 75]. 

Water (H20): 

GC (40 °C, lOmin , 50 °Cmin- 1
, 200 °C, 1 min): R,= 4.7min; MS (EI, 70eV): m/z( %): 18 

(100 %) [M+], 17 (22 %) [OH+, M+ - 1 (H)]. 

Air (N2, 0 2, Ar): 

GC (40 °C, 10 min , 50 °C min- 1
, 200 °C, l min): R, = 4.5 min ; MS (EI , 70 eY): m/z (%) : 40 

(3 %) [Ar, lf] ; 32 (31 %) [02, M'J; 28 (100 %) [N2, lf] ; 18 (3 %) [H20 , M'J. 

11.3.6.3. GC/MS of the Gas Phase (at rt) of a Mixture of iPr20 / iPrOH 1: 1 

The peaks of both iPr20 and iPrOH were weil separated according to the respective retention 

time (see above). The fragmentation pattern could be assigned clearly to the respective parent 

compounds. 

11.3.6.4. GC/MS of the Gas Phase (at rt) of a Mixture of iPr20 / iPrOH 100:1 

As above, the peaks of both iPr20 and iPrOH were separated according to the respective 

retention time (see above). The fragmentation pattern could be assigned to the respective parent 

compounds. 
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Then. , a sample trea ted under thermolysis conditions was injected. This sample showed no color 

change, and no smell of propene was detected. 

11.3.6.5. GC/MS of the Gas Phase of Diisopropyl Ether (iPr20) after Heating 

to 180 °C for 24 h 

The GC/MS spectrum of heated iPr20 showed exactly the same result as ro r iPr20 at rt (see 

above) : Onl y the respecti ve peaks for iPr20 , water and air were found. No trace of iPrOH could 

be detected. 

11.3.7. Separation and Characterization Attempts of the Thermolysis 

Mixtures of the Methylated Azaenediynes 206 and 208 

11.3.7.1. Separations by Chromatography of the Thermolysis Mixtures in 

Diisopropyl Ether 

In order to isolate assumed cyclization products, the thermolys is samples of the azaenediynes 

206 and 208 in dii sopropyl ether were treated as follows: 

P-TLC was carried out on silica plates with acetone or C H2C'2, on RP-1 8 plates with MeCN o r 

MeOH, and anal ytical TLC on CN plates with acetone or C H2Cl 2 as eluents. The separations 

were repeated with absolute solvents and previously dried P-TLC plates (50 °C, 24 h) in a glo ve 

box. 

HPLC separation was carried out on silica with 1,2-dichloroethane or on RP-1 8 with MeCN as 

an eluent. 

Mainly educt or non- identifiable decomposition products could be isolated. 

11.3.7.2. Separations by Chromatography ofthe Thermolysis Mixtures in 

Chlorobenzene with TEMPO (210) 

The thermolysis samples o f the azaenedi ynes 206 and 208 in chlorobenzene wi th 1 eq or 3 eq of 

TEMPO (210) were treated as fo llows: 

P-TLC was carried out on silica p lates with acetone, MeC N, nitromethane (CH3 N02), C H2C l2, 

CH2C'2 / MeOH 98 :2 and n-hexane / EtOAc 3: 1 and on RP-18 plates with MeOH , H20 / MeOH 
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1:1, ElOH, iPrOH, acetone, nitromethane (CH3N02), THF, MeCN, MeCN / H10 40:1 and 20:1 

and 5: 1, CH2C'1 and n-hexane / EtOAc 1: 1. Separations using water-free eluents could be 

repeated in a glove box with abso lute solvents and previously dried P-TLC plates (50 °C, 24 h). 

Analytical TLC was done on CN plates or on alumina plates with acetone, nitromethane 

(CH3N02), MeCN, CH2Ch, n-hexane / EtOAc 1: 1 and 4: 1. 

HPLC was carried out on silica with 1,2-dichloroethane or 1,2-dichloroethane / MeOH 98:2) as 

an e luent, and on RP-18 using MeCN or MeCN / H2020:1. 

Column chromatography under argon was carried out using Sephadex LH-201
xxx iv as a stationary 

phase and MeCN as an eluent (flow rate: 0.05 ml/min , or 5 cm/h). 

