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Abstract  

Push-pull conjugated polymers, consisting of electron donating and withdrawing units 

gained increased attention because of their narrow band gap and their response to the light 

absorption and emission.  

Accordingly, four monomers with an intrinsic push-

pull effect were synthesized via a dually selective 

cross-coupling reaction under Stille conditions 

between two types of heterocycles. The 

dinucleophile type beared both a trimethyl stannyl 

group and either a pinacol boronate (3-n-hexylthiophene) or a magnesium chloride group (N-

derivate pyrrole). The dielectrophilic type consisted of iodo-bromo heterocycle derivates 

(phenyl, pyridine and thienyl). For these monomers, the presence of a remaining metal 

(pinacol boronate or magnesium chloride group) and bromine allowed further 

polymerizations under Suzuki-Miyaura or Kumada conditions. In the case of the thienyl-

phenyl and thienyl-pyridine type monomer, oligomers were formed. Their 

electroluminescence was successfully demonstrated by the implementation into OLED 

devices.  

Additionally, stannoles, which are tin analogues of 

cyclopentadienes, were studied as possible 

electron deficient systems in combination with 

thiophene derivates in organometallic push-pull 

monomers. The synthesis of stannoles is generally 

performed using the conditions of the well-known 

Fagan Nugent reaction of alkynes, where in the 

first step zirconacyclopentadienes are formed and 

secondly transmetalated with dichloro stannanes. 

This thesis focusses on the formation of 

zirconacyclopentadienes by comparing the 

synthetic reactions between Negishi’s and 

Rosenthal’s reagent with several alkynes. The Rosenthal’s reagent proved to give higher 

reaction rates as well as higher yields of zirconacyclopentadienes in those cases, in which 

functional groups as aryl-halides, trimethylstannyl and trimethylsilyl were present.  

Lastly, first attempts of cross-coupling reactions between stannoles with nucleophilic 

substituents in 2- and 5-positions and thiophene electrophilic derivates were done to obtain 

dimers, trimers or polymers containing different ratios of stannole and thienyl units.    
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Zusammenfassung 

Push-Pull-konjugierte Polymere, die aus Elektronendonor- und Elektronenakzeptoreinheiten 

bestehen, gewinnen aufgrund ihrer schmalen Bandlücke und ihrer Reaktion auf 

Lichtabsorption und -emission an Aufmerksamkeit.  

Dementsprechend wurden vier Monomere mit 

einem intrinsischen Push-Pull-Effekt über eine 

zweifach selektive Kreuzkupplungsreaktion unter 

Stille-Bedingungen aus zwei Arten von 

Heterozyklen synthetisiert. Der dinucleophile Typ wies sowohl eine Trimethylstannylgruppe 

als auch entweder ein Pinakolboronat- (3-n-Hexylthiophen) oder eine 

Magnesiumchloridgruppe (N-Derivatpyrrol) auf. Der dielektrophile Typ bestand aus Jod-

Brom-Heterozyklusderivaten (Phenyl, Pyridin und Thienyl). Bei diesen Monomeren 

ermöglichte das Vorhandensein eines restlichen Metalls (Pinakolboronat- oder 

Magnesiumchloridgruppe) und Brom weitere Polymerisationen unter Suzuki-Miyaura- oder 

Kumada-Bedingungen. Im Falle eines Monomers vom Thienylphenyl- und Thienylpyridintyp 

wurden Oligomere gebildet. Ihre Elektrolumineszenz wurde durch die Implementierung in 

OLED-Geräte erfolgreich demonstriert.  

Außerdem wurden Stannole, die Analoga von 

Cyclopentadienen sind, als mögliche Systeme mit 

Elektronenmangel in Kombination mit 

Thiophenderivaten in metallorganischen Push-Pull-

Monomeren untersucht. Die Synthese von 

Stannolen wird im Allgemeinen unter den 

Bedingungen der bekannten Fagan-Nugent-

Reaktion von Alkinen durchgeführt, wobei im ersten 

Schritt Zirkonacyclopentadiene gebildet werden 

und zweitens mit Dichlorstannanen transmetallliert 

werden. Diese Dissertation konzentriert sich auf die 

Bildung von Zirkonacyclopentadienen durch den Vergleich der Synthesereaktionen zwischen 

Negishis und Rosenthals-Reagens mit mehreren Alkinen. Das Rosenthal-Reagens ergab 

höhere Reaktionsraten sowie höhere Ausbeuten an Zirkonacyclopentadien in solchen Fällen, 

in denen funktionelle Gruppen wie Arylhalogenide, Trimethylstannyl und Trimethylsilyl 

vorhanden waren. Schließlich wurden erste Versuche der Kreuzkupplungsreaktionen 

zwischen Stannolen mit nukleophilen Substituenten an 2- und 5-Position und elektrophilen 

Thiophen-Derivaten unternommen, um Dimere, Trimere oder Polymere mit 

unterschiedlichen Verhältnissen von Stannol- und Thienyleinheiten zu erhalten.  
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Abbreviations used in the Thesis 

The following abbreviation list covers chapters 1-4 The experimental part described in 

chapter 5 has its own list of abbreviations.  

AcOH acetic acid  

anhyd.  anhydrous  

aq. aqueous 

a.u.  arbitrary units  

br. broad (IR) 

Bpin pinacol boronate group 

Calcd. calculated  

COSY correlated spectroscopy  

Cp cyclopentadienyl  

DCM dichloromethane 

DSC differential scanning calorimetry  

DMF  N,N-dimethylformamide  

DIPA  diisopropylamine 

DMSO  dimethylsulfoxide  

DEPT distortionless enhancement by polarization transfer  

d doublet (NMR) 

dd  doublet of doublets  

EI  electron impact  

ESI  electrospray ionization 

eq. equivalents  

EtOAc ethyl acetate  

FPT freeze-pump-thaw technique  

GC-MS  gas chromatography-mass spectrometry  

GPC  gel permeation chromatography  

HMBC heteronuclear multiple bond coherence  

HSQC  heteronuclear single quantum coherence  

HH  head-to-head coupling of 3-monosubsituted thiophenes 

HT head-to-tail coupling of 3-monosubsituted thiophenes 

HRMS  high resolution mass spectrometry  

HOMO  highest occupied molecular orbital  

IR  infrared spectroscopy 

iPrOBpin isopropyl pinacol boronic ester 

LUMO  lowest unoccupied molecular orbital  
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MS  mass spectrometry  

MALDI matrix-assisted laser desorption ionization mass spectrometry  

MALDI-TOF-

MS 

matrix-assisted laser desorption ionization-time of flight mass 

spectrometry  

m medium (concerning the intensity) (IR)   

M.p. melting point  

MeOH methanol  

µW microwave  

m  multiplet (NMR) 

Mn  number average molecular weight  

NBS  N-bromosuccinimide 

nBuLi  n-butyllithium  

NIS  N-iodosuccinimide 

NMR  nuclear magnetic resonance  

OFET  organic field effect transistor  

OLED  organic light emitting diode 

OSC  organic solar cell  

PEDOT:PSS poly(3,4-ethylenedioxythiophene) with polystyrene sulfonate 

P3HT poly-3-n-hexylthiophene 

Đ  polydispersity index  

Rf retention factor  

s  singlet (NMR) 

SPS  solvent-purification system  

s  strong (concerning the intensity IR) 

TT tail-to-tail coupling of 3-monosubsituted thiophenes 

TD-DFT time dependent density functional theory  

THF  tetrahydrofuran  

tBuLi tert-butyllithium 

TGA thermogravimetry analysis  

Tph thiophene scaffold  

TEA triethylamine  

t  triplet (NMR) 

UV-vis  ultraviolet-visible spectroscopy  

w  weak (IR) 
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A Guide to This Thesis  

 

This thesis consists of 7 chapters. In chapter 1, a general introduction about organic 

semiconductors and optoelectronic devices is presented. Chapter 2 summarizes the 

objectives of this thesis and chapter 3 the results and discussion of it. Chapter 3 includes 

four publications. Each of these publications has its own introduction, experimental part, 

results and discussion section, conclusions and references.  

In chapter 4, the general conclusions of the thesis are presented. Chapter 5 covers the 

experimental part of the chapter 3 including the “supporting information” from the 

publications. In chapter 6, annexes and a small glossary are presented. Finally, in chapter 

7 all references used in the thesis are listed in addition to the ones of the manuscripts and 

publications. 

The numeration of figures, schemes and structures starts with 1 for every manuscript and 

publication. To avoid numbering one structure from a manuscript (M1 or M2) or publication 

(P1 or P2) with two or more numbers in the course of this thesis, a nomenclature of type 

MX-Y or PX-Y was used. For example, in section 3.3 it was necessary to mention 

dinucleophile 13 from manuscript 1, therefore the molecule was mentioned as M1-13. 

There are four exceptions in this nomenclature to clarify. One is the Rosenthal‘s reagent, 

which is mentioned in P2 (as molecule 38) and M2 (as molecule 9). As it was synthesized 

in M2, the molecule is referred as M2-9. Other three exceptions are molecules 40, 84 and 

85 from P2 which will not follow the nomenclature because they were only mentioned in 

in such publication, but their synthetic route was not described. In the thesis those 

molecules are numbered 51, 52 and 53.  
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1. Introduction  

Inorganic semiconductors (mostly based on silicon, germanium and other materials as 

Gallium-Arsenide)[1] revolutionized our daily life since the invention and commercialization 

of transistors in the middle of the last century.[2] Nowadays, semiconductors are used in the 

vast majority of electronic devices such as diodes, integrated circuits, light-emitting diodes 

and photovoltaic devices.[3] 

Organic semiconductors on the other hand, came into focus of modern research as an 

alternative to their inorganic counterparts after the discovery of electroluminescence in 

anthracene in 1963,[4] and description of conductivity of polyacetylene in 1980.[5] They 

combine potentially similar optoelectronic properties to inorganic semiconductors with the 

advantage of easy accessibility, low costs of the starting materials, flexibility, synthetic 

versatility and easy processing.  

After Shirakawa, MacDiarmid and Heeger, the founders of this area, were awarded with the 

Nobel Prize in 2000,[6] organic semiconductors drew even more attention to organic 

electronics and their potential use for renewable energies. The devices fabricated with 

conductive polymers such as organic solar cells (OSC), organic light-emitting diodes (OLED) 

and organic field-effect transistors (OFET) became an alternative to the ones based on 

inorganic semiconductors because of the advantages of organic semiconductors mentioned 

above. Several companies and researchers around the world made efforts to develop new 

organic electronic devices. For example, the framework of Lyteus, Holst centre and 

Fraunhofer FEP, presented in 2018 the first 15-meter roll to roll OLED with a light output of 

1000 cd/m2 (Figure 1).[7] 

In the same year, the group of Chen from the Nakai University presented an organic solar 

cell which converts 17.3% of the sunlight energy into electricity.[8] These results were a 

breakthrough in the field of organic photovoltaics, as such conversion efficiency is close to 

that of commercial silicon-based solar cells with efficiencies in the range of 18-22%.[9] 

 

 

 

 

Figure 1. Flexible and transparent 15 m roll to roll OLED 
Lyteus device. Reproduced with permission from Lyteus 
and Holst Centre. Copyright Lyteus 2019. [7] 
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 Organic Semiconducting Materials 

Semiconducting polymers consisting of organic materials are highly conjugated 

macromolecules with a high π-electron density.[10] They exhibit interesting optoelectronic 

properties such as tuneable conductivity, light absorption and light emission.[11] After the 

discovery of electroluminescent properties in small molecules like anthracene,[4] the Nobel 

prize winner Shirakawa investigated polyacetylene as one of the first semiconducting 

polymers.[6c] Afterwards, many other linear organic π-conjugated systems have been 

published as semiconducting materials.  

Most of the organic semiconductors contain hydrocarbon units (e.g. polyparaphenylene 

vinylene (PPV), polyparaphenylene (PPP), ladder-type polyparaphynlene (LPPP)),[12], sulfur 

(e.g. thiophene and thyeno derivates),[13] nitrogen (e.g. pyrrole, pyridines and azo 

derivates), oxygen (eg. furan derivates)[14] or more than one heteroelement (e.g. 

polyparaphenylene sulphide (PPS), polyethylene dioxythiophene (PEDOT)).[13] Recently, 

semiconducting properties were discovered in metalloles, which are heterocyclic systems 

containing group 14 or 15 elements.[15] Figure 2 shows examples of organic semiconducting 

materials. 

 

Figure 2. Examples of organic semiconducting materials for organic electronics. Alcoxy-subsituted 
polyparaphenylene vinylene PPV 1, polyparaphenylene (PPP) 2; poly-(3-alkylthiophene) (P3AT) 3 and 
Polyaniline (PANI) 4. 

Organic semiconducting molecules can be classified depending of their molecular weight as 

small molecules, oligomers or polymers.[10] 

Small molecules are easy to synthesize, purify and characterize. Similar to the processing 

of their inorganic counterparts, films of small molecules organic semiconductors can be 

easily prepared by chemical vapor deposition.[16] Polymers, on the other hand, are easily 

processable by solution techniques such as spin coating, ink injection printing or doctor 

blading.[17] However, the scalability of the synthesis of polymers is challenging. As well the 

difficulty in the reproducibility of their morphology leads to different crystalline and non-
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crystalline regions in the final material.[10] Lastly, oligomers can be well-defined molecules 

and could behave like small molecules or polymers.[18] Apart from the processability and the 

molecular weight, the conductivity, morphology and control of band gap are important 

factors to design new organic semiconducting materials and will be explained in detail in 

the following subchapters.[19] 

 

 Conductivity 

One important aspect in the understanding of the conductivity of π-conjugated systems with 

a continuous chain of carbon atoms is their electronic configuration. 

In polymers the successive alternation of π-bonds along the backbone leads to an electron 

delocalization, which explains the mobility of charges along it. Each carbon atom in the 

conjugated pathway has a p-orbital perpendicular to the plane of conjugation, which takes 

the role of a π-band or valence band when they are successive accumulated. In the model 

of an infinitely long chain of trans-poly(acetylene), (-CH-)n a non-dimerized structure is 

suggested, where the carbon atoms along the chain are equidistant and where one unpaired 

electron per formula unit contributes to the valence band. With this, the valence band should 

be half-filled resulting in a metallic character. Peierls however suggested that this is not the 

case for semiconducting polymers, instead the alternation of single and double bounds 

forms a dimerized chain structure type (-CH=CH)n with two carbons in the repeating unit is 

energetically more favourable. As a result of this Peierls distortion, the half-filled band is 

replaced by one full π-bonding and one empty π*-antibonding band with an energy gap 

between them. Consequently, the proposed metallic character of the polymer changes into 

a semiconducting one.[6a, 20]  

Figure 3 shows the π-bonding band (black) and the π*-antibonding band (red), with the 

role of valence and conductive bands respectively similar to what is known from the classical 

inorganic semiconductors.[6a, 20b, 21] The highest occupied molecular orbital (HOMO) 

corresponds to a filled π-orbital in the valence band, while the lowest unoccupied molecular 

orbital (LUMO) to an empty π*-orbital in the conductance band. The energy distance 

between the HOMO in the valence band and the LUMO in the conductive band is referred 

as energy band gap (Eg)*.[22] The conductivity in semiconductors is proportional to the 

charge carrier’s (electron and holes) concentration and mobility in their valence and 

conductive band. 

 

* A more detailed description of the concept of band gap is given in the glossary at the end of the thesis.  

3Introduction



 

In organic semiconductors the charge carriers (electron and holes) can be generated by 

thermal excitation, photoirradiation or external electrical fields.[10, 21a, 23] There are internal 

factors (e.g. band gap, molecular packing or molecular weight) and external factors (e.g. 

temperature, pressure or electrical field) that can influence the concentration and mobility 

of the charge carriers in the organic semiconducting affecting its conductivity.  

 

Figure 3. Schematic drawing of the accumulation of pz orbitals forming the conductive and valence band 
in a semiconducting polymer. The energy distance between the HOMO and LUMO from the valence and 

conductive band is the band gap Eg.[21b] 

 

 Morphology 

The morphology of the semiconducting materials influences the conductivity and the charge 

carrier mobilities. As the scattering of charge carriers in highly crystalline materials is 

reduced compared to in amorphous ones, the charge transport in such materials is higher.  

Small molecules, like the rubrene which is well known for its application in organic field 

transistors (OFETs),[24] crystallize easily and have high mobilities of charge carriers. [21a] In 

organic materials with high molecular weight, different crystalline domains can be observed 

which show different charge transport properties. In the case of the polymers, as for 

example poly-3-hexylthiophene (P3HT), during the crystallization process different regions 

of order can coexist.[25] Most of the ordered regions are π-aggregates which are lowly order 

assemblies of chain sequences.[26] A high interchain interaction exists in those aggregates 

resulting in a better transport of charges, allowing the application of P3HT in organic solar 

cells (OSC).[27]  
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High mobilities of charges also means that the chance to have charge recombination is 

reduced. In OLEDs where recombination is desired, a certain disorder or even 

amorphousness in the semiconductor is beneficial.[28] However, regions with certain order 

can as well coexist allowing the charges being transported from the electrodes to the 

disordered regions and the photons being emitted.[21a] Examples of amorphous and disorder 

organic material are Polyphenylvinyl derivates or regio random-poly-3-hexylthiophene.  

 

 Control of the Band Gap  

Due to the fact that the band gap influences the conductivity, carrier mobility, light 

absorption, light emission and other intrinsic properties of the materials, this factor is one 

of the most relevant to be studied. In fact, in 1997 Roncalli studied all energetic parameters 

that can contribute to the band gap in an organic semiconducting molecule, as they are: 

bond length alternation (Eδr), planarity related to the torsion angle (Eθ), resonance (Er), 

substitution (Esub) and energy related to the interchain coupling (Eint). (Figure 4).[29] The 

results are summarized in the equation (1). 

Eg = Eδr+ Eθ+ Er+ Esubs+ Eint (1) 

 

Figure 4. Description of the parameters which can affect the Eg.[29] 

Based on synthetic and theoretical approaches, it was studied how the contribution of each 

parameter may be altered to narrow the band gap. 

The resonance energy can be decreased by aromatic compounds where a competition 

between π-electrons confinement in the ring and along the chain exists. To have a linear 

and effective conjugation the torsion angle should be the nearest to 0°.[21a] 

The energies of HOMO and LUMO can be modified depending on the substituents or 

functionalities in the molecule: When an electron donating group is attached, the HOMO 

energy increases. On the other hand, when an electron withdrawing group is added, the 

LUMO energy decreases.[21a] 

Finally, a quinoid like structure shows an appropriate alternation of double and single 

bounds, which makes the transport of electrons more effective (Figure 5). Additionally, 
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heteroatoms and side groups affect directly the π-electron confinement inside a ring tuning 

the properties of the semiconducting material.[29-30]  

 

 

Figure 5. The quinoid like structure is more favourable to increase the conductivity of the semiconducting 
material than the aromatic one. 

 

 Polythiophenes and Copolymers 

  Polythiophenes 

Thiophenes are the most common and best studied organic semiconducting materials.[31] 

They exhibit high polarizability of the sulphur atom, and strong S···S and S···π 

intermolecular interactions, which allow a morphological stabilization (solid state packing)  

of the conjugated chain and a good charge carrier mobility.[32] Because thiophene itself can 

be easily functionalized with a great variety of substituents, the electronic properties of the 

resulting polythiophenes can be easily tuned, for example with the aim of decreasing the 

band gap.[33] Most of the studied thiophene containing polymers are monosubstituted in 3-

position of the aromatic ring. The 2,5-poly-(3-subsituted thiophene)s have narrow band 

gaps (Eg < 3 eV) and exhibit high solubility in common organic solvents, therefore they can 

be easily processed for the use in organic electronic devices.[34] 

Other thiophene assemblies are as well worth to mention due to the variation of the 

properties and applications; for example small molecules like fused thienothiophene 5 

shows great applicability for OFETs, because its high carrier mobility for holes in the 

structure.[35] On the other hand, poly-(3,4-disubsituted thiophene)s such as poly-(3,4-

ethylenedioxythiophene) (PEDOT) (6) is a polymer with high conductivity (σ = 500-700 S 

cm-1) and high transparency. PEDOT is used commonly in a blend with polystyrene sulfonate 

in OSCs and OLEDs (Figure 6).[31, 36] 

 

Figure 6. Fused thienothiophenes 5 for the use in OFETs and PEDOT:PSS 6 used as a hole layer for OSCs 
and OLEDs. 

For polythiophenes that are monosubstituted in the 3-position of the ring, a certain 

nomenclature exists based on the way how the two rings are linked. A linkage from 2-

position of the ring is called head of the ring (H) and a linkage from 5-position is called tail 

(T). The coupling reaction between two molecules of 3-substituted thiophenes can produce 
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three different dyads denominated HH, HT and TT. In the case that three molecules are 

connected to each other, four different triads can be formed, coupling consecutive dyads 

(HT-HT, HT-HH, TT-HH and TT-HT) (Figure 7). The triad configuration that allows the best 

π-conjugation is the HT-HT, in which the substituents on the thienyl moiety are highly 

organized with only a small steric hindrance effect and the rings are organized in a π -

stacking structure with a low torsion angle. In that case, the mobility of electrons through 

the polymer increases.[37] Polymers with high content of HT-HT connections (> 90%) are 

denominated regioregular. Polymers with a content of 20% in HH or TT defects are 

denominated regioirregular. The torsion angle between the rings in such case increases up 

to 30 ° disrupting the π-stacking and thereby decreasing the intermolecular conjugation. 

Finally, polymers with content below to 60% in HT connections are denominated random. 