Only in case of the employment of MeCN or MeCN / H20 20: 1 on a RP-18 phase a partial 

separation could be achieved. No fraction was pure - in all cases numerous peaks were found in 

the ESI-MS analyses: 

Degradation products of TEMPO (210) were found in all fractions at m/z = 140 and 111/z = 142. 

As a control experiment, TEMPO (2 10) was heated in PhCI for 24 h. The molecular ion peak 

disappeared , and the following peaks were found: m/z = 156 (traces) [M+ (TEMPO)] , 142 [M+ -

16 (0) + 2 (2 H)], 140 [M+ - 16 (0)]. 

Note that spraying a freshly prepared solut ion of TEMPO (210) showed the following result: 

mlz = 156 [M+ (TEMPO)], 157 [M+ + 1(H)],123 [M+ - 33 (NH20H)]. 263 

11.3.7.2.1. Analysis for 206 

A main peak with m/z = 419 was found to derive from unreacted educt (111/z = 401 [M+ (cation)], 

419 [M+ (cation) + 18 (H20)]). Also when freshly prepared educt was sprayed, addition of water 

took place after a while. The peak at 111/z = 558 could not be found in the fractions. 

11.3.7.2.2. Analysis for 208 

Analogous results were obtained for 208: Here, mainly unreacted educt could be recovered from 

impure mixtures (111/z = 329 [M+ (cation)]). The peak at mlz = 486 was not found in the fractions. 

1x,„;,. Sephade.r LH-20 from Phwmacia Biotech is prepared by hydroxypropylation of Sephadex G-25 , a bead-formed 

dextrnn gel. The dextran chains are cross- linked to give a three-dimensional po lysaccharide network. Sephadex 

LH-20 is used for gel filtration in organic so lve nts; the molecules are e luted from Sephadex-columns in order of 

clecreas ing molecular weight (or molec ular size, respectively). 



l l. EXPERIMENTAL SECTION 279 

11.3.7.3. Crystallization Attempts and Crystal Analyses 

After the reaction was complete, a 5 ml aliquot of the reaction mixture was evaporated in a 

rotavap (bath temp. < 50 °C) . An attempted diffusion-controllcd crystallization with CH2Cl2 and 

11-pentane only led to an oil , as weil as refrigerating (4 °C) various mixtures containing acetone / 

n-hexane, CH2Ch / n-hexane, CH2Ch / n-pentane or CH2Ch / acetone. Direct precipitation 

attempts from the reaction mixture by adding n-hexane or 11 -pentane failed as well. 

In a case employing dichloromethane and n-pentane as solvents, however, crystals of 

piperidinium salt 223 were obtained: 

11.3.7.3.1. Analysis of 2,2,6,6-Tetramethyl-piperidinium Tetrafluoroborate (lli) 

BF4 

223 

NMR 

NMR analyses usually failed because of remaining TEMPO (210). TEMPO (210), as a free 

radical , is paramagnetic and caused extreme line broadening in the NMR spectra due to 

increased relaxation times. 

ESI-MS 

Cation mode: 111/z = 142 [M+ (cation)] (main peak). 

X-Ray 

Nearly colorless, transparent crystals were obtained by diffusion-controlled crystallization (for 

4 d at 20 °C diffusion of n-pentane into a concentrated solution in CH2C[z). For crystal data, 

structure refinement and X-ray structure see Appendix, Table 12-7 and Figure 12-7 . 
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11.4. Collision Experiments and Trapping Experiments 

in the Gas Phase 

280 

Collision experiments were carried out on a modified Finnigan MA T TSQ 700 mass spectrometer 

by spraying a 10- 5 M solution in CH2C'2 of the respective azaenediynes. 

The collisions with the noble gases Ar and Xe were carried out in the 8-pole-region. Ar (purity 

4.8 (2'. 99.998 %)) and Xe (purity 4.8 (2'. 99.998 %)) were purchased from PanGas, Luzern , 

Switzerland. 

Collision experiments with CHCh and CDC!, were done in the 8-pole-region and in the 24-pole

region. The solvents were previously dried, distilled and freeze-pumped. 

Experiments with NO (purity 2.5 (2'. 99 .5 %), purchased from PanGas, Luzern, Switzerland) 

were done in the 24-pole-region. 

For the collision experiments using H2 in the Finnigem MAT LCQ mass spectrometer, the device 

was purged for 2 d with molecular hydrogen instead of helium. H2 (purity 4.0 (2'. 99.990 %)) and 

He (purity 5.0 (2'. 99.9990 %)) were purchased from PanGas, Luzern, Switzerland. The aza

enecliynes were sprayecl in clichloromethane using the previously describecl stanclard conclitions. 

Upon collision of the acceleratecl ions (generated out of the azaenediynes) with the noble gases, 

the kinetic energy of the mass center of the collision partners is conservecl (according to the law 

of conservation of total momentum). 1-lence, for the conversion into internal energy - ancl thus 

ror fragmentation reactions - the entire kinetic energy of the collision partners in the center of 

mass-system is available.266 

The kinetic energy is definecl as 

1 
E kin =1111.·v 2' 

in which Ek;„ is the kinetic energy, m the mass and v the velocity of the accelerated ion. 

The following formula represents the center of mass-energy (the kinetic energy that maximum 

can be converted into internal energy): 

1 m1 ·m2 , 
E - v- . 

c1'11tl'fof 11w.u -2· 1n1 +1n2 . 



1 J . EXPERIMENTAL SECTION 28 1 

in which m 1 and 1112 represent the molecular masses of the collision partners and v the velocity of 

the accelerated ion. 

If the formula fo r the kinetic energy is solved for v2, the highest co ll ision cnergy that was used 

(E = J 20 e V) inserted for Ekin and the mass of the partic ular azaenediyne-ion (M+ + 1 (H) = 

387 g·mol- 1
, M+ + 1 (H) = 315 g·mol- 1

, M+ = 401 g·mol- 1 o r M+ = 329 g·mol- 1
, respectively) 

inserted form , the fo llowing term results: 

v' 
2·Ek;n 2 2·120eV 

--~~- =>V = -----
J1J(l lllf'nl'dinlf'- iOll !11(1Zll1'lll'dinw- ir m 

Insertion of v2 into the eq uat ion for the center of mass-energy gives thcn, after reclucing the 

fractions: 3111 

2 
·V ----11-1'-'"-1)11~"''-'11-" - -- • 120 e V . 

tn 11:::.ae1w /iy11e- io11 + 111 11ohfr gos 

The respective center of mass-energies were calculatecl, ancl are d isplayed in Table 11 - 1. 

Table 11-1: Center of mass -energies in col lision experiments of va ri ous azaenediynes with 

argon and xenon as inert gases 

# Azaenediyne llla;.aenediyne·ion tnnoble gas EcenlC'rofmass Ecentl'rofmass 

[g·mol- 1
] [g·mol- 1

] [cV] [kcal·moi- 1
]
1
"" 

198 387 [M+ + 1 (H)] m,,,=40 11.2 259.2 

2 199 3 15 [M+ + 1 (H)] 111,,,= 40 13.5 311.8 

3 206 401 [M+ (cation)] m„,=40 10.9 251.0 

4 208 329 [M• (cation)] m,,,=40 13.0 300.0 

5 198 387 [M+ + 1 (H)] mx, = 131 30.3 699.8 

6 199 315[M++1 (!-!)] mx, = 13 1 35.2 812.8 

7 206 40 1 [M+ (cation)] mx,, = 131 29.5 681.4 

8 208 329 [M+ (cation)] mx, = 131 34.2 788.1 

1
"" 1 eV = 96.485 kJ ·mo1- 1

: 1 kcal = 4. 1 84 kJ. 
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12. Appendix: X-Ray Data 

Table 12-1 : Crystal clata ancl s tructure refinement for 191 

Parameter Data for !2!. 
Empirical formula 

Formula weight 

Temperature 

Radiation 

Wa velength A 

Crystal system. space group 

Unit cell dimensions 

Volume 

z. Calculated density 

Absorption coeffici ent 

F(OOO) 

Approximate crystal size 

Diffracto111eter 

e range for data collect ion 

Indexranges 

Refl ections collected I unique 

Completeness to 20 = 27.48 

Absorption correcti on 

Max. ancl min. trnn smiss ion 

Structure solution 

Refine111ent 111cthod 

Data I restraints I parametcrs 

Goodness-of-fit on F' 

Final R indices [l > 2cr (l)] 

Ex tinction coc ffi cient 

Largest diff. peak and hole 

290.22 

22:1(2) K 

Mo K 0 

0.71070Ä 

Monoclinic. P2(1 )/c 

a = 7 .2249( 1) Ä; a = 90 ° 

b = 18.3603(3) Ä; ß = 97.230( 1) 0 

c = 19.1900(4) Ä; y = 90 ° 

2525.34(8) A' 