 
Figure 7. Isomers formed as product of the coupling reaction of 3-subsituted thiophenes (single molecule, 
dyads and triads).[31, 37] 

The band gap of poly-3-alkylsubsituted thiophenes correlates with the absorption in the UV-

vis region of the π-π* transition. The higher the content of HT-HT in poly-(3-

monosubstituted thiophene), the lower is their band gap. Therefore, a hypsochromic effect 
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occurs in regioirregular polymers (RIR) with higher content of HH or TT junctions, compared 

to regioregular P3HT (RR) with a high HT content (Figure 8).[31, 38] 

 

  

Figure 8. Images of two polymers of poly(3-hexylthiophene) (P3HT) regioirregular (RIR, with content of 
HH or TT) and regioregular (RR = >99 % content HT, solutions in chloroform): a) under visible light; b) 
Under irradiation λ = 420 mm. Reproduced with permission of A.Heinrich, Copyright 2018. [38b] 

 

  Copolymers  

The study of copolymers of thiophenes with other conjugated molecules is desirable as this 

can alter the properties of polythiophene like the band gap, interchain interactions and 

agglomeration.[39] One possibility is the design of a push-pull system, placing a thienyl unit 

as an electron rich group adjacent to an electron deficient unit; e.g. another aryl group. 

(Figure 9).[39a, 40]  

 

Figure 9. Design of semiconducting polymers using the push-pull principle. 

In this system the electron rich group (π-donor) with an electron pair in their HOMO can 

donate electron density to the LUMO of an electron deficient group (π-acceptor) in the way 

that the band gap of the new molecule (D-A) is decreased (Figure 10).[21a] In push-pull 

systems, non-radiative relaxation processes of the excitons, like vibrational relaxation, 

internal conversion or quenching of luminescence can be reduced.[41] Considering the law 

of conservation of energy, the radiative transitions increase, which might improve the 

quantum yield as well.[42]  

 

a                                                       b            
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Figure 10. Influence of donor-acceptor in the molecular orbital of the D-A acceptor. The band gap of the 
new molecule D-A is lower than for each separated molecule.[21a] 

 

  Synthesis  

To produce regioregular polythiophenes with high content of HT-HT isomers and 

copolymers of thiophene with other conjugated molecules several synthetic routes have 

been proposed. Here, the most representative routes which are based on cross-coupling 

reactions using nickel or palladium catalysts are presented.  

 

1.2.3.1. Cross Coupling Polymerization: Step-Growth Mechanism   

In general, polythiophenes and their copolymers are synthesized via cross-coupling 

polycondensation techniques where an electrophilic monomer of the type X-Cycle-X (X = Br, 

I) A reacts with a nucleophilic monomer of type M-Cycle-M (M = Sn, B, Mg, Zn, Zr) B in the 

presence of a catalyst in general complexes of nickel or palladium (Scheme 1). The most 

commonly utilized cross-coupling reactions,[43] based on the metal or semimetal of the 

nucleophilic monomer, are the Stille (Sn(Alk)3),[44]Rieke (ZnX),[45] Suzuki (B(OAlk)2)[46] and 

Kumada (MgR) reaction.[47] 

Cross-coupling polymerization ocurrs in general via a step-growth mechanism,[48] leading to 

polymers C with a high polydispersity index (Đ) and a low molecular weight. In the case of 

poly-(3-monosubstituted thiophenes) the polymers are in general regioirregular.[45a] 
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Scheme 1. Synthesis of poly-3-alkylthiophenes or copolymers of thiophene via cross-coupling 
polycondensation, proceeding via step-growth mechanism. Irregularities in the orientation of the side 
chains of polymers c, are observed. 

Kinetic studies of these polymerizations showed that species of different sizes (e.g. 

monomers, trimers, tetramers and oligomers) are present during the reaction time and only 

at the very end of the reaction, close to reaching monomer conversion of 100%, polymers 

with high molecular weight are generated.[40, 42b] In the polymerization of an equimolar 

mixture of two reagents (A and B), the relation between the degree of polymerization and 

conversion of the monomer is resumed in the Carothers’s equation (2), where p is the extent 

of the reaction. As the degree of polymerization (Xn) is the ratio between the number-

average molecular weight (Mn) and the molecular weight of the monomer Mo, the 

Carothers’s equation can be rewritten to equation (3). The  

Figure 11 is the graph resulting from the equation 3.[49] 

𝑋𝑛 =
1

(1 − 𝑝)
(2)             𝑀𝑛 =

𝑀𝑜

(1 − 𝑝)
(3) 

 

 

Figure 11. Relation between average molecular 
weight of polymers with the % of conversion of 
monomers ((1-p) x 100%) obtained in a step-
growth mechanism polymerization. Under a high 
selectivity, with no side products and perfect 
stoichiometry reaction, polymers with high 
average molecular weight are formed after a 
very high reaction time.[40, 42b] 

 

 

 

In the case where an imbalance in the stoichiometric quantities of A or B or impurities in 

the polymerization reaction exist, the molecular weight of the polymer cannot be predicted 

using the Carothers’s equation reaction. Instead it is necessary to take the stoichiometric 

ratio between the number of molecules of the reagents (r = NA/NB) into account. The degree 
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of polymerization and molecular weight are calculated with the equations 4 and 5 

respectively.  

𝑋𝑛 =
1 + 𝑟

1 + 𝑟 − 2𝑟𝑝
(4)             𝑀𝑛 = 𝑀𝑜 (

(1 + 𝑟)

1 + 𝑟 − 2𝑟𝑝
) (5) 

 

The low regioregularity in polythiophenes and high band gaps of polymers based on step-

growth mechanism can be improved by the design of donor/acceptor (D/A) alternating 

polymers. With the correct selection of substituents in the D/A system steric interactions 

can be avoided and a coplanar configuration can be obtained extending the π-conjugation 

in the polymer. In combination with the zwitterionic character from D/A units, an 

intramolecular charge transfer is induced thereby the band gap is decreased. One example 

of a D/A system is the fully substituted polythiophene 9, which has high molecular weight 

and low band gap. Its synthetic route is based on the step-growth polymerization between 

the donor monomer 7 with solubilizing alkoxy chains and the acceptor monomer 8 with 

nitro groups (Scheme 2).[40] 

 

Scheme 2. Synthesis of highly conjugated polythiophene 9 based on a step-growth polymerization.[40] 

 

1.2.3.2. Catalyst-Transfer Condensation: Chain-Growth Polymerizations with 

Living Character 

In order to synthesize highly regioregular polythiophenes E, a reaction has been developed, 

which starts with a monomer D that contains a metal in the 5 position (nucleophilic site) 

and a halogen in the 2 position (electrophilic site). The reaction is transition metal catalysed 

(Scheme 3). Depending on the metal functional groups, which act as nucleophile, different 

cross-coupling reaction conditions as Kumada,[50] Suzuki,[51] Stille[52] or Rieke[45b] can be 

used.  
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Scheme 3. Route of catalyst transfer condensation: from a single monomer D which contains both 
functionalities: electrophilic and nucleophilic polythiophenes E highly regioregular polymers are obtained.  

One of the most common catalyst-transfer condensations is the Grignard metathesis 

method (GRIM) developed by McCullough and Yokoyama, which produces highly 

regioregular poly(3-subsituted thiophene)s under moderate conditions at room 

temperature. The GRIM reaction starts with the reaction between 2,5-dibromo-3-

substituted thiophene (10) with a Grignard reagent (R’-MgX), generating a mixture of two 

Grignard intermediaries (11a and 11b) in a ratio between 85 to 75% for 11a and 15 to 

25% for 11b. Afterwards, a metathesis between the Grignard intermediary 11a and the 

Nickel-catalyst occurs leading to a C-C bond formation. Because electrophilic and 

nucleophilic motifs still remain, the reaction can proceed further in the same fashion towards 

the polymer 12 with high regioregularity (>99% HT) (Scheme 4).[37, 50b]  

 

Scheme 4. Synthetic route of the GRIM method. The in situ generated Grignard compound 11a reacts 
preferably with the nickel catalyst in a Grignard metathesis to generate P3HT 12 with high regioregularity 
(>99% HT).[53] 

In 2004, the McCullough group proposed that the polymerization of 3-substituted 

thiophenes, using nickel catalyst, under the GRIM condition proceeds via a chain-growth 

mechanism with a living character, producing polymers with high regioregularity ( HT > 

99%), high molecular weight (Mn = 20 kDa) and low polydispersity index (Đ = 1.2-1.4).[50a, 

50c] In the case that the GRIM reaction is mediated with palladium catalyst, the 

polymerization proceeds via a step-growth mechanism (See behaviour of the Mn in  
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Figure 11).[38c] 

The explanation for the “living character” in the polymerization lies in the mechanism 

proposed by McCullough and co-workers (Scheme 5).[50c] First, two equivalents from the 

most desirable intermediate 11a, present in higher amount than 11b, reacts with the 

catalyst [Ni(dppp)Cl2] generating the bis-organonickel compound 13. The reaction 

continues with a reductive elimination which produces the associated pair [14·15] of the 

bithiophene 14 (TT-coupling) and the Ni(0) complex 15, which is stable during the 

reaction.[54] The associated pair enters then in a cross-coupling reaction cycle, which starts 

with an oxidative addition between the dimer 14 and the Ni(O) complex 15 forming after 

several cycles the organonickel compound 16, which contains a bromine motif. The cycle 

is followed by a transmetalation between the Nickel from compound 16 with the metal of 

11a, generating the new organonickel Ni(II) compound 17. The next step is the formation 

of a new associated pair [18·15] by a reductive elimination. The cycle continues with either 

another oxidative addition step or with the quenching of the associated pair with a solution 

of HCl in methanol to produce poly-(3-subsituted thiophene) 12 with Br/H end groups. As 

it was mentioned above, the GRIM method produces polymers with a high content of > 

99% HT junctions. The one percentage left is due to the TT junction in the first dimer 14.[31]  
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Scheme 5. Proposed mechanism for the GRIM method to produce high regioregular poly(3-subsituted  
thiophene) 12, based in a Nickel catalyst transfer condensation.[50c] 

The chain-growth mechanism of the polymerization can be explained by the strength of the 

associated pairs (14.15) and (18.15). When the interaction of such pairs is strong, an 

intramolecular oxidative addition step occurs, “moving” the Ni(0) species across the growing 

polymer until it arrives to the terminal chain. In that case after such a “ring walking”, the 

Ni from the catalyst remains associated with the growing chain, which is an important 

difference to other types of polycondensations.[55] In the case of weak interactions of the 

associated pairs or too large dimensions of the monomers, the intramolecular oxidative 

addition can fail finishing the polymerization early.[55]  

The increasing molecular weight of the polymer with the monomer conversion is one 

indication for the living character of the polymerization (purple line from Figure 12) and 

depends on the molar ratio between the monomer and the nickel initiator (Equation 6).[53] 

A second indicator is the continuous growing of the poly-(3-subsituted thiophene) 12 after 
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a second equivalent of the monomer 10 is added at the end of the polymerization. For this 

reason, it is possible to modify the end-capping of the resulted polymer using different 

Grignard reagents or monomers.[53] Nevertheless, this linear behaviour can be altered in 

the case of a weak interaction of the catalyst with the growing polymer. In such cases for 

example, living-character can stop after 50% monomer conversion and the molecular 

remains unchanged after consuming all of the monomer (green dots from Figure 12).[56] 

 

𝑀𝑛 =
𝑀𝑜

% 𝑁𝑖 𝑐𝑎𝑡.
(6) 

 

 

 

Figure 12. The purple triangles represent the 
average molecular weight obtained in a living 
growth polymerization, where a strong 
association between catalyst and the monomer 
exists. The green dotes represent a disruption 
of the linearity due to a weak association 
between the catalyst and the monomer.[56] 

 

 

A living character, where polymers with high molecular weight and low Đ are obtained, was 

observed as well in palladium catalysed reactions. In such a case of using [PhPd(tBu3)Br] 

as catalyst the phenyl groups acted as an initiatior of the reaction and the end group of the 

polymer can be controlled with the addition of quenching species. One example is the 

Suzuki-polymerization of fluorene 19, which bears a halogen and a pinacol boronate motif, 

producing the polymer 20 with Br or H end groups and a high molecular weight (Scheme 

6).[57]  

 

 

Scheme 6. Effective Suzuki chain-growth polymerization with living character of the bifunctional fluorene 
19.[57a] 

A more recent example (2015) is the Stille reaction from 2-bromo-3-hexyl-5-

trimethylstannylthiophene (21) using a palladium N-heterocyclic carbene as catalyst to 

produce a high molecular weight P3HT (22) with 50 units (Scheme 7).[52] 
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Scheme 7. Effective Stille chain-growth polymerization with living character to porduce P3HT 22.[52] 

 

1.2.3.3. Dual Selectivity Cross-Coupling Reactions: Bi-Heterocycle Monomers 

The concept of living polymerization with the advantage of combining two different building 

blocks in only one monomer F can be extended to produce copolymers with thiophenes and 

other heterocycles (Scheme 8). Such a monomer of the type M-Ar1-Ar2-X bears both an 

electrophilic and nucleophilic site and leads to regioregular polymers G with well-defined 

molecular weights (Mw) and narrow Đ.[50a, 58] 

 

Scheme 8. Living polymerization synthetic path starting with bi-heterocycles monomers F to produce 
highly regioregular polymers or copolymers of thiophene G. 

The synthesis of a bi-heterocyclic monomer type F that contains both electrophilic and 

nucleophilic functionalities via a dual selective cross-coupling reaction was introduced by 

Heinrich et al. in 2013.[59] The work was based on a highly selective cross-coupling reaction 

between the dinucleophile 23, which contained both a trimethylstannyl and pinacol 

boronate functional group, and a dielectrophile 24 (Scheme 9).[60] They could show that 

the selectivity of the reaction depends on the leaving group of the electrophile (reactivity 

sequence: I>OTf>Br>>Cl) as well as on the catalyst and the other conditions.[61] As iodine 

is the most reactive leaving group in electrophile 24, a highly selective Stille cross-coupling 

occurs where the pinacol boranate stays unaffected. Also the heating under microwave 

irradiation plays an important role, as it decreases the reaction time and increases the yield 

of the reaction to produce the bi-heterocyclic 25. The polymerization of 25 produced a 

polymer 26 with low molecular weight and low solubility due to the lack of a solubilizing 

alkyl chain in one of the thienyl unit.  
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Scheme 9. Synthetic path of the dually selective cross-coupling reaction between the dinucleophile 23 
and 24 to obtain the bi-heterocyclic monomer 25 and further polymerization to produce 26.[59] 

 

 Organometallic Semiconducting Materials: Metalloles  

Metalloles are heteroles formed when a metal, for example a group 14 element, replaces 

the sp3-carbon atom of the cyclopentadiene (Figure 13). The properties of metalloles differ 

from the cyclopentadiene: they show an electron delocalization that includes the group 14 

element, and in some of them the absorption undergoes a substantial bathochromic shift.[62] 

These unusual characteristics have been exploited with great success for silicon containing 

heterocycles,[63] which have been already discussed and used for applications as OSCs, 

LEDs[15, 64] or OLEDs devices.[63a] Germoles and related germanium heterocycles are also 

receiving increased attention,[65] but literature on stannoles is much scarcer. In chapter 

3.2.1. an extended overview about the extent and type of electron delocalization, synthesis 

and characteristics of stannoles and polymers containing stannoles is discussed.[66] 

 

 
Figure 13. General structure of group 14 heteroles.  

The most common method to prepare metalloles is based on a Fagan-Nugent reaction 

where a zirconacyclopentadiene 28 is formed from the reaction between the Negishi or the 

Rosenthal reagent with an acetylene derivate 27, followed by a transmetalation with a 

group 14 element salt to produce metalloles 29 (Scheme 10).[67] Furthermore other 

representative syntheses will be shown in chapter 3.2.1..  
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Scheme 10. General route for the preparation of metalloles under Fagan-Nugent conditions. 

 

 Organic Electronic Devices  

In this thesis, two new polymers were synthesized and their use as light emitting layers in 

OLEDs will be presented (Chapter 3.1.1.). Therefore, the working principle and materials 

used in OLEDs will be described in detail. OSC and OFET are related semiconductor devices 

but because they were not fabricated, they will be only described briefly.  

 Organic Light Emitting Diode (OLED) 

Light emitting diodes are devices based on the principle of the electroluminescence of a 

semiconducting material, converting electrical energy into light by the recombination of 

electron-hole pairs.[18] In the configuration of the device, a layer of a semiconducting 

material called emitting layer is placed between a cathode and an anode where an external 

electrical current is applied. Organic light emitting diodes use organic semiconducting 

materials as emitting layer. The layer configuration of OLEDs is based on a substrate (glass 

or polyethylene), a transparent anode (usually indium tin oxide ITO), a hole transporting 

material, an emitting organic semiconducting material and a cathode (usually a mixture of 

Al/LiF[68]) (Figure 14).[69] The hole transporter material in general is a blend of poly-(3,4-

ethylenedioxythiophene) with polystyrene sulfonate, well known as PEDOT:PSS.[70] 

 

 

Figure 14. Layer configuration of an OLED. 
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a. Working Principle and Efficiency of OLEDs  

The working principle of an OLED is based on the injection, migration and recombination of 

holes and electrons and the emission of photons.[21a] The holes are injected from the anode 

which is typically ITO due to its transparency to visible light and their high work function (-

4.7 eV). From there the holes migrate through the HTL (general PEDOT:PSS) to the 

emissive layer. Electrons on other hand are injected from the cathode typically made of a 

metal as Ca or Al due to their low work function (-2.5 to -3 eV). After migrating to the 

emissive layer, they form together with the holes so called excitons which are electron-hole 

pairs interacting with each other by their electrostatic fields. If this excited state decays by 

the recombination of the electron and hole, a photon can be emitted trough the transparent 

substrate.[21a, 71] Figure 15 describes the molecular orbital energy for each one of the layers.  

 

Figure 15. Energy level diagram and schematic work principle of an OLED based on the injection of holes 
from a high work function anode and electrons from a low work function cathode. Followed by their 
migration and recombination. Photons are emitted.  

 

The efficiency of the OLEDs can be observed in different ways : 

1. Internal and external efficiency (%): The internal electroluminescence efficiency of 

the OLEDs (ηint) is defined as the ratio of total photons emitted per electrons 

injected. Due the refraction index of the polymer (n) and orientations of the emissive 

layer, not all the photons released can be perceived by the human eye. Therefore, 

the measured efficiency which is defined as external quantum efficiency (ηext), 

decreases with a factor of 2n2 in relation to the (ηint) (equation 7).[18, 21a, 72]  

𝜂𝑖𝑛𝑡 = %
𝑝ℎ𝑜𝑡𝑜𝑛𝑠 𝑒𝑚𝑚𝑖𝑡𝑒𝑑 

𝑒𝑙𝑒𝑐𝑡𝑟𝑜𝑛𝑠 𝑖𝑛𝑗𝑒𝑐𝑡𝑒𝑑
;       𝜂

𝑖𝑛𝑡
= η

ext
∗ 2𝑛2 (7) 

 

For the calculation of the ηext, other factors should be considered as well. They are: 

the probability of charge recombination in the emissive layer (β), the probability to 
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produce emitting species (ρST) and the fluorescence or phosphorescent quantum 

yield of the emissive material (ρPL). Therefore, the ηext is calculated as well by the 

equation 8. 

𝜂𝑒𝑥𝑡 =  𝛽 ∗ 𝜌𝑆𝑇 ∗ 𝜌𝑃𝐿 ∗
𝜂𝑖𝑛𝑡

2𝑛2
 (8) 

 

2. Power efficiency ηpow (W/W): represents the ratio of the output light power to input 

electrical power and is determined with the multiplication of ηext by the ratio of 

photon energy (Ep in volts) and drive voltage (U in volts) (equation 9) 

𝜂𝑝𝑜𝑤 = 𝜂𝑒𝑥𝑡 ∗
𝐸𝑃

𝑈
   (9) 

 

3. Energetic efficacy ηLum (lm/W): considering that the human eye is more sensitive to 

light with different wavelengths, their response is standardized by the luminosity 

function (S) which has units of Lm/W. The Luminous efficiency (ηLum) of the OLED 

is obtained from the multiplication of the power efficiency and the luminosity function 

(S) (equation 10). [18] 

𝜂𝐿𝑢𝑚 = 𝜂𝑝𝑜𝑤 ∗ 𝑆  (10) 

 

4. Luminous efficacy Le (cd/A): represents the ratio between the luminance (L in cd/m2) 

and the current density (A in A/m2) produced in the OLED (equation 11). It is worth 

to mention that luminance is as well a measurement of the efficiency of the devices. 

For example, looking directly to the sun has a L value of 109 cd/m2.[72] 

𝐿𝑒 =
𝐿

𝐴
  (11)   

From the luminous efficacy it is possible to calculate the Energetic efficacy, 

considering that 1lm= cd*π and W= V*A (equation 12).  

     𝜂𝐿𝑢𝑚 =
𝐿𝑒 ∗  𝜋

𝑉
 (12) 

 

b. Organic Electroluminescent Materials (OEM) 

The requirements of the organic electroluminescent materials (OEM) to be used as 

semiconductors in the emissive layer of OLEDs include : high quantum yields (defined as 

the number of emitted photons related to the number of absorbed photons of a compound), 

high color purity, ability to transport charges carriers (holes and electrons), high thermal 

stability, high stability against water and oxygen and formation of films without defects and 

crystalline sites.[18, 71-72]  
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The color emitted from the OLED can be calculated from the optical band gap (Eg) of the 

OEM with the equation 13, where h is the Planck’s constant , c is the speed of light and λ 

is the wavelength of the emitted radiation. [71] T  

 

𝐸𝑔 =
ℎ𝑐

𝜆
=

4.14𝑥10−15eVs ∗ 3𝑥1017nm/s 

𝜆 (nm)
=

1240 eV ∗ nm

𝜆 (nm)
     (13) 

 

Table 1 summarizes the range of wavelength of light and optical band gaps of the OEM that 

is necessary to produce basic colors in OLEDs.[71] White emission OLEDs can be obtained  

by the mixture of all three colors or by combination of yellow and blue OEM.  