8. 1.527 Mg/m ' 

0.134111111- 1 

1168 

0.35 X 0.30 X 0.25 111111 

ßruker-Noni11s Kappa-CCD diffracto111etcr with graphile 111onochro111ator 

3.08 - 27 .48 ° 

-9 s h s 9. -23 s k s 23. - 24 s 1 s 24 

11 288 / 5761 [R(inl) = 0.0279] 

96.3 % 

no correction 

0.96 74 and 0.9548 

SIR92 

Full -matrix least-squares on F' 

5761 / 0 /392 

0.952 

RI = 0.0412. wR2=0.1033 

0.0143( 19) 

0.178 and -0.1 68 e·A-' 

Figure 12- 1: 

X-ray s tru ct ure (ORT EP-3 cl iagra m) of 191 
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Tabl e 12-2 : Crys tal data and structure re finement fo r 196 

Parameter Oata f'or 196 

Empirical formula 

Formul a weight 

Temperature 

Radiation 

Wavelength A. 

Crystal system, space group 

Unit cell dimensions 

Yolume 

Z, Ca lculated density 

Absorption coe fficient 

Approximate crys tal size 

Oiffractometer 

0 range for data collection 

Index ranges 

Reflec tions co ll ectecl / unique 

Cornpleteness to 20 = 57.28 

Absorption correction 

Structure so lution 

Rel'inement method 

Data / restrnint s / parameters 

Gooclness-of-fit on F' 

Final R inc.lices [I > 2a (I)] 

Extinction coetlicient 

Largest ditl. peak and hole 

'.122 .26 

298 K 

Mo K 0 

0.11013 A 
Triclinic . P 1 

a = 7.6765(2J A; n = 64.3415( 13) 0 

b = 10.1865(3) A: ß = 84.4989( 13) 0 

c = 10.442 1('.1 ! A: y = 74.26 14Cl4J 0 

708.2 1 C3J A' 
2, 1.511 Mg/111 1 

0.1 32 mm- ' 

0.4 x 0.2 x 0.06 mm 

Bruker-No11i11s Kappa-CCD diffractometer with graphite monochromator 

0.998 - 28.700 ° 

-9 S h S I0.-1 3 Sk S 13, -1 4S IS 14 

6304 / 36 13 [R(int ) = 0.035] 

98.90 % 

no correcti on 

SIR97 

Full -matri x least-squares on F' 

36 13 / 0 / 248 

1.040 

R 1 = 0.0526, wR2 = 0.1 436 

none 

0.192 and -0.1 88 e·A-' 

Fi g ure 12-2: X -ra y stru c ture (ORT E P- 3 d i agram) o f 196 
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Table 12-3: Crystal clata ancl str ucture refinement for 198 

Parameter Data for 198 

Ernpirical formula 

Formula weight 

Temperature 

Radiation 

Wavelength !.. 

Crystal system. space group 

Unit cel l dimensions 

Yolume 

Z. Ca lcu lated density 

Absorption coefficient 

F(OOO) 

Approximate crystal size 

Diffractometer 

0 range for data collection 

1 ndex ranges 

Retlections collected / uniquc 

Complete ness to 28 = 64.89 

Absorption correction 

Max. and min. transmission 

Structure solution 

Refinernent method 

Data I restraints I parameters 

Goodness-of-fit on F' 

Final R indices [I > 2a (!)] 

Absolute structure parameter 

Extinction coefficient 

Larges t diff. peak and hole 

386.42 

243(2) K 

Cu K0 

1.54178 Ä 

Orthorhombic, Pna2( 1) 

a = 15.796(3) Ä; ex = 90 ° 

b = 18.4 13( 4 l Ä; ß = 90 ° 

c = 6.858( 1) Ä; y = 90 ° 

1994.7(6) Ä1 

4. 1.287 Mg/m' 

1.427 mm-' 

792 

0.35 x 0.35 x 0.32 mm 

Brt1ker-No11i11s CAD4 diffractornetcr with grnph ite rnonochrornator 

3.69 - 64.89 ° 

0 s h s 18, 0 s k s 21 • 0 s 1 s 7 

1890 / 1864 [R(int) = 0.040] 

95.2 % 

no correct ion 

0.6581 and 0.6351 

SIR92 

Full-matrix least-squares on F2 

1760 / 1 /245 

1.1 89 

R 1 = 0.0593. wR2 = 0.1892 

0.10(12) 

0.0005(3) 

0.294 and -0.476 e·k' 

Fi g ure 12-3: X-ray st ru c ture (O RTEP-3 diagram) of 198 

285 



12. APPENDIX: X -R AY DATA 

Table 12 -4: Crystal clata ancl structure refineme nt for 206 

Parameter Data for 206 

Empirical formula 

Formula weight 

Temperature 

Radiation 

Wavelength :\. 

Crystal system. space group 

Unit cell dimensions 

Volume 

Z, Calculated density 

Absorption coe!Ticient 

F(OOO) 

Approximate crystal size 

Di!Tractometer 

0 range for data collection 

Index ranges 

Reflections collectecl I unique 

Completeness to 20 = 25.09 

Absorption correction 

Max. nncl min. transmission 

Structure so lution 

Refinement method 

Data/ restraints / parameters 

Gooclness-of-fit on F' 

Final R indices (1 > 2cr (I)] 

Extinction coetlicient 

Largest cliff. peak and hole 

488.27 

223(2) K 

Mo K0 

0.11010 A 
Triclinic , P-1 

a = 11.6671(3) Ä; n = 100.85(1) 0 

b = 14.3450(4) Ä; ß = 104.52(1) 0 

C= J5.0171(4)Ä;y= 100.19(1) 0 

2322.23( 11) A' 
4, 1.397 Mg/m' 

0.176 mm- ' 

992 

0.30 x 0.20 x 0.20 mm 

Bruker-Nonius Kappa-CCD diffractometer with graphite monochromator 

1.80 °- 25.09 ° 

-l'.1ShS 13, -17SkS 17,-17SlS 17 

14646 / 7982 [R(int) = 0.0314) 

96.8 % 

no correction 

0.9657 and 0.9492 

SIR92 

Full-matrix least-squares on F' 

7982 / 0 / 621 

1.068 

R 1 = 0.0893. wR2 = 0.2232 

0.011(6) 

0.871 and -0.651 e·A-' 

Figure 12-4: X-ray s tructure (O RTEP-3 cliagram) of 206 
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Tabl e 12-.'i: C rys tal dat a a nd s tru c ture refine m e nt fo r 207 

Parameter Data for 207 

Empirica l formula 

Formula we ight 

Temperature 

Radi ati on 

Wa ve le ngth A. 

Crys tal syste m. space group 

Un it ce ll d imensions 

Yolume 

Z. Calc ul ated density 

Absorption coe ffici e nt 

Approx imate crys tal s ize 

Diffractometer 

0 range for data co ll ec tion 

1 ndex ranges 

Re fl ections collec ted I unique 

Complete ness to 20 = 6.1.00 

Absorpti on correc ti on 

Structure solution 

Refin e ment me thod 

Data I res traint s I parameters 

Good ness-of-fit on F' 

Fina l R indices (1 > 2a (!)] 

Extinction coeffi c ient 

Largest di ff. peak and hole 

454.17 

100 K 

Mo K 0 

o .7 1073 A 

Monoclinic. P2( 1 )/c 

a = 10.648 1(2) A: a = 90 ° 

b = 14.0290(3) A: ß = 105.65 16( 14) 0 

c = 13.02370> A: y = 90 ° 

1873 .37(7) A' 
4. 1.610 Mg/m' 

0 .1 54mm-' 

not determined 

Bruker-No11i11s Kappa-CCD diffractometer with grnphitc monoc ilromator 

0.998 - 3 1.507 ° 

- 15 s h s 15. - 20 s k s 19. - 19 s 1 s 19 

1 195 1 / 62 15 [R(i nt ) = 0.028] 

99.7 0 '7o 

no correction 

S IR97 

Full -matri x least-squares on F~ 

62 15 / 0/ 332 

1.43 1 

R 1 = 0.0702 . wR2 = 0.2023 

none 

0.479 and - 1.383 e·A-1 

F ig u re 12-5 : X - ra y str uct u re (O RT E P- 3 cl iagra m ) of 207 (ani o n omi tted for c la rit y ) 
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T ab le 12-6 : Crystal da ta and s tru c ture refin e ment for 208 

Parameter Data for 208 

Empirical formula 

Formula weight 

Temperature 

Radiation 

Wavelength A. 