 

Color Wavelength λ 

(nm) 

Eg (eV) 

Red 610 - 760 1.63 - 2.0 

Green 500 - 570 2.17 – 2.48 

Blue 450 - 500 2.48 – 2.75 

Table 1. Color obtained depending of wavelength of the photon emitted and bang gap of organic 
semiconductor.[71] 

OEM can be small molecules (e.g. perylene, triphenylamine) as 30, oligomers (e.g. 

oligothiophene, oligophenylene) as 31 or polymers (e.g. polyphenylene vinylene) as 32 

which can have different emission wavelengths depending on the size of their band gap 

(Figure 16).[18] Molecules with blue emission are the most challenging to prepare because 

they need large Eg and high quantum yield but as well high mobilities of the charge carriers 

to ensure the high efficiency of the device. Example of blue emitter can be derivates of 

poly(para-phenylenes) as such as polymer 33.[72] 

 

 

Figure 16. Examples of organic electroluminescent molecules with different size. The color represents the 
emission color of the materials.[18, 72] 
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 Organic Solar Cell (OSC) 

Solar cells are devices that convert the sunlight energy into electricity. In organic solar cells, 

the active layer, which absorbs the light, is based on a mixture of organic semiconducting 

materials which have electron donor (p-material) and electron acceptor (n-material) 

properties. Both components (small molecules or polymers) can be placed separately or as 

mixtures, which is then referred as a blend.[20b] In the case that two polymers are mixed a 

bulk heterojunction is formed. The common layer configuration of an OSC type bulk 

heterojunction is based on a substrate, a transparent anode, a hole transport layer, an 

active layer and a cathode (Figure 17).[27b] 

The substrate consists either glass or polyethylene, depending of the final use of the OSC. 

The anode commonly consists of indium tin oxide (ITO). As a hole transporting layer, a 

blend of PEDOT:PSS is often used due to its high conductivity, improving the charge 

collection at the surface of the electrode. The donor material of the active layer can be 

P3HT[73] or another hole-conductive polymer, whereas the acceptor material can be for 

example a derivative of buckminsterfullerene, phenyl-C61-butyric acid methyl ester (PCBM). 

Finally, Al or Ca metal with high work function are often used as cathode.  

 

 

Figure 17. Layer configuration of a bulk heterojunction organic solar cell.  

 

 Organic Field Effect Transistor (OFET)  

Field effect transistors (FET) are devices that can amplify or switch electrical signals using 

an electrical field. This can be done by modulating the conductance of a semiconducting 

channel by the application of a gate field. In organic field effect transistors (OFETs) an 

organic semiconductor is used. The typical configuration of an OFET consists of a gate 

electrode, a dielectric insulating layer and an organic semiconducting material which is 
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placed between the source and drain electrodes (Figure 18).[31, 74] Depending of the type of 

the semiconductor, holes (p-channel) or electrons (n-channel) are accumulated between 

the channel and dielectric layer. In a n-channel OFET (Figure 18), when a voltage is applied 

between the source and drain (VDS > 0) and the gate field is zero (VGS = 0) the device is 

“OFF”. The device is “ON” when a positive-source-gate bias is applied (VGS > 0), generating 

an accumulation of electrons between the n-channel and the dielectric layers increasing the 

source-drain current.[74] 

 

Figure 18. Layer configuration of n- channel OFET.[31] 
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 Organic Semiconductors Based on the Push-Pull Principle 

Semiconductor polymers that are mainly based on thiophenes have been used in the past 

years for different applications in organic electronic devices. Copolymers with thienyl units 

in combination with other systems (e.g. aromatic rings, heterocycles, alkenes or alkynes) 

are interesting because of the possibility of modifying the initial properties of polythiophenes 

and therefore tuning the optoelectronic properties. They could be prepared from donor-π-

acceptor monomers, where a push-pull effect exists. In such systems thiophene is used as 

a push π-electron system and for example an aromatic system such as phenylene or pyridine 

as pull π-electron system.[75] In the case that the copolymer includes a pyrrole unit, this one 

is used as a push π-electron and the thienyl unit as a pull π-electron system. Additionally, 

to have a donor-π-acceptor system, the monomer 34 is bi-functional, containing a 

nucleophilic (metal = M1) and an electrophilic (halogen = X2) motif. Monomer 34 may thus 

be used in living polymerization forming copolymers as 35 with potentially high molecular 

weight, high conjugation, high regioregularity and low Đ (Scheme 11). 

 

Scheme 11. General synthesis of polymers 35 from the chain-growth polymerization of monomers 34. 

The aim was to synthesize bi-functional monomers type 34 with thienyl, pyridine, phenyl 

and pyrrole groups based on a dually selective cross-coupling reaction, where one 

nucleophile (metal) from 36 reacts selectively with an electrophile (halogen) from 37 

(Scheme 12).[59] This strategy avoids costly and time-consuming protection group 

chemistry.  

To obtain full insight into the properties of the polymers and to explore the possibility of 

applicability in devices, an in-depth characterization of the polymers is essential. Depending 

on the optoelectronic properties of the copolymers of type 35, they may be used in organic 

electronic devices such as OLEDs.  
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Scheme 12. Retrosynthetic pathway of bi-functional monomers 34 based on dually selective cross-
coupling reaction. Metal M2 from the dinucleophile 36 reacts selectively with the halogen X2 from the 
dielectrophile 37.  

 

 Stannoles : Organometallic Molecules  

Stannoles are part of the class of 14 group element metalloles, where the tin replaces one carbon 

from the cyclopentadiene ring. Heavier group 14 element metalloles show a certain extent of 

electron delocalization due to σ*-π* conjugation in the ring. This alone makes these compounds 

and their derivatives (oligomers and polymers) attractive molecules, both from a fundamental 

perspective but also based on their unusual optoelectronic properties. Such studies are mainly 

focused on siloles and germoles, but on stannoles they are scarcer. This thesis should inspire 

progress in the area because stannoles have much to offer in term of novel fundamental 

insights into main group chemistry as well as potential for unusual functionality in 

optoelectronic devices. 

One of the most common synthetic pathways to prepare stannoles is by the Fagan-Nugent 

transmetalation of zirconacyclopentadienes with a tin salt, as described above (Scheme 10). 

The formation of the zirconacyclopentadienes is based on the reduction of a diyne with 

“Cp2Zr” species, whereby the most common sources of the “Cp2Zr” species are Negishi’s or 

Rosenthal’s reagent. While some studies mention a preference for one or the other, a direct 

comparison of the reagent’s similarities and differences of efficacies is not available yet. This thesis 

examines the differences between the two reagents when reacted with substituted dialkynes. 

As it was observed with the first polymer containing three units of thiophene and one of 

stannole, reported by Linshoeft et al., the reaction between a stannole with two units of 

thienyl-iodo motif and the bis-trimethylstannyl-thiophene was possible. Such a system of 

thiophene-stannole shows a push-pull effect where the stannole acts as pull-electron 

system, due to the low-lying LUMO.[66] The amount of thienyl units in such acceptor-donor 

system can affect the final optoelectronic properties. Therefore, cross-coupling reactions 
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between nucleophilic (38) and electrophilic (39) are tested to synthesize dimers, trimers or 

even polymers with thienyl and stannole rings in different ratios (40) (Scheme 13).  

 

 

Scheme 13. Synthetic design to produce dimers, trimers or polymers containing stannole and thienyl rings 
in different ratios (3 : 1, 2 : 1; 1 : 1) and single polystannole. 
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3. Results and Discussion 

 Results and Discussion. Synthesis of Monomers Under the 

Push-Pull Principle. Exploring their Reactivity in Polymerization 

Reactions 

This sub-chapter will cover the study of bi-functional monomers to be used in chain-growth 

polymerizations. Monomers of the type M-Ar1-Ar2-X are push-pull systems, which bear both 

an electrophilic and nucleophilic site (Introduction-Scheme 8).[50a, 58] This sub-chapter also 

includes studies of the kinetic growth of the products formed after their polymerization, and 

the optoelectronic and thermoanalytical characterization of such products. 

Section 3.1.1. describes the polymerization of the monomers M1-5 and M1-6 by Suzuki 

cross-coupling and the potential use of the products of the polymerization in OLEDs. Section 

3.1.2. describes a methylation experiment of the oligomer M1-O2. Section 3.1.3. describes 

the Suzuki reaction of the monomer 46 to produce P3HT and Section 3.1.4. the synthesis 

and Kumada polymerization of the monomer P1-7 (Figure 19).  

 

 

Figure 19. Summary of the monomers prepared under the push-pull concept in this thesis and explained 
in sub-chapter 3.1.. The pinacol boronate is labelled as BPin.  
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 Conjugated Oligomers with Alternating Heterocycles from a 

Single Monomer: Synthesis and Demonstration of Electroluminescence 

 

Full paper  

Urrego-Riveros, S.; Bremer, M.; Hoffmann, J.; Heitmann, A.; Reynaldo, T.; Buhl, J.; Gates, P. J.; 

Sönnichsen, F. D.; Hissler, M.; Gerken, M.; Staubitz, A., Organic Chemistry Frontiers. DOI: 

10.1039/c9qo00947g. 

 

Abstract  

Conjugated oligomers based on two different heterocycles are typically prepared by step growth 

polycondensation cross-coupling methods from two monomers X-Cycle1-X and M-Cycle2-M with no 

control of the regioselectivity. In this work, we used a new synthetic strategy that involves an 

extremely chemoselective reaction of a dielectrophilic compound, X1-Cycle1-X2, with a dinucleophilic 

component, M1-Cycle2-M2, under Stille conditions. The resulting monomers, X1-Cycle1-Cycle2-M2 are 

di-heterocyclic push pull monomers that still contain a nucleophilic site (boronic acid) and 

electrophilic site (bromide) and are set up for a controlled polymerization under Suzuki conditions. 

In this way, two semiconducting oligomers, based on thiophene / benzene and thiophene / pyridine 

motifs were synthesized. Both oligomers were characterized in terms of their, thermal, 

electrochemical, absorption, emission and electroluminescence properties.  

 

 

TOC graphic. A synthetic strategy for push-pull oligomers is based on a nucleophile and electrophile 
selective synthesis of the corresponding monomers  
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Scientific contribution to this manuscript 

In this project I synthesized the starting materials (11, 12, 13), both monomers (5, 6) and 

the two oligomers (O1, O2). Dr. Anne Heitmann prepared compounds 15, 16, 18 and 19. 

I performed the structural characterization of all synthesized compounds. GPC, TGA and 

DSC measurements were conducted by me in the Institute for Organic and Analytical 

Chemistry at Bremen University. Furthermore, I accomplished the optoelectronic 

characterization of the oligomers in the Institut des Sciences Chimiques de Rennes in 

Rennes University, under the supervision of Thibault Reynaldo and Prof. Dr. Muriel Hissler. 

Dr. Mathias Bremer and me prepared the OLED’s and together with Janek Buhl their 

characterization in the Institute of Electrical and Information Engineering in the group from 

Prof. Dr. Martina Gerken from Kiel University. Jonas Hoffmann performed the DFT 

calculations. The manuscript was written by me and Prof. Dr. Staubitz. The rest of the 

authors proofread it. 
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Conjugated oligomers based on two different heterocycles are typically prepared by step growth poly-

condensation cross-coupling methods from two monomers X-Cycle1-X and M-Cycle2-M with no

control of the regioselectivity. In this work, we used a new synthetic strategy that involves an extremely

chemoselective reaction of a dielectrophilic compound, X1-Cycle1-X2, with a dinucleophilic component,

M1-Cycle2-M2, under Stille conditions. The resulting monomers, X1-Cycle1-Cycle2-M2 are di-heterocyclic

push pull monomers that still contain a nucleophilic site (boronic acid) and electrophilic site (bromide)

and are set up for a controlled polymerization under Suzuki conditions. In this way, two semiconducting

oligomers, based on thiophene/benzene and thiophene/pyridine motifs were synthesized. Both oligo-

mers were characterized in terms of their thermal, electrochemical, absorption, emission and electro-

luminescence properties.

Introduction

Organic semiconductors are promising functional materials
for applications in electronic devices such as light emitting
diodes (OLED’s), field effect transistors (OFET’s) or photovol-
taic solar cells.1–9 For example, oligo and polythiophenes have
been widely used as semiconductors due to their electron rich
character, high conductivity (>105 S cm−1)10 and band gaps
(Eg) ranging between 1 and 3 eV.11,12 Many polythiophenes
show a high aggregation in solid-state leading to high charge
mobilities.13,14 However this aggregation can lead to non-radia-
tive decay pathways, such as intersystem crossing or internal
conversion into the ground state, which decreases the

quantum yield of oligo- and poly-thiophenes and limits their
utilization in OLEDs.11,15

To overcome these limitations to be utilized in OLEDs, first
of all, the aggregation in the solid state can be suppressed.
This can be achieved by designing specific copolymers of thio-
phenes with other conjugated molecules, to prevent interchain
interactions.15,16 Tuning the band gap can be achieved by com-
bining different heterocycles in the polymer chain; a push–
pull system can be generated by placing an electron rich
group; e.g. a thiophene unit adjacent to an electron deficient
unit; e.g. another aryl group (Fig. 1). Typically, this leads to a
bathochromic shift in the absorption.12,15 However, the
quantum yield may be decreased, depending on the strength
of the dipoles. The push–pull combination decreases the
mobility of the excitons and prevents them from quenching. In
addition, non-radiative decay processes of excitons can be
avoided.17,18

Fig. 1 Design of semiconducting polymers using the push–pull
principle.
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One of the most common methods to produce such copoly-
mers is based on the step-growth polymerization between two
different co-monomers A and B. In such a reaction, monomer
A would have two electrophilic sites for cross-coupling
(halides, pseudohalides), whereas monomer B would have two
metal functional groups (organotin, boronic acids, boronic
esters, organozinc groups for example (Scheme 1a)).12,18 The
polymers C produced by this method can be expected to have
a high dispersity (Đ) and a low regioregularity.

A second method is based on the chain-growth polymeriz-
ation developed by McCullough and Yokozawa. The mecha-
nism involves a catalyst-transfer condensation using a single
monomer D, which contains an electrophilic and nucleophilic
site (Scheme 1b).19–21 With this breakthrough concept, it was
possible, in the case of poly (3-alkylthiophenes), to obtain
good molecular weights (Mn), a very high regioregularity >98%,
and a low dispersity; in addition, the nature of the end groups
of the polymers E could be controlled.22 Even alternating copo-
lymers have been obtained by this method, although in that
case, only one heterocycle contained a solubilizing group, thus
reducing problems of torsional defects.23 A third, novel
method is based on the C–H arylation of monomers of type F
to produce homopolymers type E (Scheme 1c).24–26 The C–H
bond is activated by using a catalytic system formed between a
Pd, or Ni catalyst, a ligand and a base (e.g. Hermann’s catalyst-
Cs2CO3,

25,27 NiCl2-dppe/(TMP)2Mg·2LiBr28 or Pd(OAc)2-pivalic
acid27). This method holds much promise and can be
extended to heteropolymers of the type AB.26,29

The aim of this work was to combine the concept of living
polymerization with the advantage of combining two different

building blocks in only one monomer. Therefore, monomers
G of type M–Ar–Ar–X were designed that bear both an electro-
philic and nucleophilic site allowing to obtain polymer H
(Scheme 1d).19,30

Recently, we published a monomer, which was the product
of a dually nucleophilic–electrophilic selective cross-coupling
reaction.31 Therein, monomer 3 was prepared to contain two
different units of thiophene; a key strategic synthetic element
was that dinucleophile 1 and dielectrophile 2 reacted extremely
chemo specifically (Scheme 2): only the iodo- and the tristan-
nyl functional groups cross-coupled. However, the polymer 4
that was obtained showed a very low solubility and could only
be used as a proof-of-concept. It was impossible to analyze it
by solution-state NMR and the optoelectronic properties could
not be measured. However by MALDI-MS, an oligomer with a
mass of 2483 m/z was detected,31 which was very promising
and led us to pursue the concept of monomer formation by
dually electrophile and nucleophile selective reactions for
monomers that would lead to soluble polymers or oligomers.
In this context, the work of Zhang and Hong should be men-
tioned, who at the same time as ourselves followed a similar
strategy for the synthesis of a polyarene.32

In this work, we report a dually nucleophilic–electrophilic
selective cross-coupling reaction to prepare two monomers, 5
and 6 type G (M–Ar–Ar–X). The monomers 5 and 6 were
designed using the concept of the push–pull principle, having
an aryl or pyridine (6) moiety as an electron acceptor group.18

This part of the molecule was designed as the di-electrophilic
part, whereas the thiophene moiety was designed as the elec-
tron-rich di-nucleophilic part. In order to improve the solubi-
lity of the monomers, a hexyl chain was installed at the thio-
phene unit and a hexyloxychain on the six-membered aromatic
ring (Fig. 2). The oligomers O1 and O2 were then obtained by
a Suzuki cross-coupling living polymerization.

In addition to the synthesis, we report on the structural,
optical and thermal characteristics of the obtained oligomers
O1 and O2. First electroluminescence tests were performed
to assess these materials as potential emission layers in
OLEDs.

Scheme 1 Types of polymerization (a) step-growth polymerization
between A and B molecules (b) living polymerization from one type of
heterocycle D. (c) Direct arylation polymerization from the monomer F
(d) living polymerization of copolymers from di-heterocyclic monomers
G (this work).

Scheme 2 Synthetic way to obtain a polymer based on a single
monomer type M–Ar–Ar–X.31
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Results and discussion
Synthesis of the monomers

The retrosynthetic analysis explains the high selectivity, which
is required to obtain the monomer type G (Scheme 3): it is
vital that in the dinucleophile I, only metal M2 reacts and in
dielectrophile J, only halogen X2. Any reaction of M1 or X1

would lead to slightly different monomers that would be inse-
parable from the desired ones and, moreover, there would be
no regioselectivity with respect to the solubilizing side groups
R1 and R2.

The dinucleophile 7 was prepared as reported in the litera-
ture.31 The first attempt to prepare the monomer 9 was a selec-
tive Stille cross-coupling reaction between the dinucleophile 7
and the dielectrophile 8 (Scheme 4), in a similar way to how
monomer 3 was obtained (Scheme 2). However, no product
was formed either with conventional or under microwave con-
ditions. One reason might be the steric hindrance of the hexyl
chain that prevents the Stille reaction between the iodo-group
of 8 and the trimethylstannyl group of 7, although electronic
reasons might play a role. McCullough et al. showed that 3-hex-
ylthiophene monomers react much more readily if the M func-
tional group is in 5-position and the X functional group in

2-position. They argue that the transmetallation step is favor-
able if the M functional group is in a less steric hindered posi-
tion relative to the catalyst center of the growing polymer.33–35

Therefore, the dinucleophile had to be redesigned. Thus,
dinucleophile 13 was prepared (Scheme 5). The synthetic
pathway involved a site-selective lithiation reaction of 3-hex-
ylthiophene (10) in 5-position, followed by quenching with
CBr4 to obtain 2-bromo-4-hexylthiophene (11).36 Site-selective
deprotonation followed by a lithium-boron exchange led to
mononucleophile 12. In a final step, a selective Stille–Kelly
coupling reaction of 12,37 with (SnMe3)2, Pd(0) under micro-
wave heating led to the novel dinucleophile 13 in a yield of
89%.

For the Stille cross-coupling reaction, two dielectrophiles 16
and 19 were also required. The synthesis of the dielectrophile
16 started from the commercially available 2-bromophenol
(14), which was subjected to a Williamson etherification with
1-iodohexane and led to 15 in a yield of 94%.38 Then, a
solvent-free iodination of 1-bromo-2-(n-hexyloxy)benzene (15)
was carried out to give the 1-bromo-2-(hexyloxy)benzene-5-
iodobenzene (16) in 80% yield (Scheme 6).39 The synthesis of
dielectrophile 8 started from 2-bromopyridine-3-ol (17), which
was subjected to an iodination reaction to yield the iodo-pyri-
dine derivate 18 in 77%. Compound 18 was then used in an
alkylation reaction with 1-bromohexane to yield the dielectro-
phile 8 in 70% (Scheme 6).40

The dinucleophile 13 and dielectrophiles 16 and 8, respect-
ively, were subjected to a Stille cross-coupling reaction under

Fig. 2 Newly prepared push pull monomers 5 and 6 and oligomers O1
and O2.

Scheme 3 Retrosynthetic pathway to obtain the desired monomers
type G.

Scheme 5 Synthetic pathway to form the dinucleophile 13.

Scheme 6 Synthetic path to obtain the dielectrophiles 16 and 8.Scheme 4 Synthetic pathway to obtain monomer 9.31
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microwave conditions leading selectively to the monomers 5
and 6 (Scheme 7).31,41 The high selectivity of the reaction can
be explained by the use of dinucleophile 13, as the reaction
occurred selectively between the iodo and trimethyl tin group.
There is less steric hindrance for the tin functional group com-
pared to the boronic ester, and Suzuki-reactions would require
an additional base. In addition, the C–I bonds in 16 and 8 are
much weaker than the C–Br bonds.

Synthesis of oligomers O1 and O2

Polycondensation Suzuki reactions of the monomers 5 and 6
were tested with two catalysts, ([Pd(tBu3P)2] and [Pd(dppf)Cl2])
(see in ESI Tables SI-3 and SI-4†). From these, [Pd(tBu3P)2]
emerged as the best system and it was used in the polymeriz-
ation reactions for both monomers, which were heated at 60
and 50 °C respectively (Scheme 8).42 The crude products were
precipitated from the reaction mixture with a solution of HCl
in methanol (1 M) and washed several times with methanol by
Soxhlet extractions. The products were soluble in chloroform.
Oligomer O1 was obtained in a yield of 46% (Mn = 1.56 kDa.
Đ = 1.12, GPC calibrated against polystyrene) and O2 in a yield
of 60% (Mn = 5.39 kDa, Đ = 1.83), respectively. It was found by
MALDI-TOF mass spectrometry that for both polymers, the
end groups were H and Br (see in ESI, Fig. S1–2 for O1 and
SI-9 for O2 †).

Analysis of the oligomerization of oligomers O1 and O2

To evaluate the type of kinetics of polymer chain formation,
reaction monitoring studies of the polymerization were per-
formed. Samples from the reaction mixture were taken in the
course of 24 h for O1 and 27 h for O2. Each sample was
quenched with a solution of HCl in methanol 1 M straight
after removal from the reaction, extracted with DCM and split
in two for measurements of GPC and 1H NMR spectroscopy.
The percentage of conversion for each sample, was calculated
relative to the protonated products 19 and 20 that are formed
by protonolysis (Scheme 9). The plots of % conversion vs. time
and % conversion vs. Mn and Mn/Mw are depicted in Fig. 3 for
O2. The conversion was calculated with respect to the con-
sumption of product 20 observed by 1H NMR spectra and from
the UV-Vis/elugram areas visualized in the 2D plots from the
GPC measurements (see ESI†).