Crystal system, space group 

Unit cell dimensions 

Yolume 

Z, Calculated density 

Absorption coefficient 

Approximate crys tal size 

Diffrac to meter 

e range for data collection 

Index ranges 

Renections collected I unique 

Completeness to 20 = 54.98 

Absorption correction 

Structure solution 

Refin ement method 

Data I restraints I parnmeters 

Goodness-of- fit on F' 

Final R indices [I > 2a (I)] 

Extinction coeffi cient 

Largest ditT. peak and hole 

C01 H21N 1F4 BSi 

416.30 

172 K 

Mo Ka 

0.7 1073 Ä 

Orthorhombic, Pmcn 

a = 6.9688(2) Ä; a = 90 ° 

b = 15.5439(5) Ä; ß = 90 ° 

c = 19.7436(6) Ä; y = 90 ° 

2 138.67( 11 ) Ä' 

4, 1.293 Mg/m1 

0.153 mm- ' 

0.30 x 0.06 x 0.06 mm 

Brnker-No11i11s Kappa-CCD diffractometer with graph ite monochromator 

0.998 - 27 .485 ° 

- 9 s h s 9, - 20 s k s 20, - 25 s 1 s 25 

4819 I 2640 [R(int) = 0.033] 

99.70 % 

no correction 

S IR97 

Full -mau·ix least-sq uares on F' 

2640 I 0 / 160 

1.905 

R 1 = 0.0946. wR2 = 0.2658 

none 

1.726 and - 1 141 e·A-·' 

Figure 12-6: X-ray st ru ct ure (ORTEP-3 diagram) of 208 (a ni o n orn itted fo r c la rity ) 
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Tab le 12-7: Crystal clata ancl st ru ct ure refine me nt for 223 

Parameter Data for 223 

Empirical formula 

Formula we ight 

Temperature 

Radiation 

Wavelength A. 

Crys tal system. spacc group 

Unit ce ll dimensions 

Yolume 

z. Calculated density 

Absorption coeffic ient 

Approx imate crys tal size 

Diffractometer 

e range for data collect ion 

Indexranges 

Retlections coll ected I unique 

Completeness to 20 = 47.62 

Absorption correcti on 

Structure solution 

Refinement method 

Data I restrai nts I parameters 

Goodness-of-fit on F' 

Final R indices [I > 2cr (I)] 

Ex tinction coe ffi cient 

Largest diff. peak and hole 

229.07 

172 K 

Mo K0 

0.11073 A 

Orthorhombic. Pc2( 1 )/b 

a = 9.6890( 14) A: u = 90 ° 

b = 15.496(2) A: ß = 90 ° 

c = 16.016(2) Ä; y = 90 ° 

2404.7(6) A' 

8. 1.265 Mg/m3 

0.116 mm· ' 

0.46 x 0.28 x 0.14 mm 

Brffker-Nonius Kappa-CCD dillractornetcr with grnphite monochromator 

0.998 - 23.8 17 ° 

-1 1 s h s 10. - 17 s k s 17. - 16 s 1 s 18 

3984 / 2673 [R(int) = 0.055] 

90.30 % 

no correction 

SlR97 

Full-matrix least-squares on F2 

2673 / I / 270 

2.052 

R 1 = 0.1 187. wR2 = 0.3029 

none 

0.431 and -0.32 1 e·A ··' 

Figure 12-7: X-ray s tructure (O RTEP-3 cl iagram) of 223 
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14. Abbreviations 

A absorplion (UV) 

A adenine 

A Ängström (1 A = 10- 10 m) 

abs. absolute 

Ac acetyl 

anhydr. anhydrous 

aq. aqueous 

Ar aryl; argon 

b.p. boiling poinl 

Bn benzyl 

br broad (IR) 

br broacl (NMR) 

Bu butyl 

BuLi butyllithium 

C cytosine 

c, c concentration 

calc. calculatecl 

CASMP2 Complete Active Space Moller-Plesset theory, 2"0 orcler 

CASSCF Complete Active Space Self-Consistent Fielcl 

CID collision inclucecl dissociation 

conc. concentratecl; concentration 

d day(s) 

d doublet (NMR); length of path or layer thickness (UV); clistance (X-ray) 

Da Dalton 

DB U 1,8-diazabicyclo-[5.4.0]-undec-7-ene 

dd doublet of double! (NMR) 

DEPT Di stortionless Enhancement by Polarization Transfer 

clist. cli stillecl 

DMF N,N-d imethylformamide 

DMSO dimethyl sulfoxide 
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DNA 

DNS 

dt 

E 

Ecn11erof11111ss 

EI 

EI 

eq 

Es 

ESI-MS 

Esr 

Et 

Ei 

et al. 