The oligomer appeared to grow approximately linearly in
length during the first 9 h, reaching 60% conversion and a
Mn = 1.40 kDa. Then, in the period from 9 h to 28 h, only very
little growth in length took place, but a conversion of even-
tually 100% product was reached. This observation may be
interpreted that the reaction had a living character until a con-
version of 60%. A similar behavior could be observed for O1:
after 8 h, the conversion reached 40%, growing sharply until
92% in the following 16 h (see the ESI for Fig. SI-21–23†).

It needs to be pointed out that although the formal classifi-
cation of the polymerization kinetics is chain growth, the
linear region of the quasi-living character is relatively limited,
presumably because the catalyst diffuses from the growing
chain more quickly that a new monomer is reacted with it.19,43

This can be attributed to the sterically relatively congested site
of cross-coupling (with adjacent alkyl and alkoxy groups).

Optical and electrochemical characterization

In order to establish structure/properties relationships, the
optical (UV-Vis absorption and fluorescence) and electro-
chemical properties of O1 and O2 were studied in CH2Cl2. The
two oligomers O1 and O2 presented a broadband in the
absorption spectrum (Fig. 4). The absorption maximum
observed for O2 (λmax = 387 nm) was bathochromically-shifted
compared to the absorption maximum of O1 (λmax = 318 nm)

Scheme 7 Synthetic pathway to form the monomers 5 and 6 in a Stille
cross-coupling reaction between dinucleophile 13 and dielectrophiles
16 and 8, respectively.

Scheme 8 Syntheses of the oligomers O1 and O2.
Scheme 9 Compounds 5 and 6 were transformed into the products 19
and 20, respectively, by treating them with HCl/MeOH (1 M).
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suggesting a higher extended π-conjugation in O2 due to a
certain charge transfer character of π–π* transition of the thio-
phene–pyridine motif. A similar trend was observed for the

fluorescence of the oligomers. Oligomers O1 and O2 showed
fluorescence around 435 nm with a small red-shift for the
derivative O2 (Δλ = 5 nm). The fluorescence quantum yields
measured versus quinine sulfate were moderate in solution
(10%, O1 and 28%, O2, Table 1). Excitation spectra also con-
firmed the observations made for the UV-Vis absorption of oli-
gomers O1 and O2 (see Fig. SI-3 and SI-10†). The opto-
electronic properties from both oligomers in comparison with
a 4-unit oligomer of thiophene (in chloroform solution: λmax =
372 nm,44 λPL = 494 nm,44 Φ = 0.09 (ref. 44) and Eg optical = 3.33
eV (ref. 45)), shows that a combination with a stronger acceptor
than thiophene (pyridyl group in O2) leads indeed to a higher
bathochromic shift. However, although a phenyl group is also
an acceptor with respect to thiophene,18 λmax of O1 is hypso-
chromically shifted, likely due to torsional defects arising from
the six-membered ring that are not sufficiently counterba-
lanced by an acceptor property that is lower than that of a
pyridyl ring. The photoluminescence is most strongly shifted
in the oligomer of oligo-3-hexylthiophene.

The redox properties of oligomers O1 and O2 were investi-
gated by cyclic voltammetry (CH2Cl2, 0.2 M, Bu4NPF6, v =
200 mV s−1, Table 1). All compounds showed a quasi-reversible
oxidation wave at relatively low potential. Compound O1 dis-
played an oxidation wave at around +0.48 V (vs. Fc+/Fc) while
O2 was slightly easier to oxidize (Eox = +0.47 V vs. Fc+/Fc).
These electrochemical characterizations indicated that the
highest occupied molecular orbital (HOMO) was energetically
destabilized for oligomer O2 compared to the HOMO of O1
(Table 1).46 The reduction potentials, which are attributed to
the energy of the lowest unoccupied molecular orbital (LUMO)
and therefore to the π* band, were not possible to detect
because the potentials were out of the electrochemical window
(Fig. SI-4 for O1 and SI-14 for O2 † respectively). Hence, the
reduction potential (LUMO) for both oligomers were estimated
using the HOMO and optical energy gap values.

Such a difference in the optoelectronic behavior between
the oligomers O1 and O2 can be related to the enhanced
donor–acceptor effect in O2, because of the higher π accep-
tance of the pyridine compared to the benzene in O1.18

Fig. 3 Plots of (a) % conversion vs. time. Calculated by the two detec-
tors (1H and 2D-plots GPC) and (b) Mn and Đ vs. % conversion calculated
by 1H NMR; for the polymerization of 6 with 5 mol% of [Pd(tBu3P)2], 1.2
eq. CsF in THF at 50 °C. The conversion was calculated relative to com-
pound 20 (product from the quenching process with HCl/MeOH) based
on 1H NMR spectra and 2D-GPC plots.

Fig. 4 Normalized absorption spectra (abs.) and PL spectra of O1 and
O2 (λexc = 340 nm) in dichloromethane.

Table 1 Optical and electrochemical properties of the oligomers O1
and O2

Compound
Φa/λPL
(nm)

Eg (eV)
expb/calc. f

EOx
c

(V)
EHOMO (eV)
expd/calc. f

ELUMO (eV)
Expe/calc. f

O1 0.10/432 3.17/3.95 +0.48 −5.87/−5.17 −2.70/−1.22
O2 0.28/442 2.77/3.54 +0.47 −5.86/−5.11 −3.09/−1.57

a The quantum yield was calculated using a solution of quinine sulfate
(1 M in H2SO4) with a Φ of 0.54. bOptical band gap. cObtained from
the cyclic voltagram of a solution of the oligomer in DCM (1 × 10−3 M)
with Bu4NPF6 (0.2 M in DCM) as electrolyte.46 d The energy from the
HOMO was calculated with the equation: EHOMO = −(Eonset ox. vs. Fc+/Fc +
5.39) eV.46 e The energy from the LUMO was calculated with the
equation ELUMO = −(Eg − EHOMO).

46 f Calculated using TD-DFT based
on the trimers.
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Computational studies

These experimental observations were further supported by
time-dependent density functional theory (TD-DFT) studies in
the gas phase. To simplify this computational study, the calcu-
lations were carried out on two simplified monomer structures
S1 and S2, and the corresponding dimers and trimers (Fig. 5).

TD-DFT calculations confirmed that trimer S2-3 had a nar-
rower energy gap (see Table 1) between the calculated HOMO
and LUMO (3.54 eV) compared to S1-3 (3.95 eV) Fig. 6.
Besides, the HOMO levels in both trimers were similar (−5.17
eV vs. −5.11 eV), the LUMO is more stabilized in the case of
S2-3 than in S1-3 (−1.57 eV vs. −1.22 eV). To explain this
phenomenon and further estimate the effect of either the
phenyl or pyridine ring on the respective thiophene unit, the
bond length alternation (BLA) for both systems were
calculated.

By comparing the double and single bond lengths in
π-conjugated linear polymers, BLA values can indicate if the
ground state is more likely to form a quinoid-like or an aro-
matic structure.47 Since S1 and S2 are asymmetric, the BLA cal-
culations were done by only taking the inner thiophene bonds
into account. Shorter BLA values of the flanked thiophene in
S2-3 (maximum 0.045 Å) in comparison to S1-3 (maximum
0.052 Å, Table SI-15†), and a shorter central carbon bond
between the thiophene and phenyl/pyridine of S2-3 (1.467 Å vs.
1.472 Å) indicate that the quinoidal structure is more likely

formed in S2-3 and explains the stabilization of its LUMO by
fortified delocalization of π-electrons.

Thermal behavior of O1 and O2

The thermal stability of the polymers was studied by thermo-
gravimetric analysis under N2 at a heating rate of 10 K min−1

in a range from 25–600 °C. O1 lost 59% of weight at 406 °C
(onset temperature). O2 showed two segments of weight loss:
first 4% weight loss at 221 °C (onset temperature), probably
due to traces of volatiles in the sample; and 50% weight loss at
405 °C (onset temperature), directly related to the loss of the
alkoxy and alkyl chains.

The DSC thermograms indicated a glass transition tempera-
ture of −7.1 °C for O1 and of 25 °C for O2.

Electroluminescence experiments

The oligomers O1 and O2 were tested as emissive layer
between electrodes in single-layer OLED devices, to prove their
electroluminescent properties. The configurations of the
devices were ITO/PEDOT:PSS/O1 or O2/LiF/Al. The electrolumi-
nescence spectra of both devices (Fig. 7) resemble the PL
spectra of compounds O1 and O2 but they are red shifted
(Fig. 4 and 7; for O1 shifted from 432 to 533 nm and for O2
from 442 to 593 nm). These EL spectra are obtained with high
applied voltages of 7.7 V and 10.7 V (corresponding to 1 cd
m−2), respectively. At this voltage, the luminescence of O1
started to level, indicating an instability of the compound. O2,
albeit with a lower luminescence, did not show such a
decomposition. Futhermore, a luminance of 2.5 and 0.8 cd
m−2 was achieved at ca. 10 V, respectively and the external
quantum yields are quite low presumely due to unbalanced
carrier injection and/or transport.

Effectively, the energy level between the ITO/PEDOT:PSS-
anode and the oligomers did not match well (with an energy
difference of 0.66 eV for O2 and 0.67 eV for O1, Fig. 8). The
current densities are high, suggesting that charge carriersFig. 5 Monomers, dimers and trimers proposed for computational

studies. The hexyl chains from the monomers 5 and 6 were replaced by
methyl groups in S1 and S2 respectively, to reduce computational time.
Further the end groups were replaced by a proton as the most neutral
substituent.

Fig. 7 Electroluminescence spectra for the OLED-type devices using
O1 and O2 as emissive layer.

Fig. 6 Molecular orbitals (displayed with an isovalue of 0.02) of trimer
S1-3: HOMO (a) and LUMO (b) and of trimer S2-3-3: HOMO (c) and
LUMO (d).
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move thought the device without many emissive recombina-
tion events (see Fig. SI-28 and Table SI-7†). This may be caused
by a carrier injection imbalance or a dominant non-radiate
recombination in a different layer. Therefore, in order to
explore the full potential of oligomers O1 and O2, an optimiz-
ation of the device is required, which is beyond the scope of
this study and the object of further investigations.

Experimental part

All the synthesis and characterization of the starting materials
and polymers are given in the ESI.†

Characterization of the OLED-type devices

The I–V characterization of the OLED-type devices was per-
formed with a Keithley 2400 Source Measurement Unit, a
calibrated photodiode and an Avantes AvaSpec-2048 USB
spectrometer.

OLED-type device fabrication

ITO coated glass substrates were cleaned in an ultrasonic bath
of acetone and isopropanol for 15 min each. Subsequently,
they were dried under a nitrogen stream, heated to 160 °C for
10 min and then cleaned with an oxygen plasma with 300 W
for 3 min. 200 µL of a PEDOT:PSS solution were spin-coated
onto the substrates (3500 rpm for 60 s). The samples were then
transferred into a glovebox and annealed at 150 °C for 5 min.
Afterwards, they were cooled down to 50 °C over 2 min. A solu-
tion of the polymers either in toluene or chloroform was pre-
pared with a concentration of 10 mg mL−1. 180 µL of the
polymer solution were spin coated (500 rpm for 5 s, and
1000 rpm for 60 s) on the PEDOT:PSS layer and the samples
were annealed at 70 °C. Finally, a layer of LiF (1 nm) and Al
(200 nm) were deposited by thermal evaporation.

Conclusions

Monomers based on the push pull principle were synthesized
using a highly chemo selective Stille reaction between a dinu-
cleophile, containing pyridinyl 5, or aryl groups 6, and a die-
lectrophile, which contained a thiophene moiety. Based on

those monomers (5 and 6), two oligomers O1 and O2 were syn-
thesized using a Suzuki polymerization reaction. Studies ana-
lyzing the dependence of molecular weight on conversion
showed that the monomers 5 and 6 may grow in a living
fashion, at least until a certain point, 60% and 40% respect-
ively, to obtain the oligomers O1 and O2. After this point, the
catalyst presumably dissociates from the chain. O1 and O2
showed optical band gaps in solution with values of 3.17 eV
and 2.77 eV; and quantum yields of 10% and 28% respectively.
Due to those optoelectronic properties, simple devices to test
for electroluminescence with the configuration ITO/PEDOT:
PSS/O1 or O2/LiF/Al were fabricated. The devices showed a
turn on voltage of 4.3 and 4.6 V demonstrating the electrolumi-
nescent character from the oligomers O1 and O2.
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 Reactivity of the Oligomer M1-O2  

Due to the presence of the pyridine ring in M1-O2 it is possible that a reaction at the 

nitrogen can occur. A methylation of M1-O2 using MeOTf to produce an expected 

methylated compound 41 was investigated by optical characterization (Scheme 14). 

 

 

 
Scheme 14. Methylation route of M1-O2. 

 

24 additions of a solution of MeOTf in DCM (8.0 µL, 0.095 M, 7.57 x 10-7 mmol) were made 

to a solution of M1-O2 (1.12 x 10-5 M) and NBu4PF6 (0.095 M) in                           

DCM (3.0 mL, 3.4 x 10-8 mol). After each addition the absorption spectrum was recorded 

(Figure 20a). Figure 20b depicts the spectrum of the mixture after the addition of 72, 80, 

176 and 184 μL, where the formation of two different compounds was visible.  

 
 

  

Figure 20. a) Absorption spectrum of the methylation reaction of the oligomer M1-O2 b) Absorption 
spectrum after the addition of 7.2, 8.0, 17.6 and 18.4 µL of MeOTf (0.095 M) in dichloromethane.  

 

In the emission spectra it was observed that the emission wavelength of M1-O2 at 440 nm 

was decreased after every addition of MeOTf and a broad band with a maxima at 596 nm 

with lower intensity started to appear (Figure 20). After each addition, the emission for the 

new species formed is lower with respect to the starting material (Figure 22).  
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Figure 21. Emission spectrum from the methylation 
reaction of M1-O2. 

Figure 22. Picture of the fluorescence behavior 
of the DCM solution of the oligomer M1-O2 and 
the two compounds formed by the methylation of 
the oligomer (λexc = 366 nm). 

The new species formed seemed to be more electron deficient than the starting material 

M1-O2, reinforcing the charge transfer between the methyl-pyridine and the thienyl ring, 

which may explain the absence of fluorescence. Further structural characterization of each 

of the compounds is required to confirm their identification during the methylation of the 

oligomer.  
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 Synthesis of Poly-3-Hexylthiophene with a Dual Selectivity 

Approach  

The first attempt to synthesize the bi-functional monomer (42), precursor of P3HT via the 

dually selectivity approach, was by the Stille reaction between the dinucleophile M1-7 and 

the dielectrophile P1-1 (Scheme 15).[76]  

 

Scheme 15. Stille reaction between M1-7 and P1-1 produced a 50:50 mixture of bi-functional monomers 
42a and 42b.  

From the reaction described in the Scheme 15 a mixture of regioisomers of bi-functional 

monomers 42a and 42b was formed, irrespectively of if that the reaction was heated under 

conventional or under microwave conditions. By observation of the proton from the thienyl 

motifs by 1H NMR, it was possible to identify that the mixture shows a content of 50% of 

each bi-functional monomer (Figure 23).  

As it was discussed before in the section 3.1.1., due to the high steric effect from the hexyl-

chain on the 3-position of the thiophene in the dinucleophile ring, the reaction between the 

trimethylstannyl group in the 2-position of M1-7 and the iodine group in the 5-position of 

P1-1 was unselective to the desirable product.  
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Figure 23. 1H NMR spectrum from the Stille product between the dinucleophile M1-7 and P1-1. A 
regioisomer mixture of two bi-functional thiophene monomers 42a and 42b was obtained.  

The synthetic route towards dinucleophile M1-7 was initiated by the iodination of 3-n-

hexylthiophene (M1-10) with NIS to afford the 2-iodo-3-n-hexylthiophene (43) in a yield 

of 84%,[77] followed by a lithiation, after which a lithium-boron exchange was performed to 

obtain the mononucleophile 44 in a yield of 97%.[59] In a final step, a selective Stille-Kelly 

coupling reaction of 44 with (SnMe3)2 and [Pd(PPh3)4] as catalyst, under microwave heating 

at 100 °C led to the dinucleophile M1-7 in a yield of 90% (Scheme 16). 

 

 

Scheme 16. Synthetic pathway towards the dinucleophile M1-7. 
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The second attempt to produce the bi-functional thiophene precursor 46 of P3HT was based 

on the dually selective cross-coupling reaction between the dielectrophile 45 and the 

dinucleophile M1-13 (Scheme 17). This reaction was performed successfully under 

microwave heating at 120 °C with a yield of 76%. Furthermore, a Suzuki-Miyaura reaction 

of 46 proceeded using [Pd(tBu3P)2] as catalyst and CsF as salt for the acceleration of the 

transmetalation step in the catalytic cycle. The reaction was heated at 40 °C leading to 

P3HT (47) in a yield of 45% with a HT content of 72%. 

 

 

Scheme 17. Synthetic route for the synthesis of P3HT (47) from a dimer formed under the conditions of 
a dual selectivity cross-coupling.  

The dielectrophile 45 was synthesized starting with a regioselective lithiation reaction of 3-

n-hexylthiophene (M1-10), followed by the quenching with CBr4 to form the 4-Bromo-2-n-

hexylthiophene (M1-11). The reaction followed with an iodination reaction with NIS, acetic 

acid and chloroform to form the dielectrophile (Scheme 18).  

 

 

Scheme 18. Synthetic route for the synthesis of the dielectrophile 45. 

The polymer 47 was soluble in common solvents as chloroform, dichloromethane and THF 

which allowed its further optoelectronic characterization. With the analysis of the 1H NMR 

spectrum of P3HT, it was possible to observe its regioregularity because the chemical shifts 

of the α-methylene protons of the hexyl chain of the thienyl ring vary depending on the 

type of couplings. The HT coupling is represented by a peak at 2.8 ppm and the HH coupling 
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is represented by a broad peak at 2.60 ppm.[31] The peak corresponding to the TT coupling 

is usually overlapping with the HH one. In the 1H NMR spectrum of P3HT (47) both 

methylene peaks were observed in a ratio of 76% of HT couplings (Figure 24).  

Furthermore, considering that in a chain living polymerization only one TT coupling is 

obtained within the polymer chain, the end groups from the polymerization can be analyzed 

from the TT peak. If the P3HT has two different end groups, the TT peak (about 2.6 ppm) 

will split into two triplets.[53] After the quenching process of the polymer 47 with a solution 

of HCl in methanol, one multiplet (doublet of doubles dd) was observed at 2.60 ppm. As it 

was reported by Iovu et al. one triplet with this chemical shift, indicates that the end groups 

of P3HT are protons.[53] 

 

Figure 24. 1H NMR spectrum from the P3HT (47). The %HT couplings and end groups are shown.  

From GPC measurements using conventional calibration with polystyrene standards, the 

calculated molecular weight was 4.56 kDa which corresponds to a degree of polymerization 

of 13 monomer units. In addition, the polymer had a Đ of 2.5. 

Kinetic studies were performed to analyze the type of growth mechanism in the same way 

as for the oligomers M1-O1 and M1-O2 in chapter 3.1.1. A mixture of monomer 46 with 

[Pd(tBu3P)2], CsF, water and THF was heated to 40 °C and samples were taken in defined 

intervals over the course of 24 h. Each sample was quenched with a solution of 1.0 M 

solution of HCl in methanol, extracted with DCM and split into two batches for 

measurements of GPC and 1H NMR. Table 2 summarizes the molecular weights (Mn and Mw) 
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and Đ, obtained by GPC analysis. Only few increases of the molecular weight with the time 

was observed and the Đ’s remained lower than 2.6. The conversion from the monomer to 

the polymer was only possible to trace until 60% by 1H NMR analysis (Figure 25). Without 

a complete conversion of the monomer, it was not possible to plot the graph of conversion 

vs Mn and Đ for determining the type of growth mechanism for the polymerization.  

 

Time (h) Mn (Da) Mw (Da) Đ 

0.0 513.84 650.44 1.27 

0.2 728.17 1628.20 2.24 

0.5 861.21 1859.00 2.16 

1.0 869.19 1858.30 2.14 

2.0 864.14 1903.40 2.20 

3.0 856.36 1915.90 2.24 

6.0 894.32 2018.60 2.26 

24.0 809.50 2073.40 2.56 

Table 2. Mn, Mw and Đ determined by GPC of the products obtained in the kinetic control of the 

polymerization of 46. 

 

Figure 25. 1H NMR spectra (recorded at 300 K, 500 MHz in CDCl3) of the kinetic control for the 
polymerization of 46 to produce 47, 1,3,5-trimetoxybenzene was used as standard.  
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When the samples were irradiated (λ = 366 nm), a reaction time dependant change of 

emission color could be observed, which was a good indication for the conversion from 

monomer to the polymer (Figure 26).  

 

Figure 26. Picture of the fluorescence behaviour of the kinetic samples of the polymerization of 46 
(λexc = 366 nm). 

In the Figure 25 and Figure 26 a trend for the polymerization cold be observed, where the 

monomer is consumed though the time and converted into the polymer. However, the Đ values 

summarized in the Table 2 are very high compared to expected values (< 2.0 for living 

polymerization) and the conversion was only 60% after 24 h. One explanation for the uncomplete 

conversion in the transferred catalyst polycondensation reaction could be the weak interaction of 

the associated pair formed by the catalyst and the growing polymer (Scheme 5).[55a] To improve 

these results a variation of the reaction conditions as type of solvent, salt and especially the catalyst 

would be necessary.   
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 Synthesis of Poly (thiophene-alt-pyrrole) from a 

Difunctionalized Thienylpyrrole by Kumada Polycondensation”  

 

Full paper  

Lu-Ying He, Sara Urrego-Riveros, Paul J. Gates, Christian Näther, Maren Brinkmann, Volker 

Abetz and Anne Staubitz. Tetrahedron 2015, 71 (33), 5399-5406. Collaboration project 

 

Reprinted with permission from Elservier.(©)  

 

Abstract 

A difunctional thienylpyrrole monomer with a bromide on the thienyl moiety and a 

magnesium halide on the pyrrole moiety was prepared via chemo-selective magnesium-

iodine exchange. Based on this monomer p-conjugated alternating poly(thiophene-alt-

pyrrole) PTP was synthesized via nickel and palladium catalysed Kumada polycondensation. 

The optical and thermal properties of this polymer have been investigated and suggested a 

wide band gap polymer with a very low Tg for such materials 

 

 

TOC graphic. Kumada polymerization path to obtain poly(thiophene-alt-pyrrole). 

 

Scientific contribution to this paper  

In this collaboration project I synthesized the starting materials (1,3,4,11) and proofread 

the paper. All other experiments and work were done by the other authors.  
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 Results and Discussion. Synthesis, Characterization and 

Reactivity of Stannoles 

This sub-chapter covers the topic stannoles as a motif in semiconducting polymers. The 

section 3.2.1. resumes the concept of stannoles itself taking into account the history, 

electron delocalization, common methods of synthesis, reactivity and optoelectronic 

properties.  

The section 3.2.2. describes the synthesis and reaction control of zirconacyclopentadienes 

which are synthons of stannoles. 

Finally, in the section 3.2.3. the reactivity of stannoles in cross-coupling reactions to produce 

monomers, dimers or polymers containing stannole and thienyl units under different ratio 

is described.  

 

  Synthesis and Properties of Tin-Containing Conjugated 

Heterocycles  

 

Concept article  

Sara Urrego-Riveros, Isabel-Maria Ramirez y Medina, Jonas Hoffmann, Anne Heitmann, 

Anne Staubitz, Chem. Eur. J. 2018, 24 (22), 5680-5696. 

 

Reprinted with permission from WILEY-VCH.(c)  

 

Abstract  

Heterocycles that contain tin can be aromatic in a similar sense to classical carbon aromatic 

heterocycles such as benzene, but such examples are rare. However, due to the low-lying 

σ*-orbitals of the tin-substituent bond in stannoles they are capable of σ* - π* conjugation 

in a way that is exclusive to heavier element containing heterocycles. This makes stannoles 

very interesting alternatives for purely organic heterocycles in materials applications, in 

which optoelectronic properties are of interest. This concept article will highlight the 

synthesis, reactivity and physical properties of stannoles and the related fluorenostannoles. 

At first, a brief introduction on different types of tin containing heterocycles is presented, 

followed by a discussion on different approaches to prepare stannoles, their reactivity and 

their physical properties. In addition, the first stannole-containing polymer will be reviewed.  
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Scientific contribution to this paper  

This concept article is a literature collection related to the electron delocalization, reactivity 

and properties of stannoles. Most of the literature research was done by me. Prof. Dr. Anne 

Staubitz and I wrote and reviewed 80% of the paper. The missing 20% were done by the 

other co-authors: Isabel-M. Ramirez y Medina, Jonas Hoffmann and Dr. Anne Heitmann. All 

Schemes and Figures were drawn by me. The proposed frontispiece was designed for all 

the authors with the hint of Olga Schreiner from the Dezernat für IT | medientechnische 

Infrastruktur und zentrale Dienste (Dez 5), Bremen University. 
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Abstract: Heterocycles that contain tin atoms can be aro-

matic in a similar sense to well-known aromatic com-
pounds such as benzene or thiophene, but such examples

are rare. However, due to the low-lying s*-orbitals of the
tin-substituent bond in stannoles, they are capable of s*–

p* conjugation in a way that is exclusive to heavier ele-

ment containing heterocycles. This makes stannoles very
interesting alternatives for purely organic heterocycles in

material applications, in which optoelectronic properties
are of interest. This Concept article will highlight the syn-

thesis, reactivity and physical properties of stannoles and
related fluorenostannoles. At first, a brief introduction to

different types of tin-containing heterocycles is presented,

followed by a discussion on different approaches to pre-
pare stannoles, their reactivity and their physical proper-

ties. In addition, the first stannole-containing polymer will
be reviewed.

Introduction

Cyclopentadienes are cyclic dienes that exhibit distinctive

physical and chemical properties that can be attributed to

their nonaromatic character : They absorb UV light (absorption
maximum lmax between 235 and 261 nm in alcoholic solvents

with a molar extinction coefficient (e) between 7.2 and 1.7 V
103 L mol@1 cm@1),[1] they readily undergo Diels–Alder reactions

(in fact, they dimerize to the dicyclopentadiene at room tem-
perature) and they are easily deprotonated (pKa = 16.0 in
water, but can be up to pKa = 26.0 for substituted or anellated

cyclopentadienes)[2] to give the aromatic cyclopentadienyl
anions. However, if the sp3-carbon is replaced by a heavier
group 14 element, the properties change substantially : Such
compounds show a certain degree of electron delocalization
and the absorption wavelengths undergo a substantial batho-
chromic shift. The unusual characteristics have been exploited

with great success for Si-containing heterocycles,[3] which are

already discussed and used for applications in organic solar
cells (OSC),[4] and organic electroluminescent devices.[3a, 5] Ger-

moles and related germanium-containing heterocycles are also
receiving increased attention.[6] However, the literature on stan-

noles is more scarce.
In this Concept article, we focus on tin-containing heterocy-

cles, in particular stannoles and closely related systems. After a

discussion of the nature of the electron delocalization in such
molecules, the various synthetic routes leading to these het-

erocycles will be shown followed by a report on current knowl-
edge concerning the functionalization of these heterocycles.

Finally, their spectroscopic and optoelectronic properties will
be described and potential applications of stannoles in poly-
mers will be discussed.

Aromaticity of Tin-Containing Heterocycles

The Heckel rule is one of the oldest and perhaps still the most

reliable rule to predict aromaticity. It states that a planar cyclic
system exhibits aromaticity if it contains [4n + 2]p electrons in

conjugated molecular orbitals. For tin analogues of all-carbon
aromatic cycles, this is not easily achieved; heavier main group

elements show an inherent, substantial reluctance to form

double bonds. Although double and triple bonds of heavier
alkene and alkyne analogues of group 13–group 16 elements

have been reported, the geometry of such molecules is often
not equivalent to their carbon analogues: Instead of a planar

geometry of the bonds at the atom that partakes in multiple
bonds, pyramidalization is typical.[7] In addition, the stability of

compounds with multiple bonds between heavier elements is

much lower than that of the all-carbon analogues: In the case
of distannyne systems (RSnSnR), the group R has to be sterical-

ly demanding to provide kinetic protection of the SnSn triple
bond.[8] Therefore, heavier group 14 analogues of benzene are

structurally and electronically intriguing—in the few cases that
do exist : The unsubstituted monosilabenzene C5SiH6

[9] as well

as the 1,4-disilabenzene C4Si2H6
[10] could be isolated under

matrix isolation conditions at 10 K. The IR and UV/Vis spectro-
scopic analysis suggested an aromatic character with a sub-

stantial red shift of the spectra that increased from the mono-
to the disilabenzene. Interestingly, 1,4-disilabenzene can be

formed (albeit not isolated) from 1,4-disila(Dewar-benzene),
which is more stable than the aromatic valence isomer.[11] With

kinetic protection by large groups, a stable silabenzene could

even be isolated.[12] Polycyclic aromatic rings with C@Si replace-
ment have also been reported; the substituent on silicon is

always sterically encumbered.[13] The substituted hexasilaben-
zene 1, a silicon analogue of benzene, with chair shape geom-
etry has been reported to be thermally stable at 100 8C, with a
“dismutational aromaticity” and three resonance forms
(Figure 1).[14]

However, a similar aromatic compound could not be ob-
served for tin. A reaction between RSnH3 2 and carbene 3
(Scheme 1; R = 2,4,6-triisopropopylphenyl = trip) produced ini-

Figure 1. Resonance forms of the hexasilabenzene 1 (R = 2,4,6-triisopropyl-
phenyl).[14a]
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tially complex 4, but after some days at @40 8C, crystals of clus-

ter 5 were observed.[15] This cluster is likely to be the global
energy minimum, with a bonding propellane structure, similar

to their isoelectronic silicon analogue and mixed heavier ho-
mologues E2Si4(trip)6 (E = Ge, Sn).[16] Therefore, despite the stoi-

chiometry of 5, R6Sn6 that at first glance might suggest aroma-
ticity, 5 is nonaromatic. It should be mentioned in this context

that a hexasilaprismane, R6Si6 has been synthesized and isolat-

ed; but the UV/Vis maximum at lmax = 241 nm does not sug-
gest aromatic character.[17]

For compounds in which only one atom in an otherwise all
aromatic carbon skeleton is replaced by a tin atom, the issue

with energetically unfavorable formation of p-bonds involving
tin atoms also exists. Due to the comparatively large tin atom

and long carbon-tin bonds,[18] a geometric distortion of the

ring out of the plane results. This in turn reduces the stability
that can be gained through resonance effects. It is therefore

unsurprising that only very few tin containing compounds that
are aromatic in the classical sense have been prepared to date.

The criteria that have been used to define if a compound is
aromatic are numerous. For example, a strong downfield shift

of 1H NMR signals of protons of an aromatic ring compared to

proton-shifts of double bonds can be used. This fact is comple-
mented by computational data such as a negative value of the
nucleus-independent chemical shift (NICS),[19] calculations of
the anisotropy of the induced ring current to chemical reactivi-

ty and the experimental aromatic stabilization energy (ASE).[5]

Further aspects are structural : for aromatic compounds an

equalization of bond lengths is expected that can be proven
by X-ray crystallography (XRD) or other spectroscopic meth-
ods.[20] However, even the less stringent concepts of aromatici-

ty have been much expanded in recent years; three-dimen-
sional aromatic systems[21] have been described as well as six-

membered rings in chair conformation (see Si6R6 above).[14a]

Main group chemistry in particular has played a major role in

the expansion of such concepts.

Aromaticity has become a question of perspective because
there are many examples that fulfill some but not all criteria

for aromaticity. For example, heavier elements may distort
bond length equalization but still allow electron delocalization

and depending on how one rates the importance of these two
criteria, the degree of aromaticity may become debatable.

Heteroles with higher group 14 elements provide an entirely
different type of aromaticity : aromaticity by s*–p* conjugation.

Because this phenomenon is of such central importance to
stannoles, the concept will be described in more detail here;

for a more in-depth discussion with a focus on aromaticity see
the definitive review of Lee et al.[20]

s*–p* conjugation

Structurally, stannoles are similar to other cyclopentadiene con-

geners with group 14 elements. Their rings are essentially

planar, but the geometry around the heteroatom can be de-
scribed as a distorted tetrahedron, with an endocyclic bond

angle of about 83–948 for stannoles. This forces a parallel ar-
rangement between the p*-orbitals inside the dienyl ring and

the s*-orbitals of the Sn@R bonds. By effectively mixing the
HOMO of the diene system with the s*-orbitals, s*–p* conju-

gation occurs that lowers the energy level of the LUMO, while

leaving the HOMO almost unchanged (Figure 2).[5, 22] Using
standard DFT calculations, this can be seen by analyzing the

LUMO (which corresponds to the p*-orbital of the diene
system) and the LUMO + 1 (which corresponds to the s*-orbi-

tal). The distances between the ring carbon atoms and the
group 14 atoms become longer with heavier atoms (Figure 3).

Therefore, the interaction between the s*- and the p*-orbitals

is lower in stannoles than in siloles or germoles.[22]

Another complementary way of describing the electronic

character of stannoles has been proposed by Ottosson and co-
workers.[23] In this work, the Heckel aromatic character of the

ground state and the Baird aromatic character in the lowest p*
singlet and triplet states are taken into consideration.[24] The T1

Scheme 1. Reaction path to the formation of the nonaromatic cluster 5.[15]

Figure 2. Orbital correlation diagram of the s*–p* conjugation in the LUMO
of 1,1-disubsituted silole. Adapted with permission from reference [25] .
Copyright (1996) The Chemical Society of Japan.

Figure 3. Schematic drawing of the change in o*–p* conjugation as a func-
tion of Si, Ge and Sn. Adapted with permission from reference [22] . Copy-
right (1998) American Chemical Society.
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state has been calculated to be lower in energy than the S1

state. For siloles, three resonance forms can be described

(Figure 4). In the first, A, a positive charge is delocalized in the
ring and a corresponding negative charge on the substituent

on the silicon atom. This arrangement is antiaromatic in the
ground state, but according to Baird’s rule aromatic in the ex-

cited state. The cyclopentadienyl structure B is nonaromatic in

both ground- and excited states. However, in the mesomeric
form C with a negative charge delocalized in the ring and a

cationic substituent on the silicon atom, the ground state is ar-
omatic and the excited state antiaromatic (Figure 4). If the sub-

stituents on the silicon atom are electron donating, the
ground state S0 has some aromatic character, whereas the ex-

cited T1 state is nonaromatic to even slightly antiaromatic.

Thus, the HOMO is stabilized and the LUMO destabilized lead-
ing to higher energy gaps. With electron-withdrawing groups,

the ground state is nonaromatic, the S1 slightly antiaromatic,
and the T1 state slightly aromatic, dominating the transition.

Therefore, in this case, the excited T1 state is stabilized by
Baird aromaticity leading to a lower LUMO level compared to
the case with electron-donating groups. Thus, it should be

possible to tune the HOMO–LUMO gap by varying the sub-
stituents on group 14 atoms. Although calculations exist for Si,
this has not yet been performed for stannoles and experimen-
tal evidence is yet to be provided. This study highlights that if

one speaks of “aromaticity” in the context of stannoles, it is of
a different type than the Heckel aromaticity and the term “s*–

p* conjugation” is to be preferred.

However, it is likely that electronic influences of substituents
on the Sn atom or the ring are not the only parameter by

which the HOMO–LUMO gap of stannoles can be tuned. Also,
the geometry of the molecule plays a role. Again, in the case

of stannoles, there is still no analysis. An insight might to be
transferrable from related siloles. In the case of siloles, it was

shown that bisiloles show both substantial torsion angles be-

tween the planes of the heterocycles, but they also folded
against one another (Figure 5).[25]

This geometrical distortion perturbs an efficient conjugation
across the two connected butadiene motifs, thus leading to a

higher p*-orbital than in a hypothetical coplanar case. This in
turn increases the s*–p* conjugation within one ring. The re-

duction potential of siloles is about 0.5 V lower than that of
the carbon analogue, whereas for corresponding bicyclic sys-

tems, the difference is about 0.4 V, reflecting the lowered
LUMOs for silanoles.

Organotin heterocycles obeying the Heckel rule

The smallest hypothetic aromatic tin cycle analogue of the cy-

clopropenium cation (2 p-electrons) is the stannacyclopropene
cation 6 (Figure 6).[27] As a proof of its aromaticity, the aromatic

stabilization energies were studied by different computational

methods such as energy decomposition analysis (EDA) or
block-localized wavefunctions (BLW). Furthermore, this com-
pound had a calculated NICS value of around @8.55[27] which
suggests a strong aromatic character (for comparison, the NICS

value for benzene is @9.70).[28] However, this compound or any
substituted congener has not been synthesized to date. When-

ever Heckel aromatic organotin heterocycles were synthesized

to date, they had to be stabilized by bulky substituents or
when they are incorporated in bi- or tricycles 7 (isolated; 8
and 9 calculated because they were instable at room tempera-
ture; Figure 6).[20, 29]

The 2-stannanaphtalene 7 is the only example that was iso-
lated in which a tin atom replaces a carbon atom exactly anal-

Figure 4. Different mesomeric forms of siloles in ground and excited states.
Adapted with permission from reference [23] .

Figure 5. General description of the torsion angle of bisiloles. Adapted with
permission from reference [25] . Copyright (1996) Chemical Society of Japan.
Crystal structure of the 1,1,1’;1’-tetraisopropyl-3,3’,4,4’-tetraphenyl-2,2’bis-
ilole.[26]

Figure 6. Examples of aromatic organotin heterocycles obeying the Heckel
rule.
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ogously to the aromatic bicycle naphthalene.[29b] Other ben-
zene analogues, for example the Tbt-stannabenzene 8 and the

9-Tbt-9-stannaphenanthrene 9 readily undergo [4++2] and
[2++2] dimerizations at room temperature.[29a]

The stability of compound 7 results from a combination of
bulky substituents on the tin atom and the adjacent carbon

atom. The C@C bond lengths of the 2-stannanaphtalene ring 7
are between 1.356 and 1.443 a. This intermediate length be-
tween single and C=C double bond indicates a delocalization

of the p electrons. Furthermore, X-ray crystallography showed
a trigonal planar geometry around the tin atom. The experi-

mental chemical shifts observed with 1H and 13C NMR spectros-
copy were also a strong indication of the aromatic character of

these compounds [d(1H) = 7.05–9.28 ppm, d(13C) = 120–
170 ppm]. The 119Sn NMR shift [d(119Sn) = 264 ppm] is associat-

ed with a low coordinated tin atom, the valence electrons of

which contribute to the resonance inside the ring. The most
intense Raman signal of 2-stannapthalene 7 was found at

1331 cm@1 and results from a planar skeletal vibration; which is
similar to the signals of the aromatic compounds naphthalene

(1382 cm@1), 2-silanaphtalene (1368 cm@1) and 2-germanaph-
thalene (1360 cm@1).[29b]

Classification of stannoles

The concept of metalloles as heavy congeners of the cyclopen-
tadiene was introduced in 1959 by Leavitt and co-workers.[30]

Since then, four classes of stannoles have been studied: un-

functionalized stannoles (I), functionalized stannoles in which
the tin atom bears functional groups (II), functionalized stan-

noles in which one carbon atom of the stannole ring bear
functional groups (III), and as closely related structures to the

annelated analogues, the 9-stannafluorenes (IV) (Figure 7).[31] In
what we define as unfunctionalized stannoles, all substituents

are either alkyl, or aryl groups, or a proton. In the stannafluo-

renes, the tin atom is without exception in the 9-position. As
C-functionalized stannoles, we define stannoles that contain

substituents other than aryl, alkyl or H on the carbon atom of
the ring, or in the wider periphery on a carbon atom. Sn-func-

tionalized stannoles bear substituents other than aryl, alkyl, or
H on the tin atom.

Neutral stannoles

The typical geometry of stannoles was revealed with a single

X-ray crystallographic analysis of hexaphenylstannole 10
(Figure 8).[32] One of the phenyl rings on a ring carbon atom

adjacent to tin (C11) is coplanar with respect to the metallole
ring, whereas the other phenyl groups are twisted out of the

plane for steric reasons. In the case of the two phenyl rings in
the 1 and 4 positions, the torsional angles are 1.28 and 478, re-

spectively. The distance between Sn@C1 is 2.126 a, between

C1@C2 1.352 a, and between C2@C3 it is 1.511 a. The bond
lengths for Sn@C5 and Sn@C6 are both 2.125 a; this is very sim-

ilar to the Sn@C1 and Sn@C4 bond distance. However, 13C NMR
shift values of 153–125 ppm (compared to (E,E)-1,2,3,4-tetra-

phenylbutadiene of 145–126 ppm) and a maximum of the UV
absorption spectrum of 355 nm suggests some s*–p*-conjuga-

tion.[32]

Stannole salts

To obtain the stannole monoanion 14, the reaction with ele-
mental lithium could be halted at the stage of mono-lithiation,
when 10 was allowed to reacted with only 2.5 equivalents of
lithium (Scheme 2).[33] Crystallization of 14 in the presence of
12-crown-4 salts, improved the X-ray data of the monoanion.

The crystal structure of the salt of 14 (Figure 9) showed no in-

teraction between the Sn and Li (distance between the atoms:
6.5 a) in comparison with the dianion 11 (distance: 2.77 a, see

Figure 7. Four different basic classes of stannoles with an example for each
class.

Figure 8. Representation and crystal structure of hexaphenylstannole 10.
The torsion angle Sn-C1-C11-C12 is 1.28. Adapted with permission from ref-
erence [32] . Copyright (1999) American Chemical Society.

Scheme 2. Formation of the stannole monoanion 14. DME = (1,2-dimeth-
oxyethane).[33b]
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below). The stannolate ring and the lithium cation are separat-
ed by coordinating solvent molecules. In addition, contrary to

the equal C@C bond distances of 14 hinting at substantial elec-
tron delocalization, the salt of 14 showed a 1,3-butadiene char-

acter with significant alternation of the C@C bond distances
(C1@C2 1.36 a, C2@C3 1.493 a, C3@C4 1.364 a). The monoanion

14 therefore appears to be nonaromatic.[33b]

A study of the stannole dianion 11 by Saito and co-workers
revealed a Heckel-like aromaticity of dianionic stannoles. This

dianion could be prepared by reductive cleavage of the exocy-
clic Sn@C bonds with an excess of lithium (Scheme 3).[31a] The

structure of dianion 11 was comparable to the cyclopenta-
diene monoanion, containing 6 p-electrons; however, the stan-

nole monoanion was not structurally equivalent to the cyclo-
pentadiene anion. The stannole dianion 11 has a planar struc-

ture with almost equal C@C bond distances within the ring
(C1@C2 1.422, C2@C3 1.442, C3@C4 1.446 a), suggesting a con-

siderable aromatic delocalization of the negative charges (Fig-
ure 10 a). When the crystal structure of 11 (Figure 10 a) is com-
pared with the cyclopentadienyl lithium 15 (Figure 10 b),[34] the

Sn@Li bond lengths (2.770 a) in 11 and the C@Li bonds in 15
(C1@Li 2.335, C2@Li 2.331, C3@Li 2.293, C4@Li 2.275 and C5-Li

2.301 a) differ due to the size of the tin atom. However, the
bond lengths inside the rings were similar, in which they were

least influenced by the tetravalent atom. In the case of the cy-

clopentadiene derivative 15, the bonds inside the ring are C1@
C2 1.413, C2@C3 1.414, C3@C4 1.413, and C4@C5 1.413 a. In ad-

dition, the analysis of the 7Li NMR signal of 11 (d=@4.36 ppm
in C6D6) showed the high shielding effect of the diatropic ring

current from the 6 p-electron system and is comparable to the
7Li NMR signal in 15 (@8.37 ppm in [D8]THF).[35]

Comparing the 119Sn NMR signal in CDCl3 for 11 (d =

163.3 ppm) and for 14 (d=@88 ppm), dianion 11[36] shows a
much higher aromatic character (compared with compound

7).[29b] Finally, a NICS value of @5.96 ppm, points to a certain ar-
omatic character of 11.[31a] What this suggests is that the

energy gain achieved by aromatization by deprotonating a cy-
clopentadiene is substantial ; hence the dioanion is aromatic. In
contrast, aromatization is less energetically beneficial in case of

a stannole anion; this is most likely caused by difficulties of or-
bital overlap between the p-system of the dienyl motif and
the lone pair of the tin atom due to size and energy differen-
ces.