EtOAc 

eV 

Ff 

Ff-IR 

G 

GC/MS 

h 

Hai 

Hi Res-MS 

HMPTA 

HPLC 

HV 

i.e. 

IR 

J 

k 

deoxyribonucleic acid 

Desoxyribonucleinsäure 

doublet of triplet (NMR) 

energy 

exempli gratia (for example) 

Arrhenius activation energy 

kinetic energy of the center of mass 

electron impact 

kinetic energy 

electrophile 

equivalent 

singlet energy 

electrospray ionization mass spectrometry 

singlet - triplet gap 

ethyI 

triplet energy 

et alii (and others) 

e thyl acetate 

electron volt 

Fourier transform 

Fourier transform i nfrared 

guanine 

gas chromatography / mass spectrometry 

hour(s) 

halogen 

high resolution mass spectrometry 

hexamethylphosphoric triamide (hexamethylphosphoric(V) acid triamide) 

high performance (pressure) liquid chromatography 

high vacuum 

iso 

id est (that is to say) 

infrared 

coupling constant (NMR) 

kilo 
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LASER 

LOA 

lit. 

m 

111 

M 

M 

m.p. 

111/z 

w 
MALO! 

MCS 

Me 

1ng 

min 

mmol 

MS 

Mt B-ether 

n 

/1. 

nm 

NMR 

NOE 

Nu 

() 

p 

p 

p. 

PG 

Ph 

pp. 

ppm 

Pr 

P-TLC 

light ampliricalion by stimulated emission of radiation 

lithium diisopropylamide 

literature 

medium (IR): milli 

multiplet (NMR); meta; mass 

molar (concentralion in mol·l - 1
) 

molecular mass in g·mo1- 1 

melting point 

mass over charge (MS) 

molecular peak, molecul ar ion peak (MS) 

matri x assisted laser desorption / ionization 

2-methox yethanol 

methyl 

milligram 

minute(s) 

millimole 

mass spectrometry 

1er1-bulyl melh yl elher 

nano ( 10-9
) 

normal 

nanometer 

nuclear magnetic resonance 

Nuclear Overhauser Effect 

nucleophile 

ortho 

pico (10- 12
) 

primary (NMR); para 

page 

protecting group 

phenyl 

pages 

parts per million 

propyl 

preparat ive th in layer chromatography 
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Py 

q 

rct. 

resp. 

Rr 

rotavap 

rt 

R, 

s 

pyridine 

quaternary (NMR); quartet (NMR) 

reaction 

respectively 

retention factor (ratio of front) 

rotary (film) evaporator 

room temperature 

retention time 

secondary (NMR); singlet (NMR) 

strong (IR) 

sat. saturated 

sec second(s) 

ssp. subspecies 

T 

1Bu 

temp. 

TEMPO 

tert 

TFA 

THF 

TLC 

TMS 

Tos 

II 

LI 

UV 

UV-PES 

V 

V 

Vi s 

VS 

w 

WHO 

tertiary (NMR); triplet (NMR) 

thymine 

tert-butyl, tertiary butyl 

temperature 

2,2,6,6-tetramethyl- l -oxy-piperidinyl radical 

tertiary 

tritluoroacetic acid 

tetrahydrofuran 

thin layer chromatography 

trimethyl silyl 

toluenesulfonyl- , tosyl

triplet of triplet (NM R) 

atomic mass unit ( 1 u = 1.6605655 . 10-27 kg)304 

ullraviolet 

ullraviolet photoelectron spectroscopy 

velocity 

volt 

visible 

very strong (IR) 

weak (IR) 

World Health Organization 
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y. yield 

ö chemical shift in ppm (NMR) 

l'1. delta (a difference) 

s absorption coefficient (UV) 

A111ax maximum (maxima) of absorption (UV) 

µ micro ( 10-0
) 

µ! microliter 

µm micrometer 

v stretching vibration (IR) 

v wavenumber in cm- 1 (IR) 

lfld pseudo doublet (NMR) 

lfll pseudo triplet (NMR) 
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