Synthesis

Unfunctionalized stannoles (type I)

We use the term “unfunctionalized” stannoles to indicate that
all substituents on the carbon atoms or the tin atom are either

alkyl or aryl groups or H. To date, these constitute the majority
of compounds in the class of stannoles. The synthesis of stan-

noles can be performed by three different routes: the first

method to produce stannoles of type I was introduced by
Braye and Hebel.[37] It is based on a transmetallation reaction

of 1,1-dilithio-1,2,3,4-tetraphenyl-1,3-butadiene (17) with dialkyl
or diaryltin dichlorides to produce stannole 18. The formation

of 17 is based on reductive coupling of diphenylacetylene 16
with elemental lithium (Scheme 4). When the transmetallation

Scheme 3. Synthetic route to obtain the stannole dianion 11.[31a]

Figure 10. Representation and crystal structure from the dilithium stannole
dianion 11 (a)[36] and the cyclopentadienyl lithium 15 (b).[34]

Figure 9. Crystal structure of the salt 14 [Ph5C4Sn-] [Li+(12-crown-4)2] .[33b]
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was performed with an excess of compound 17 relative to

stannole 18 the octaphenyl 1,1’-spirobistannole 19 was ob-
tained (Scheme 5).[38]

A second well-known method is the route described by
Ashe and co-workers to obtain stannoles as 24, using (1Z,3Z)-

1,4-dilithio-1,3-butadiene (23) as starting material (Scheme 6).

Although the key step afforded yields between 25 and 70 %,
the problematic step in this route was the selective synthesis

of the bis(trimethylstannyl)-1,3-butadiene 22. When the iso-
meric mixture of 1,4-dichloro-1,3-butadiene 20 was allowed to

react with an excess of (trimethylstannyl)-lithium in THF at
@78 8C (route A), only 6 % of 22 was found in an isomeric mix-

ture, which proved to be difficult to separate. The alternative
reaction between (Z)-1,2-bis(trimethylstannyl)ethene (21) with
MeLi and CuI (route B) let to 22 with a yield of only 15 %.[39] In

addition, Ashe et al. developed another method to synthesize
stannoles that are not fully C-substituted as in molecule 26.[40]

This synthetic concept was based on the dihydrostannation of
2,4-hexadiyne (25) using dibutyltindihydride (Scheme 7). How-

ever, the yield did not exceed 15 %. 26 was the only com-

pound which was produced by this route.[40, 41]

Pçrschke and co-workers developed another method, which

was based on the reaction of ethylene gas 27 with an excess
of a tin analogue of a carbene: stannylene SnR2 28 (Scheme 8).

In a [2++2++1] cycloaddition reaction at @30 8C utilizing a [Pd0]

catalyst with bulky, monodentate ligands, stannole 29 could
be obtained in an excellent yield.[42] The mechanism of this re-

action was intensely studied (Scheme 9). The palladium-cata-
lyzed [2++2++1] cycloaddition reaction of ethyne and the stan-
nylene starts with the formation of the labile adduct A from

Pd0, SnR2 and C2H2.This adduct is converted to the correspond-
ing 1,2-palladastannate which is the key intermediate in the
cycle. The cycle proceeds with the insertion of the ethyne into

Scheme 4. Synthetic route to obtain the tetraphenyl-substituted stannole
18, a stannole of type I.[37a,b]

Scheme 5. Synthetic route for the preparation of spirobistannole 19.[38]

Scheme 6. Synthetic pathway to stannoles of type I, proposed by Ashe.[39]

Scheme 7. Synthetic route for the first stannole 26 that had only two sub-
stituents on the carbon scaffold.[40]

Scheme 8. Synthetic route for the synthesis of carbon unsubstituted stan-
nole 29.[42]

Scheme 9. Palladium-catalyzed cycle for the synthesis of stannole 29.[42]
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the Pd@Sn bond producing an activated complex B. As the
ethyne is coplanar with the Pd@Sn bond, it causes a ring en-

largement leading to the intermediate C. In a following step, a
nucleophilic reaction between two vinyl ligands occurs, dis-

placing the Pd atom. Thereby PdII is reduced to Pd0 and the
stannole is formed coordinated as a ligand. In a final step, in-

termediate D reacts with the ethyne leading to the stannole
and to the complex Pd-ethyne, or a palladium-stannylene com-
plex, which re-enter the cycle.[42]

Fagan et al. developed a route most commonly used today.
This route involves a metallacycle transfer from zirconacyclo-
pentadiene derivatives such as 31 to main group halides.
Under such conditions siloles as 32 and germoles as 33 were

produced with high yields (Scheme 10).[43] The simplicity of the
synthesis to obtain zirconium derivatives makes this pathway

potentially much more convenient than the previously de-

scribed routes.[43b]

However, initially stannoles prepared under these conditions,

could only be obtained in poor yields and the reaction times
were between one and two days. A breakthrough was achiev-

ed in 1998, when Takahashi and co-workers added a copper(I)
salt in catalytic amount to the reaction mixture of the zircono-

cene 34. Scheme 11 shows the formation of the proposed in-
termediate 35. A Cu-Sn transmetallation, with diphenyltin chlo-
ride and a further intramolecular cyclisation reaction of Sn@Cl

with the second Zr@C bond led to stannole 36. With these im-
proved conditions, the reaction rates and yields of the reaction

increased dramatically. With this modification, the yields typi-
cally range between 70 and 90 %.[43a, 44]

Functionalized stannoles of type II

To obtain functionalized stannoles of type II, the selection of
the type of “Cp2Zr” species is very important.[45] The reaction

between nBuLi and CpZrCl2 produces the “Cp2ZrC4H8” species
which is called the Negishi reagent.[46] This is the most

common reagent for the synthesis of zirconocenes such as 31,

which can serve as reagent to prepare unfunctionalized stan-
noles (e.g. , 36). However, the use of the Negishi reagent might

be expected to cause problems with different functional
groups in the starting material, for instance halogen groups.

An alternative to this is Rosenthal’s pyridine stabilized bis(tri-

methylsilyl) acetylene complex 38.[47] Initial results suggest that
the functional group tolerance is much more improved;[48] see

for example the formation of zirconocene 39 from the 1,8-oc-
tadyine (37), which bears halide functionalized thiophenyl sub-

stituents (Scheme 12). Further transmetallation of 39 produced
the stannole 40.[49]

Functionalized stannoles of type III

Wrackmeyer and co-workers developed a method based on a

1,1-carboboration of activated tin diacetylides 41 by electro-
philic triorganoboranes 42 to prepare stannole derivatives of

type II, 43, 44 (Scheme 13).[31b, 50] Due to the high reactivity of
the Sn@C(sp) bonds, the reaction takes place under relatively

mild conditions. Furthermore, the isolation and structural anal-
ysis of intermediates was possible and a plausible mechanism

Scheme 10. General Fagan–Nugent reaction to synthesize silole 32 and ger-
mole 33.

Scheme 11. An example of a transmetallation reaction from the zirconacy-
clopentadiene derivative 34 to prepare stannole 36.[44a]

Scheme 12. Example of the use of Rosenthal’s zirconocene 38 to obtain the
stannole 40.[49]
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could be proposed. It proceeds through a two-step pathway

(Scheme 14).[51] Initially, an intramolecular activation of one of

the Sn@C/ bonds triggered by the Lewis acidic borane and a
1,1-carboboration occurs. Due to the favorable stereochemistry

in a next step, the second Sn@C/ bond is activated intramolec-
ularly. Then a migration of the alkyne group from the tin atom

to boron takes place forming a zwitterionic intermediate. In a
final step, a rearrangement reaction either leads to the stan-

nole (1,1-vinylboration) or to the stanna-4-bora-cyclohexa-2,5-

diene (transfer of R). Which product is mainly formed depends
on kinetic and electronic effects as well as steric repulsion.

Stannafluorenes and dithienostannoles of type IV

Stannafluorenes (IV) can be synthesized by two routes

(Scheme 15): route A is based on the lithiation of 2,2’-dibro-
mooctafluorobiphenyl 45 to produce the fluorinated dilithiobi-

phenyl 46. Subsequent condensation with diphenyltin dichlo-
ride as an electrophile produces the dithienostannole 47.[52]

Route B, on the other hand, is based on a Grignard reaction.
The synthetic sequence starts from the (2’-bromo-[1,1’-biphen-

yl]-2-yl)trimethylstannane (49), which is converted to the

Grignard reagent 50. Next, in an intramolecular rearrangement
reaction the carbon–magnesium bond reacts with the tri-

methyltin group. The formation of the intermediate 51 is favor-
able due to the geometric arrangement of the biphenyl

system in which the two phenyl rings are no longer twisted
against each other. In a final dissociation reaction, methylmag-

nesium bromide and stannole 13 are formed in a respectable
yield of 75 %.[31c, 53]

Dithienostannoles 53–55 are interesting in terms of their op-
toelectronic properties. Due to their planar tricyclic structure,
the conjugation between the tin s* and the bithiophene p* or-

bitals lower the LUMO energy, similar to stannoles of type I.
Their synthesis (Scheme 16) follows a similar route compared
to route A (Scheme 15).[53, 54] Physical chemical properties will
be described below.

Scheme 13. General synthesis for Wrackmeyer-type stannoles.[ 50b,d]

Scheme 14. Mechanism of the 1,1-carboboration to obtain stannoles.[51]

Scheme 15. Synthetic route for stannafluorenes 47,[52b] and 13.[31c]

Scheme 16. Synthesis of dithienostannoles.[53 54]
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Reactivity

Halogenation of classical stannoles

Stannoles that are halogenated on the tin atom offer easy
access to further substitution and functionalization. The first
halogenation using elemental halogens was reported with 1,1-
dimethyl-2,3,4,5-tetraphenylstannole (18) which led initially to
an asymmetric oxidative ring cleavage (Scheme 17).[55] This

could then be followed by a second halogenation leading to
the dihalogenated Z,Z-butadiene derivative 58 and the di-

methyltin dihalide 57, although the products were only identi-
fied using elemental analysis. In 1981, Zuckerman and co-work-

ers reported a different reactivity pattern with the dihaloge-

nation of 1,1-dialkyl-2,3,4,5-tetraphenylstannoles on the exo-
cyclic phenyltin bond using bromine or iodine. The identifica-

tion of the structure was based on Mçssbauer and IR spectra.
Although their structural analysis implied retention of the stan-
nole ring as opposed to cleavage, the assignment seemed rea-
sonable at the time, because it was well known that halogens
cleave the Sn@C bond in R4Sn compounds, with a decreasing

reactivity in the series R = aromatic rings>vinyl groups>alkyl
groups.[56] However, in 2001, Saito and co-workers reinvestigat-

ed this halogenation and found that this Sn-phenyl substituted
stannole was also cleaved at the ring.[57] By performing the re-

action with one or two equivalents of the halogen, they found
the same reactivity as had been reported in the very first publi-

cation.[55] Because this last study used NMR spectroscopy and

single X-ray crystallography, these results are conclusive al-
though the mechanism has not been demonstrated (homolytic

vs. heterolytic cleavage of the halogen molecule, concerted or
stepwise). Indeed, Zuckerman mentioned bromobenzene as a

side product of the bromination, which is further evidence for
the second oxidation step.

In all cases, with the first equivalent of X2, a Sn@C bond of
the cycle is cleaved oxidatively. This process can then be fol-

lowed by further degradation with either cleavage of the vinyl
substituent from Sn (58) or halogenative cleavage of an aro-

matic substituent (61).

Reactions of stannole salts

Depending on the steric environment around the tin atoms,
the reactivity can vary for stannole dianions. When the di-
lithiostannole 62 reacted with tert-butyl chloride, this reaction
led to the corresponding bis(1,1’-dilithiobistannole) 63
(Scheme 18).[36, 58] Contrary to this result, when dilithiostannole

11 reacted with tert-butyl chloride and other bulky halides, it
underwent monosubstitution producing 64. The evidence for

64 b and 64 c could only be observed by NMR spectroscopy.
Isolation of the complexes was not possible.[33a, 36]

The reaction mechanism of the formation of 63 has not

been elucidated yet, but two plausible possibilities have been
proposed (Scheme 19).[58] In the first one, a Sn-centered radical
65 would be formed that could then dimerize to give 63. The
second pathway involves a nucleophilic attack of 62 on tert-

butyl chloride giving 66, this one in turn would react with 62
again, also by nucleophilic substitution to yield the product

63. In the case of the reaction of the dilithiostannole 11 with

Scheme 17. Direct halogenation of stannoles with elemental halogens.[55–57]

Scheme 18. Reactivity of dilithiostannoles (62 and 11) with bulky re-
agents.[36, 58]

Scheme 19. Plausible mechanisms for the formation of 63. Adapted with
permission from reference [58] . Copyright (2010) The Chemical Society of
Japan.
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methyl iodide, a double substitution at the tin atom took
place, forming 1,1-dimethylstannole 67 (Scheme 20).[36] If 11
was reacted with different quantities of oxidizing agents, it af-
forded 1,2-dilithiobistannoles 68, 1,3-dilithioterstannoles 69
and the unstable poly(1,1-stannole) 70 (Scheme 21).[59]

The Sn-tert-butyl-Sn-lithiostannole 64 a can react with MeI to
produce 71 or, if it is exposed to air, 1,1-bistannoles 72
(Scheme 22).[33a] When the stannole monoanion 14 reacted
with 1,6-dibromohexane, bis(stannole) 73 was formed in which

the two rings are connected by an alkyl chain (Scheme 23);
this is contrary to the reaction of the dianionic stannole 11.
However when 14 was exposed to air, the dimer 74 was pro-
duced similar to the formation of 72.[33a]

Reactions of functionalized stannoles of type II

To show the importance of stabilizing groups on the Sn center

in the stannole ring, investigations into reactions under cross

coupling conditions with different stannoles (75–77) and 2-
iodo-5-methylthiophene (78) were performed by our group

(Scheme 24).[49] When the substituents on the tin atom were
only alkyl groups, NMR studies revealed that almost no starting

material of stannoles 75 or 76 was present in the complex re-
action mixture (>99 % had reacted): The Sn center in the ring

could easily react. By comparison, with stannole 77, only 40 to
50 % was consumed. Thus sterically hindering phenyl groups

at the Sn atom led to a higher kinetic stability.

Reactions of functionalized stannoles of type III

Compounds of type III contain a functional group on the stan-

nole ring; to date, just a few examples of such stannoles exist.
If this functional group is a boron atom, which is electrophilic,
further transformations with nucleophilic centers are possible.
One example was the reaction between 79 and isocyanato-
ethane (Scheme 25). In this reaction, the nitrogen and carbonyl
carbon acted as nucleophilic and electrophilic centers, respec-

Scheme 20. Substitution reaction of the dilithiostannole 11 with MeI.[56]

Scheme 23. Reaction of the monoanion of stannole 14 with oxidants.[33a]

Scheme 24. Cross coupling reactions of stannoles 75–77.[49]

Scheme 25. Reaction of stannole 79 with isocyanates.[50d]

Scheme 21. Reactions of the dilithiostannole 11 with oxidizing agents.[59]

Scheme 22. Reaction of lithiostannole 64 a with MeI or air.[33a]
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tively. The nitrogen could attack the boron, thus functioning as

a nucleophile; one of the alkyl chains on boron then migrated
to the adjacent carbon, rendering the b-carbon in the stannole

ring a nucleophile that could attack the carbonyl group, giving
the 1-stannacyclopent-2-ene derivative 80.[50d]

Another example was the reaction of the spirotin compound
81 with the ambiphilic reagent trimethyltin ethoxide

(Scheme 26). The ethoxy group reacted with the boryl group.

At the same time, a 1,2-shift of one ethyl group from the
boron center to the carbon took place. The spiro compound

82 that was formed under heating conditions underwent an ir-
reversible allylic rearrangement of the boryl group affording

the spiro tin compound 83 with a 3-stannole unit.[50a]

Stannoles in polymers

To harvest the potential of optoelectronic properties of stan-

noles, processing is a very important aspect. Polymers can be
easily spin-coated and are often able to form stable polymer

films. Moreover, if the stannole was to be incorporated in a

fully conjugated backbone, a p-system that is more extended
than that of the monomer might result, leading to further

bathochromic shifts. Such polymers are typically accessed by
cross-coupling polymerization reactions. However, in the case

of a stannole containing monomer, this approach presented a
substantial challenge; it had to be considered that not only
R3Sn-Ar-SnR3 groups of the co-monomer would react, but also
that the stannole ring might open. Indeed, for stannafluorenes,

this type of reaction has already been successfully employed
to produce triphenylene (see section on stannafluorenes
below).[53] To overcome this issue, a highly nucleophile selec-

tive cross-coupling reaction had to be performed that would
not only leave the stannole intact, but would also be highly ef-

fective because the length of a polymer using step growth
polycondensation methods depends on the conversion of the

polymerization reaction (Carothers equation).[48, 60]

A thiophene flanked stannole monomer with peripheral
iodide functional groups 40 as an electrophilic component and

a bis(ditrimethyltin) thiophene 84 as the nucleophilic mono-
mer allowed the successful preparation of the polymer 85
using a Stille cross-coupling reaction (Scheme 27).[49] The dark
purple polymer had a relatively high molecular weight of MW =

17.0 kDa (gel permeation chromatography standard calibration
against polystyrene), which demonstrates the very high selec-

tivity of the reaction even under harsh conditions, that is, re-
fluxing toluene. For the optoelectronic properties of this poly-

mer, see below.

Reactions of stannafluorenes of type IV

Because tin can be easily transmetallated to boron, relatively
stable organotin heterocycles can be used as convenient pre-

cursors for borafluorenes. 9-Stannafluorene 86 was used in the
boron–tin exchange reaction to prepare a new 9-borafluorene

87.[61] The product 88 from the reaction between 86 and BBr3

can be methylated with CpZr(Me)2 to produce 89 (Scheme 28).
Both 9-borafluorenes can be used as Lewis acids in the activa-

tion of metallocenes for olefin polymerization processes.

Scheme 26. Reaction of the spiro-stannole 81 with trimethyltin ethoxide.[50a]

Scheme 27. Selective Stille cross-coupling reaction of stannole 40 to afford
polymer 85.[49]

Scheme 28. Synthetic route for the synthesis of 9-borafluorenes 87 and
89.[61]
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In stannafluorenes, the two aromatic submotifs can almost
be viewed as independent aromatic systems. From this per-

spective, the tin atom is comparable to a standard nucleophilic
functional group of the type ArSnR3. Using this concept, a

double cross-coupling reaction of stannafluorene 90 with di-

bromobenzene (91) has been used to perform an aromatic an-
nelation and triphenylene 92 was formed (Scheme 29).[53] Fur-

ther work using this strategy followed.[62]

Physicochemical Properties

In general, tetra phenyl dimethylcyclopentadiene 93 and its sil-

icon, germanium and tin analogues exhibit almost C2v symme-

try, at least in solution. Therefore, the 13C NMR shifts of C1/C4
and C2/C3 are similar. In the case of Si, Ge and Sn as metal

atoms in heteroles, the C2 and C3 atom are increasingly more
deshielded and the corresponding signals can be found as

downfield-shifted signals (Table 1). Although the trend is also

observed for C1 and C4, germoles are an exception. The 13C

atoms of the methyl carbons experience more shielding, the
heavier the group 14 element, with germoles exhibiting again

a slightly smaller effect than expected. The difference between
the shift for the methyl carbon of the cyclopentadiene 93
(22.19 ppm)[63] and the silanole 94 (@3.90 ppm)[32] is by far the

largest.
For stannoles, the coupling of 13C atoms with 117Sn and 119Sn

isotopes is significant. For compound 18, the JSnC coupling
values depend on the magnitude of coupling. For the coupling

of the tin atom with the neighboring C1 or C4 atoms, values
of 1J(119Sn-13C) = 209 Hz and 1J(117Sn-13C) = 119 Hz could be ob-

served. Tin/carbon spin coupling towards the methyl substitu-
ents shows values of 1J(119Sn-13C) = 166 Hz and 1J(117Sn-13C) =

159 Hz. 2JSn-C values for the coupling of the tin atom with C2
and C3 atoms are smaller with 2J(119/117Sn-13C) = 41 Hz.[32] In gen-

eral, the carbon atoms of the stannole ring have 13C NMR shifts
ranging from 120 to 175 ppm. C2/C3 carbon atoms are the

most deshielded inside the ring. The 119Sn NMR signals of
common stannoles can range from about 20 ppm to
@90 ppm. Due to the distortion in type I stannoles, such as in

10 and 18, a weak p-interaction with the phenyl ring is ob-
served. This leads to a decrease of electron density in stan-

noles and a higher chemical shift of the resulting carbon
atoms in the 13C NMR spectrum. A change from an aromatic to

an alkylic substituent at the tin atom leads to a downfield shift
in the 119Sn NMR spectrum (from @88.0 for 10 to @52.0 for

18)[31a, 64] (Table 2).

For stannoles 24 and 29, which have unsubstituted positions

on the ring, the protons showed 1H NMR shifts between 7.15–

6.50 ppm (Figure 11).[39, 42] If alkyl groups are attached to the tin

atom of a stannole, as in 24 (Bu) or 18 (Me), their methylene,

or methyl protons, respectively, were shielded and displayed

shifts in the range of d(1H) = 0.87–0.62 ppm. In the case of
stannole 29, the methine proton of the bis(trimethylsilyl)-

methylene moiety was observed at @0.18 ppm. Due to shield-
ing effects, the respective 13C NMR shifts of the methyl carbon

atom tend to be negative, for example, @7.75 ppm in the
methyl group of 18.

Scheme 29. Example of the use of a stannafluorene 90 for the preparation
of triphenylene 92.[53]

Table 1. NMR data of several heteroles of group 14 elements.

Compound Y[a] d(13C):
C1,C4 [ppm]

d(13C):
C2,C3 [ppm]

d(13C):
Me [ppm]

93[b] C 152.34 140.16 22.19
94[c] Si 153.90 141.80 @3.90
95[c] Ge 151.20 143.90 @2.54
18[c] Sn 153.57 144.91 @7.75

[a] Measured in CDCl3. [b] See reference [63]. [c] See reference [32].

Table 2. NMR data of stannoles type I.

Compound R1, 2, 3, 4 R5, 6 d(119Sn)
[ppm]

d(13C)
C1,C4 [ppm]

d(13C)
C2,C3 [ppm]

10[a,d] Ph Ph @88.0 143.00 155.00
18[b,e] Ph Me @52.0 144.91 153.57
24[a,f] H nBu –[i] 131.60 145.60
29[c,g] H CH(SiMe3)2 –[i] 137.50 144.80
96[a,h] TMS Ph @3.0 145.09 168.80

[a] Measured in CDCl3. [b] Combined data set. [c] Measured in [D8]THF.
[d] See reference [31a] . [e] See references [32, 65] . [f] See reference [39].
[g] See reference [42]. [h] See reference [66]. [i] Not measured.

Figure 11. 1H NMR chemical shifts of stannoles 24, 29 and 18.
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For type II stannoles, a high diversity of NMR shifts was ob-

served. In particular, the 119Sn NMR shifts give an idea about
the electronic neighborhood of the tin atom (Table 3). For the

mono- and dilithiated phenyl substituted stannoles 14 and 11
119Sn NMR shifts of @28.6 ppm and 163.3 ppm were ob-

served.[31a, 33a] In comparison to stannole 10, which has a 119Sn
NMR shift of @88.0 ppm, the shifts of the stannole monoanion

14 and dianion 11 were observed downfield. This very strong

downfield shift (163.3 ppm) of 11 was attributed to the reso-
nance stabilization of a delocalized stannylene structure. With

forming the lithium salts, the most deshielded carbon atom
was now the one which was directly attached to the tin atom:

d(13C) for C1,C4 in 14 was observed at 176.47 ppm and for the
dilithiated stannole 11, a shift of 183.68 ppm was observed.

An abnormally high 119Sn NMR spectroscopic shift was ob-

served for compound 97 with 446.4 ppm, which was highly
shifted from its starting material 96 with a 119Sn NMR shift of

@3.0 ppm.[66] This was explained by the extended interaction
of the butadiene LUMO and the 5p orbital of the tin atom

forming a stannylene. Thus, the LUMO is stabilized by silyl sub-
stituents at C1 and C4.[66] The 13C NMR shifts of C1 and C4
from compound 11 and 97 were found to be nearly the same

(183.68 ppm vs. 182.38 ppm), but their 119Sn NMR shift differed
(163.3 ppm vs. 446.4 ppm).

The boron-functionalized stannoles 79 and 81 showed a
downfield shift of the C2 and C3 atoms in the 13C NMR spec-
trum. Due to the quadrupole effect of the boron atom adja-
cent to the C2 atom, the signal showed a significant broaden-

ing. The 1H NMR shifts of the aromatic protons occurred in the
aromatic region, for example, for 79 6.07 ppm (Table 4).[67] The
increased shielding in the 119Sn NMR spectrum from 81 to 79
(by approximately 41 ppm) was caused by the integration of
the tin atom in a six-membered ring, whereas the 13C NMR

shifts of the stannole carbon atoms remained nearly the
same.[50a,b]

Depending on the chemical environment the most down-

field shift of the 119Sn NMR signal can be found for type IV
stannoles, for example, dithienostannoles (d(119Sn) for 54 was

@153.50 ppm and for 55 @145.72 ppm; Table 5).[54] In the form
of the lithium salts, such as in compound 98, the 119NMR shift

can reach values up to @210.60 ppm (Table 5).[68] Due to the
addition of electron density coming from the phenyl/thio-

phene rings, the incorporation of the tin atom in fluorene 13
or dithieno substituents results in an increased shielding ef-
fect.[31c]

In general, the infrared spectra of siloles, germanoles and
stannoles show nearly the same absorption bands. A shift to-
wards higher wavenumbers of the symmetrical methyl ṽ(C@H)

vibration in the case of molecules 94, 95 and 18, which corre-
lates with the mass of the central metal atom could be ob-
served. The values of these vibration bands are 2958/
2898 cm@1 for 94 2976/2906 cm@1 for 95 and 2990/2921 cm@1

for stannole 18.[32] One of the most important IR signals in
stannoles is the stretching band of the C=C bond with a range

between 1560 and 1600 cm@1. Antisymmetric and symmetric
aromatic C@H stretching absorption bands appear between
3080 and 3010 cm @1.[32]

Stannoles of type 40 are both suitable for electron impact
(EI) ionization and electrospray ionization (ESI) mass spectrom-

etry. With both methods, molecule ions ([M]C+ for EI ionization
and [M++H]+ for ESI) can typically be detected with typical iso-

tope distribution for tin. A typical fragmentation pattern is the

loss of the SnR2 fragment.[49]

Optoelectronic properties

As explained previously, stannoles have a low-lying LUMO in
comparison to their carbon cyclopentadiene analogues. This

Table 3. NMR data of stannoles type II.

Compound R1, 4 R2, 3 R5, 6 d(119Sn)
[ppm]

d(13C)
C1,C4 [ppm]

d(13C)
C2,C3 [ppm]

14[a,d] Ph Ph, Li @28.6 176.47 133.46
11[b,e] Ph Li, Li 163.3 183.68 150.47
97[c,f] TMS Ph Li, Li 446.4 182.38 146.23

[a] Measured in THF/C6D6. [b] Measured in Et2O/C6D6. [c] Measured in
C6D6. [d] See reference [33a]. [e] See reference [31a]. [f] See reference
[66].

Table 4. NMR data of stannoles type III.

Compound R1, 4 R2, 3 R5, 6 d(119Sn)
[ppm]

d(13C)
C1,C4 [ppm]

d(13C)
C2,C3 [ppm]

79[a,b] H BEt2/Et Me 19.1 127.6, 120.8 177.0, 164.5
81[b,c] H BEt2/Et -(CH2)5- @21.7 126.6, 119.5 175.0, 162.4

[a] Measured in in CH2Cl2/C6D6. [c] Measured in [D8]toluene. [b] See refer-
ence [67] . [c] See reference [50a] .

Table 5. NMR data of stannoles of type IV.

Compound Ring R2, 3 d(119Sn)
[ppm]

d(13C)
C1,C4 [ppm]

d(13C)
C2,C3 [ppm]

13[a,c] benzo Me @30.95 140.81 148.15
54[a,d] thieno Ph @153.50 –[f] –[f]

55[a,d] thieno Me @145.72 –[f] –[f]

98[b,e] thieno Ph, Li @210.60 –[f] –[f]

[a] Measured in CDCl3. [b] Measured in DME with [D6]acetone. [c] See ref-
erence [31c] . [d] See reference [54]. [e] See reference [68]. [f] Not report-
ed.
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leads to an unusual broad and long-wavelength absorption

compared to the carbon analogues. For metalloles R2MC4Ph4

with R = Me or Ph and M = Si, Ge, Sn, the luminescence has

also been studied (Figure 12).[32] After irradiation, an intermedi-
ate state is reached that in the case of R = Ph is the emissive

state. It appears that R2M affects the vibronic states of the mol-

ecule and for Me2Sn quenches luminescence entirely. In the
case of stannoles, it is instructive to compare their optoelec-

tronic properties with other heavier element cyclopentadiene
analogues (Si, Ge):[22, 69] Theoretical studies on heavier group 14

metalloles (M = Si, Ge, Sn) showed that the HOMO–LUMO gap
increases slightly in the order 99<100<10 from 3.58 to

3.73 eV. This phenomenon could be observed because of the

already mentioned lower s*–p* interaction as a consequence
of the longer C@M bond (see section on s*–p* conjugation).[69]

Comparisons of their absorption spectra show that the absorp-
tion maximum is bathochromically shifted in the order 10<
100<99 from 379 to 405 nm theoretically and from 355 to
360 nm experimentally. In general, all showed the unusual

broad absorption maximum. Although 10 and 99 have similar

emission maxima (549 nm and 547 nm theoretically 494 nm
and 496 nm exp.), the maximum of 100 is slightly hypsochro-

mically shifted to 529 nm (experimentally
486 nm).[70]

If stannoles contain p-conjugated sub-
stituents connected to carbon atoms of
the ring, their optoelectronic properties

can change dramatically, most often fur-
ther reducing the HOMO–LUMO gap.[71] In

the case of stannole 101 (Figure 13), the
interaction between the s* orbital and

the p* orbital is increased for Sn com-
pared to Ge and Si because the s* level

becomes closer to the p* orbital level
from the thienyl groups and the structure becomes more
planar. The absorption spectra showed two peaks at 406 and
430 nm; and the fluorescence spectra one peak at 479 nm
(Ff = 0.495 V 10@2).[22]

The stannafluorene 47 showed a wide HOMO–LUMO gap
(3.95 eV), and a low lying LUMO (@2.60 eV). However the solid

state study showed that these molecules were aligned in two

nearly parallel directions blocking the p fluorene–fluorene co-
facial packing. 2,7-Di(phenylethynyl)hexafluorostannafluorene

(102), on the other hand, exhibited a unidirectional p-stacking,
which may enhance charge transport (Figure 14). With a band

gap of 3.2 eV and a LUMO of @2.8 eV, the stannafluorene 102

might be used as a n-type semiconducting material in organic
electronics.[52b]

Further dithienostannoles 53 and 54 were investigated in
terms of their optical properties and crystal structures support-

ed by quantum chemical calculations (Figure 15). Compound
53 exhibited a low intensity emission in solution (lem max =

410 nm, Ff = 0.009), a slightly higher emission intensity in the

solid state (lem max = 411 nm, Ff = 0.028) and a high emission in-
tensity in the crystalline state (lem max = 422 nm, Ff = 0.556). The

bathochromic shift of the emission maximum and the higher
fluorescence quantum yield is attributed to crystallization-en-

hanced emission. Compound 54 showed a slightly different
behavior in solution and in the crystal state; the maximum of

emission was observed at 431 and 454 nm, respectively, where-

as the quantum yield of 53 in solution was higher than in the
crystal state (Ff = 0.296 and Ff = 0.214).[54]

When a stannole was incorporated into the backbone of a
polymer 85,[49] the absorption in solution was drastically batho-

chromically shifted (labs max 536 nm) compared to the starting
material 40 (labs max 441 nm; Figure 16). The absorption of the

thin films of the polymer (Figure 17) was shifted even more

(labs max 536 nm), which may be explained by the increased co-
planarity of the thiophene-stannole rings in solid state. This en-
hances the p-conjugation through the material and the poly-

Figure 12. Hexaphenylmetalloles with heavier group 14 elements.

Figure 13. Stannole
101 with thienyl sub-
stituents.[22]

Figure 14. Stannafluorenes 47 and 102.[52b]

Figure 15. Dithienostannoles 53 and 54.[54]

Figure 16. UV/Vis spectra of the monomer 40 and the polymer 85 in chloro-
form and as a thin film. Adapted from reference [49] .
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mer 85 may be used as semiconductor in organic electronics

(Figure 17).[49, 71]

As known for group 14 heteroles, stannoles exhibit aggrega-

tion-induced emission (AIE).[72] Although siloles display intense
AIE effects, the effect is much less pronounced in germoles

and stannoles. Stannoles show the longest emission wave-

length in comparison with siloles and germoles but are less ef-
ficient in terms of fluorescence quantum yields. This has been

attributed to the heavy atom effect. Stannoles 18 and 10 ex-
hibit fluorescence quantum yields in the aggregated state of

0.4 and 0.10 %, respectively, which is only 10-fold higher than
in solution (0.04 and 0.010 %, respectively). In comparison, the

luminescence quantum yield of silole 94 increased from 0.11 %

in solution to 16 % by AIE. The optoelectronic properties of
stannoles and stannafluorenes are quite different from that of

their lower homologs and they represent very interesting sys-
tems to study. The scarcity of the data reported to date dem-

onstrates that much more research in this area is needed.

Summary

Stannoles can be defined as cyclopentadiene analogues with

some electron-delocalization behavior despite a tetravalent
group 14 element in the ring. For this, two different models,

p*–s* conjugation and the Ottosson valence structure model

are discussed and backed up by several experimental tech-
niques (XRD, NMR, IR and NICS). Although this is unusual and

a direct consequence of tin being a heavy atom, classical
Heckel aromaticity can also occur, but in the stannole dianion

and not in the monoanion.
The compound class of stannoles and the related fluoreno-

stannoles can be sorted into four main types of stannoles, de-
pending on their structure and functionalization. Typical syn-
thetic routes with their advantages and pitfalls are assessed

and compared. We highlight areas of research in which only
little is known and in which we hope to inspire further re-
search from the community. Not only improved yields are de-
sirable in many cases, but also the exploration of new reactivi-
ties, especially for functionalized stannoles. So far, in a highly
selective synthesis a stable stannole based polymer with a very

high absorption and film forming properties has been pro-
duced.

The optoelectronic properties of stannoles are unusual;
often they show broad absorption bands in UV/Vis spectrosco-
py and are bathochromically shifted compared to carbon ana-

logues. Aggregation-induced emission is a common feature, al-
though quantum yields are lower than for lower homologs of

tin. To give the practitioner useful guidelines, typical analytical
properties have been reviewed. However, the most interesting

properties are the absorption characteristics of these materials
because they may pave the way for future potential applica-

tions as well as unusual discoveries in fundamental main
group chemistry.
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Abstract 

Zirconacyclopentadienes are versatile precursors for a large number of heteroles that are accessible 

by Zr-element exchange reactions. The vast majority of reports describe their preparation by the 

use of Negishi´s reagent, which is a species that is formed in situ. The zirconacyclopentadiene is 

then formed by the addition of one equivalent of a diyne or two equivalents of a monoyne moiety 

to this Negishi species. Another route involves Rosenthal´s reagent (Cp2Zr(py)Me3SiCCSiMe3), 

which then reacts with a diyne or monoyne moiety. In this work, the efficiency of both routes was 

compared in terms of reaction time, stability of the product in the reaction mixture and yield. The 

synthetic implications of using both routes are evaluated. Novel zirconacyclopentadienes were 

synthesized, characterized directly from the reaction mixture and crystal structures could be 

obtained in most cases. 

 

TOC graphic. In this study, two “Cp2Zr” sources, the Negishi´s and the Rosenthal´s reagent were 
compared with respect to yield, reaction time and product stability. In total, twelve compounds with 
different substituents were used for the reductive coupling by these zirconium sources. 
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Negishi’s Reagent Versus Rosenthal’s Reagent in the Formation of
Zirconacyclopentadienes

Sara Urrego-Riveros+,[a] Isabel-Maria Ramirez y Medina+,[a] Daniel Duvinage,[b] Enno Lork,[b]

Frank D. Sçnnichsen,[c] and Anne Staubitz*[a]

Abstract: Zirconacyclopentadienes are versatile precursors
for a large number of heteroles, which are accessible by Zr-
element exchange reactions. The vast majority of reports de-
scribe their preparation by the use of Negishi’s reagent,
which is a species that is formed in situ. The zirconacyclo-
pentadiene is then formed by the addition of one equivalent
of a diyne or two equivalents of a monoyne moiety to this
Negishi species. Another route involves Rosenthal’s reagent

(Cp2Zr(py)Me3SiC�CSiMe3), which then reacts with a diyne or
monoyne moiety. In this work, the efficiency of both routes
was compared in terms of reaction time, stability of the
product in the reaction mixture, and yield. The synthetic im-
plications of using both routes are evaluated. Novel zircona-
cyclopentadienes were synthesized, characterized directly
from the reaction mixture, and crystal structures could be
obtained in most cases.

Introduction

Heteroles are five-membered cycles derived from cyclopenta-
diene or its derivatives. In these molecules, the sp3 carbon is
replaced by a heteroatom. They have become very important
during the past few decades in the areas of biology,[1] materials
science,[2] and medicinal chemistry.[1]

The most common of these heterocycles are aromatic (e.g. ,
thiophene, pyrrole, or furan),[3] although others are formally
anti-aromatic (e.g. , boroles).[4] Some are non-aromatic with
other forms of conjugations such as s*–p* conjugation, which
is exclusive to heavier element containing heterocycles (for ex-
ample, group 14 metalloles).[5]

There are many established routes for the synthesis of these
classical aromatic heteroles,[6] but the breakthrough to access

the non-classical non- or anti-aromatic congeners was achieved
by the use of zirconacyclopentadienes or other metallacyclo-
pentadienes[7] as precursor molecules.[8] In zirconacyclopenta-
dienes, the sp3 atom of a cyclopentadiene is replaced by a Zr
atom with further ligands saturating the coordination sphere
of the zirconium. These ligands are Cp rings in most cases.
Starting with a zirconacyclopentadiene (e.g. , 1 a), many metal-
loles can be synthesized, in which group 14 elements (E = Si,
Ge, Sn, Pb) or other main group elements are introduced into
the cycle by transmetalation reactions.[5a, 9] Moreover, zirconacy-
clopentadienes show other synthetic uses (Scheme 1). For ex-
ample, if the zirconacyclopentadiene core (e.g. , 1 b) is part of a
large polyaromatic system, protonation with HCl gives dienes
such as compound 3, which are otherwise difficult to access.[10]

Furthermore, if zirconacyclopentadienes are included in poly-
meric systems (e.g. , 1 c), they can be converted into stable aro-
matic building blocks as in polymer 4.[11]

Zirconacyclopentadienes 1 are typically formed by a reduc-
tive coupling of alkynes 5 by the zirconocene species “Cp2Zr” 8
(Scheme 2).[12] Such zirconacyclopentadienes can be also syn-
thesized by the reaction of two monoynes with the active zir-
conocene species 8.

In general, there are different methods to form this “Cp2Zr”
species from reagents that are mixtures of Cp2ZrCl2/Na,
Cp2ZrCl2/Mg, or Cp2ZrCl2/Ln.[9c] Further reagents are Takahashi’s
(“Cp2ZrEt2”),[13] Negishi’s (“Cp2ZrBu2”),[14] and Rosenthal’s re-
agent (Cp2Zr(py)Me3SiC�CSiMe3).[15] However, the vast majority
of reports describe the formation of the active “Cp2Zr” species
by using either of the latter two methods.

The synthesis of zirconacyclopentadienes via Negishi’s re-
agent includes an in situ formed Zr reagent, coordinated by
THF, which is not stable for long times at room temperature
and which can be not isolated in pure form.[12, 14, 16] The reaction
between Cp2ZrCl2 (6) and two equivalents of nBuLi yields the
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intermediate 7 and insoluble LiCl (Scheme 3). The zirconocene
7 then decomposes into n-butane and a number of active

species collectively labelled as “Cp2Zr” (8),[17] which is Negishi’s
reagent. The advantages of using this reagent include the use
of relatively cheap precursors, time-saving in situ handling of
the precursor reagents, and the high reactivity of the Negishi
species. However, the latter may turn into a disadvantage
when the dialkynes bear functional groups such as aromatic
rings with halogen atoms. In a side reaction, these can under-
go halogen–lithium exchange reactions if the concentration of
nBuLi is not exactly known and an excess is used. Also, the tol-
erance towards other functional groups and heterocycles as
substituents is often not given.[10b] Finally, the reaction condi-
tions limit the choice of solvent, because Cp2ZrCl2 (6) is insolu-
ble in non-polar solvents such as n-pentane or n-hexane.[10b]

Another possibility for the formation of
zirconacyclopentadienes is the use of
Rosenthal’s reagent 9 (Figure 1).[15, 18] The
synthesis of Rosenthal’s zirconocene is
based on the substitution of THF by pyri-
dine of the complex Cp2Zr(THF)Me3SiC�
CSiMe3. Rosenthal and co-workers ex-
changed THF with pyridine because the
zirconocene complex of THF is not as
stable as with pyridine in solution and in
pure form. There are two ways to prepare
such a complex: one is based on the re-
duction of Cp2ZrCl2 with magnesium in the presence of bis(tri-
methylsilyl)acetylene in THF at room temperature (in a yield of
66 %).[15b] An improved method is based on the formation of
the complex via Negishi’s conditions (Scheme 3), elaborated by
Tilley and co-workers (in a yield of 85 %).

The “Cp2Zr” species, stabilized by a pyridine and a bis(tri-
methylsilyl)acetylene ligand, is a thermally stable compound
that can be easily crystallized and stored under inert condi-
tions.[10b, 19]

This means that for further syntheses with the Rosenthal re-
agent, much milder reaction conditions will be given to form
further metalloles in general; some examples for the synthesis
of functionalized metalloles already exist.[20] The great solubility
in different solvents including non-polar ones renders this re-
agent particularly useful for applications in macrocyclic and
polymer chemistry, but mostly non-coordinating solvents are
used in the literature. Furthermore, only volatile byproducts
(pyridine and bis(trimethylsilyl)acetylene) are formed during
the reaction and can be therefore easily removed compared
with LiCl.[10b, 18a, 21]

However, a direct, quantitative, and practicability compari-
son between the two reagents has not been made so far. The
aim of this work was to investigate the exact differences be-
tween the use of two sources of “Cp2Zr” in the preparation of
zirconacyclopentadienes 11 a–11 h starting with eight dialkynes
10 a–10 h (Scheme 4) and zirconacyclopentadienes 11 i–11 l
from four alkynes 10 i–10 l (Scheme 5).[22] A particular focus
was the compatibility of the reagents with the alkynes that are
functionalized.

In the case of the dialkynes 10 a and 10 b, the use of Ne-
gishi’s reagent for the formation of the zirconacyclopenta-
dienes has already been documented; the isolated yields are

Scheme 1. Transformation of zirconacyclopentadienes into metalloles and
extended diene systems.[9b–d] Use of polyzirconacyclopentadienes for the
synthesis of stable polymers.[10–11]

Scheme 2. General synthesis of zirconacyclopentadienes of type 1.

Scheme 3. Formation of the “Cp2Zr” Negishi’s reagent 8.[12]

Figure 1. Structure
of the Rosenthal’s re-
agent 9.
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55 % for zirconacyclopentadiene 11 a[23] and 48 % for com-
pound 11 b.[9d] They are included in this study as benchmarks.

Results and Discussion

The “Results and Discussion” part of the synthesis of the al-
kynes can be found as a part of the Supporting Information.

Synthesis of zirconacyclopentadienes: Monitoring of reac-
tion progress by 1H NMR spectroscopy

Reaction of the diynes and monoynes 10 a–10 l, respectively,
with the “Cp2Zr” species, derived either from Negishi’s or
Rosenthal’s reagent, should lead to the formation of the zirco-
nacyclopentadienes 11 a–11 l (Scheme 4 and Scheme 5). The
progress of the reactions under both conditions was followed
by 1H NMR spectroscopy by using naphthalene as an internal
standard for quantification.

In the case of Negishi’s reagent, the reactive “Cp2Zr” species
was formed by adding nBuLi to a solution of zirconocene di-
chloride in THF at �78 8C. The time started with the addition
of the solution of the respective alkynes 10 a–10 l in THF. The
cooling bath was then removed, allowing the reaction to reach
room temperature (ca. 22 8C in our laboratories, see the Sup-
porting Information for details). A defined sample was taken
out after 10 min, 30 min, 1 h, 3 h, and 22 h, and the solvent
was removed immediately under reduced pressure at 22 8C.
Then, naphthalene in C6D6 as an internal standard was added
in equimolar proportions for the 1H NMR measurements.

The formation of the zirconacyclopentadiene 11 a via this
route was confirmed as reported in the literature;[23] after
30 min of reaction, the product was formed with a yield of
85 %. The 1H NMR spectrum showed a resonance at 6.00 ppm,
which was indicative for the cyclopentadienyl groups (Cp) of
zirconacyclopentadiene 11 a (Figure 2). Such a downfield shift
of the Cp signal in the 1H NMR spectrum in comparison to the
chemical shift of these protons of the starting material
(Cp2ZrCl2 (C6D6): d= 5.88 ppm) suggests zirconacyclopenta-
diene ring formation, because the shift is affected by the C�C
double bonds inside the zirconacyclopentadiene.

However, over 22 h, the Cp signal shifted from 6.00 ppm to
6.04 ppm and the methylene groups were not as well defined
as before, which may indicate that the product was not stable
in the reaction mixture.

In the case of zirconacyclopentadiene 11 b with BPin moie-
ties attached, 20 % yield was observed after 10 min of reaction;
after 3 h the yield increased to 58 %. However, after 22 h, the
zirconacyclopentadiene decomposed (for the corresponding
1H NMR spectra see Figure S61 in the Supporting Information).

For the reaction of Negishi’s reagent and the dialkynes 10 c–
10 f with thiophene moieties, quite a different outcome was
observed. In the case of the reaction of diyne 10 c, the zircona-
cyclopentadiene 11 c was formed after 10 min with a yield of
15 %, but after 30 min the yield decreased to 9 % and after 1 h
to 2 % (Figure 3). After 3 h of reaction, the product appeared
to be entirely decomposed to the starting material 10 c, indi-
cating that the zirconacyclopentadiene 11 c was unstable

Scheme 4. Synthetic path to form the zirconacyclopentadienes 11 a–11 h by
using two different sources of “Cp2Zr” and eight types of dialkynes 10 a–
10 h.

Scheme 5. Synthetic path to form the zirconacyclopentadienes 11 i–11 l by
using two different sources of “Cp2Zr” and four alkynes 10 i–10 l.
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under the conditions of this synthetic route. This finding was
confirmed by integration of the peak corresponding to the
methoxy group compared with the standard, which indicated
that 98 % of the starting material was present in the reaction
mixture at 3 h.

For the formation of the zirconacyclopentadienes 11 d and
11 f by the reaction of the Negishi’s reagent and diynes 10 d

or 10 f, respectively, something similar could be observed.
After 10 min reaction time, 26 % was generated for compound
11 d and 82 % for 11 f. After 30 min, the yield increased to 28 %
for 11 d whereas for 11 f, it decreased to 80 %. The yield de-
creased after 1 h to 21 % for 11 d and after 3 h to 65 % for 11 f.
After 22 h, the signals present were attributed to the starting
materials 10 d and 10 f and decomposition of the zirconium
part into different structures[16] was observed; a spectrum of
different Cp signals appeared in the 1H NMR spectra (see Fig-
ures S63 and S66 in the Supporting Information). The zircona-
cyclopentadiene 11 e was not formed at any time of the reac-
tion, just starting material 10 e and decomposition of the zirco-
nium reagent was observed throughout the reaction monitor-
ing by 1H NMR spectroscopy (see Figure S64 in the Supporting
Information).

However, if bis(trimethylsilyl)acetylene (BTMSA) is first added
to the Negishi’s reagent followed by the diyne 10 e, it could be
observed that the zirconacyclopentadiene 11 e was formed in
a yield of 41 % after 60 min. Still, after 22 h, the zirconacyclo-
pentadiene 11 e was decomposed again (Figure 4). The differ-
ence in both reactions of diyne 10 e with Negishi’s reagent
was the BTMSA, which seemed to be the crucial factor deter-
mining whether the product 11 e can be formed or not.

In the case of the reaction of Negishi’s reagent with the
starting materials 10 h and 10 k, their respective zirconacyclo-
pentadienes 11 h and 11 k were formed with high yields of
99 % and 97 % after 10 min, respectively (see Figures S67 and
S70 in the Supporting Information). Contrary to previous re-
sults, both were still stable within the reaction mixture after
22 h with yields of 99 % and 70 %. For the conversion of the al-

Figure 2. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reac-
tion monitoring for the synthesis of zirconacyclopentadiene 11 a (Negishi’s
reagent) with naphthalene as standard (1 equiv). a) Starting material
Cp2ZrCl2, b) naphthalene, c) starting material 10 a at t = 0 min. Reaction mon-
itoring after d) t = 10 min, e) t = 30 min, f) t = 1 h, g) t = 3 h, and h) t = 22 h.
i) Zirconacyclopentadiene 11 a previously isolated.[23]

Figure 3. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reac-
tion monitoring for the synthesis of zirconacyclopentadiene 11 c (Negishi’s
reagent) with naphthalene as standard (1 equiv). a) Starting material
Cp2ZrCl2, b) naphthalene, c) starting material 10 c. Reaction monitoring after
d) t = 10 min, e) t = 30 min, f) t = 1 h, g) t = 3 h, and h) t = 22 h. i) Zirconacy-
clopentadiene 11 c that was previously isolated.

Figure 4. 1H NMR spectra (recorded at 300 K, 600 MHz in C6D6) of the reac-
tion monitoring of the formation of zirconacyclopentadiene 11 e at 22 8C
with naphthalene as an internal standard. a) Starting material Cp2ZrCl2,
b) naphthalene, c) starting material 10 e at t = 0 min. Reaction monitoring
after d) t = 10 min, e) t = 30 min, f) t = 1 h, g) t = 3 h, and h) t = 22 h. i) Zirco-
nacyclopentadiene 11 e previously isolated.
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kynes 10 i, 10 j, and 10 l into the zirconacyclopentadienes 11 i,
11 j, and 11 l, the yield rose to 94 %, 88 %, and 80 % after
10 min, 10 min, and 30 min, respectively, but decreased after
22 h to 67 %, 65 %, and 26 % (see Figures S68, S69, and S71 in
the Supporting Information). This means that these particular
zirconacyclopentadienes were insufficiently stable within the
reaction mixture over time: care would need to be taken to
terminate the reaction with the appropriate Zr exchange at an
optimal reaction time.[24]

The yield of zirconacyclopentadiene 11 g could not be deter-
mined by 1H NMR measurements (monitoring of reaction prog-
ress by 1H NMR spectroscopy), because this compound could
not be completely redissolved after isolation. The compound
instead formed gel-like needles with the NMR solvents. There-
fore, the yield of the zirconacyclopentadiene 11 g had to be
determined after complete isolation after 3 h from the reaction
mixture. It could be successfully synthesized with a yield of
88 % (purity 90 %). A long 1H NMR measurement and HR-MS
confirmed the identity of the product.

Thus, Negishi’s reagent proved to be incompatible with all
compounds that bear thiophenyl motifs. In general, the syn-
thesis was successful with yields between 28 % and 98 % for all
other zirconacyclopentadienes.

The reactions with Rosenthal’s reagent were placed inside a
glovebox under a nitrogen atmosphere. To a solution of Rosen-
thal’s zirconocene 9 in toluene, the alkynes 10 a–l, respectively,
were added as a solution in toluene. After removing the sol-
vent of each sample for the reaction monitoring, naphthalene
in C6D6 as an internal standard was added in equimolar pro-
portions and the reactions were monitored immediately by
1H NMR spectroscopy. Rosenthal’s reagent is mostly used in
non-coordinating solvents (n-pentane, n-hexane, toluene, or
benzene) in the literature, a reason for which could be that the
original zirconium complex undergoes ligand-exchange reac-
tions and might be less stable again. Also, for further transme-
talation reactions, which can be done by one-pot reaction, it is
often desired to have non-coordinating solvents. Therefore,
toluene was used as the solvent, but two further experiments
in THF were also conducted.

Figure 5 shows the progress of the formation of the zircona-
cyclopentadiene 11 a. After 10 min, a signal at 6.00 ppm ap-
pears, which can be assigned to the Cp protons of the desired
zirconacyclopentadiene, whereas the Cp signals at 5.44 ppm of
the Rosenthal’s reagent disappear. Contrary to the synthesis
with the Negishi reagent, the product was still stable after
22 h.

The transformation of the alkynes 10 b–l in toluene to their
respective zirconacyclopentadienes 11 b–l proceeded in the
same manner and were completed in all cases after 10 min;
the products were stable for more than 22 h with yields rang-
ing from 83 % to 99 % (For the 1H NMR spectra of the reaction
monitoring of the zirconacyclopentadienes 11 b–l, see the Sup-
porting Information). In the cases of the zirconacyclopenta-
dienes 11 i and 11 l, the yield dropped from 97 % and 95 % to
83 % and 90 %, respectively, after 22 h (see Figures S82 and S85
in the Supporting Information). It appears that these two com-
pounds might undergo a reversion of the cyclization as was

observed in most of the synthesis examples under the Negishi
conditions. Zirconacyclopentadiene 11 g could be obtained
with a yield of 91 % (purity 92 %) after 3 h of reaction time
after complete isolation from the reaction mixture. Because of
the solubility problems, the identity was determined again
with a long 1H NMR measurement and a HR-MS measurement.
Zirconacyclopentadienes 11 d and 11 h were also synthesized
by using Rosenthal’s reagent in THF. The yield for both reac-
tions was >99 % after 10 min, but after 22 h dropped to 63 %
and 83 %, respectively. After 22 h, both 1H NMR spectra
showed again signals of the alkyne starting materials 10 d and
10 h, thus, the zirconium complex is not quite as stable as in
toluene. This might arise because the coordinating THF in
excess can induce the reverse reaction.

To investigate the stability of the zirconacyclopentadienes in
solution in the presence of lithium chloride (which is a byprod-
uct of the Negishi reagent), isolated zirconacyclopentadiene
11 e was stirred in a mixture of LiCl in toluene for 22 h and de-
fined samples were taken after 10 min, 30 min, 60 min,
180 min, and 22 h. It was observed that a precipitate formed
and, after 22 h, the zirconacyclopentadiene 11 e was complete-
ly decomposed (Figure 6).

Table 1 summarizes the 1H NMR signals of the Cp groups
and the analytical yields of all zirconacyclopentadienes ob-
tained with both routes.

In general, it seems that for longer reaction times, the
Rosenthal reagent is more stable in solution than the Negishi
reagent. This is most likely due to the stabilizing ligands (bis-
(trimethylsilyl)acetylene and pyridine). This might be also ex-
plained by the slower and lower conversion for five (11 a–11 e)
of the examples, because a certain amount of the active
“Cp2Zr” species might decompose before it can undergo the

Figure 5. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reac-
tion monitoring of the formation of zirconacyclopentadiene 11 a at 22 8C
with naphthalene as an internal standard. a) Rosenthal’s reagent 9, b) naph-
thalene, c) starting material 10 a, d) monitoring after 10 min. e) Zirconacyclo-
pentadiene 11 a.[23]
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cyclization reaction. The extra experiment of Negishi’s reagent
with diyne 10 e, where BTMSA was added beforehand, shows
also that stabilizing ligands are important for the prevention of
decomposition of the active zirconium species and the forma-
tion of the zirconacyclopentadienes. For the other seven (11 f–
11 l) examples, the conversion with the Negishi reagent was
nearly as fast and high-yielding as with Rosenthal’s reagent
(Table 1).

An important fact to recognize is also that the zirconacyclo-
pentadienes (11 a–11 f) were more stable over time (monitor-
ing until 22 h) under the mild Rosenthal conditions than under
the harsher Negishi conditions. In the six examples 11 a–11 f,
the product was completely decomposed under Negishi’s con-
ditions. However, in the case of the compounds 11 h–11 l, with
less reactive motifs such as phenyl groups or trimethylsilyl
groups, the stability under the Negishi conditions was almost
equal ; the remaining yields after 22 h were higher than 26 %.
The maximum conversion for all reactions with Rosenthal’s re-
agent were nearly quantitative after only 10 min and the re-
maining yields were higher than 83 % (toluene) and 63 %
(THF).

For each of the two reagents, it could be observed that the
conversion for all alkynes was different. One reason for this
could be the stability of the alkyne complex of the Zr species
in general. The formation of the zirconacyclopentadiene is an
equilibrium reaction, which means for some of the alkynes the
equilibrium might be on the side of the alkyne complex, but
for some it might be on the side of the starting material. This
can be seen by the fact that the maximal conversion for all the
alkynes is different for the reaction with Rosenthal’s reagent
and the same is also for the route with Negishi’s reagent. This
observation may be explained by the different binding behav-

ior of the alkynes to the zirconium, which means the yield of
the zirconacyclopentadiene should be higher for a good-bind-
ing alkyne. For the reaction with Negishi’s reagent, this can be
seen more extremely in terms of yields (Table 1, maximum con-
version and remaining yield after 22 h) than for the reaction
with Rosenthal’s reagent owing to the fact that there are stabi-
lizing ligands such as pyridine and/or bis(trimethylsilyl)acety-
lene from Rosenthal’s reagent remaining in the solution. There-
fore, in the equilibrium, there are stable starting materials and
products. In the case of the Negishi reagent, the starting mate-
rial is unstable; thus, if the reverse reaction occurs, decomposi-
tion of the alkyne complex cannot be prevented. Because of
the decomposition of the active “Cp2Zr” species over time, the
yield decreases and new zirconacyclopentadiene cannot be
formed.

The visible formation of a solid after 22 h in all of the reac-
tions with Negishi’s reagent might result from LiCl slowly pre-
cipitating; however, it could also be a result of the decomposi-
tion of the “Cp2Zr” species and the reversibility of the cycliza-
tion reaction to the starting materials.[19] Another point in
terms of decomposition of the zirconacyclopentadienes under
Negishi’s conditions could be the LiCl in the solution. Zircona-
cyclopentadiene 11 e, which performed worst with Negishi’s re-
agent, was tested for its stability. In a mixture of LiCl and pure
zirconacyclopentadiene 11 e in toluene, we observed indeed
that LiCl can induce decomposition. It appears again that the
stability of the alkyne complex in the reaction mixture is cru-
cial, because in the study with Negishi’s reagent, the zirconacy-
clopentadiene did not decompose in all cases. The choice of
solvent also clearly has an effect on the overall stability, which
can be seen from the reactions with Rosenthal’s reagent in
THF.

In addition, comparing both methods, the handling of the
Rosenthal’s reagent was much easier compared with Negishi’s
reagent; especially when exact stoichiometry is needed. On
the one hand, it was sufficient to prepare merely one stock so-
lution for several reactions without the need for lower temper-
atures for the formation of such zirconacyclopentadienes. The
in situ formation of Negishi’s reagent, on the other hand, re-
quires lower temperatures and therefore temperature controls
to prevent the reagent from decomposing.[16]

Additionally, air stability tests were conducted for all prod-
ucts and can be found as a part of the Supporting Information.

Structures in the solid state

The molecular structures of 11 d, 11 f, and 11 h–11 l are shown
in Figure 7 (and are also part of the Supporting Information)
and confirm the identity of the compounds. Single crystals
were obtained from a saturated toluene solution. Selected
bond lengths and angles of all structures can be found as a
part of the Supporting Information (Tables S6–8). In all com-
pounds, the Zr atom is incorporated into almost planar five-
membered central rings (e.g. , Zr(1)-C(1)-C(2)-C(7) is 8.3(2)8 for
11 d). In all cases where the zirconacyclopentadiene ring bears
aryl groups in the 2- and 5-positions, these groups are twisted
to the plane (e.g. , Zr(1)-C(1)-C(10)-C(11) is �23.0(3)8 for 11 d).

Figure 6. 1H NMR spectra (recorded at 300 K, 600 MHz in C6D6) of the reac-
tion monitoring of the stability test of zirconacyclopentadiene 11 e with
naphthalene as standard (1 equiv). a) Naphthalene, b) starting material 10 e.
Reaction monitoring after c) 10 min, d) 30 min, e) 1 h, f) 3 h, g) 22 h, and
h) isolated zirconacyclopentadiene 11 e.
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In the compounds 11 i–11 l, the aryl groups in the 3- and 4-po-
sitions of the zirconacyclopentadiene ring are almost com-
pletely twisted with respect to the plane (e.g. , C(1)-C(2)-C(20)-
C(21) is 83.36(2)8 for 11 l), whereas the annulated six- or five-
membered rings in that position show puckered confirmations.

Conclusions

In summary, it could be observed that the use of Rosenthal’s
reagent was much more efficient for the synthesis of zircona-
cyclopentadienes in most of the cases with respect to yield,
stability of the zirconacyclopentadiene, and reaction time

when compared with Negishi’s reagent. More particularly, our
study has shown the high importance of stabilizing ligands in
the reaction mixture. In addition to reliably producing high
yields, Rosenthal’s reagent is very functional group tolerant;
but in general, it was shown that halides also do not react
under Negishi’s conditions, when nBuLi is titrated and used in
exact amounts. However, the advantages of using Negishi’s re-
agent include using relatively cheap precursors, time-saving in
situ handling of the precursor reagents, and a highly reactive
species. But, overall, Rosenthal’s zirconocene is a thermally
stable reagent that can be prepared with great convenience.

Table 1. Summary of 1H NMR signals of the Cp rings in C6D6 and the highest conversion [%] for the zirconacyclopentadienes 11 a–l synthesized by using
the Rosenthal or Negishi reagents.

Entry Product 1H dCp Rosenthal Negishi
[ppm] Max. conversion [%][a] in

toluene
t
[min]

Remaining yield after
22 h [%]

Max. conversion
[%][a]

t
[min]

Remaining yield after
22 h [%]

1 11 a 6.00 >99 10 >99 85 10 0
2 11 b 6.37 97 10 97 56 180 0
3 11 c 6.05 98 10 96 15 30 0
4 11 d 5.84 91 (>99 % in THF) 10 88 (63 % in THF) 28 30 0
5 11 e 5.85 >99 10 >99 0 (41 % with BTMSA) –(60 min) 0
6 11 f 6.00 93 10 93 83 10 0
7 11 g 5.93 91 180[b] – 88 180[c] –
8 11 h 5.70 >99 (>99 % in THF) 10 >99 (83 % in THF) 98 10 98
9 11 i 6.09 97 10 90 94 10 67
10 11 j 5.94 96 10 96 88 10 65
11 11 k 6.01 >99 10 >99 97 10 70
12 11 l 6.35 95 10 83 80 30 26

[a] The conversion was calculated based on the consumption of the starting material. [b] Yield obtained after complete isolation of the product after 3 h.
[c] Yield obtained after complete isolation of the product after 3 h.
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Experimental Section

General methods and materials

All reactions were carried out by using standard Schlenk tech-
niques under a dry, inert nitrogen or argon atmosphere unless
noted otherwise. Some reactions were performed inside a nitro-
gen-filled glovebox from Inert, Innovative Technology, Inc.
(<0.1 ppm O2 and <0.1 ppm H2O).

All dry solvents were taken from the solvent purification system
(SPS), degassed by freeze–pump–thaw cycles and stored under a
nitrogen atmosphere unless noted otherwise. All chemicals were
commercially available and were used without further purification
unless noted otherwise. nBuLi was titrated by the Lin and Paquette
method[25] for exact concentrations.

Analytical instruments

1H NMR, 13C{1H} NMR, 11B{1H} NMR, 119Sn{1H} NMR, 19F NMR, and
29Si{1H} NMR spectra were recorded with a Bruker Avance Neo 500,
Bruker Avance Neo 600, or Bruker DPX-200 spectrometer at 300 K.
All 1H NMR and 13C{1H} NMR were referenced against the solvent
residual proton signals (1H), or the solvent itself (13C). The reference
for the 119Sn{1H} NMR spectra was calculated based on the 1H NMR
spectrum of TMS. 11B{1H} NMR and 19F NMR spectra were refer-
enced against BF3·Et2O in CDCl3. 29Si{1H} NMR spectra were refer-
enced against TMS in CDCl3. All chemical shifts (d) are given in
parts per million (ppm) and all coupling constants (J) in Hz. Elec-
tron impact (EI) ionization mass spectra were obtained with the
double focusing mass spectrometer MAT 95 + or MAT 8200 from
FINNIGAN mat. Samples were measured by direct inlet or indirect
inlet methods with a source temperature of 200 8C. The ionization

energy of the electron impact ionization was 70 eV. All signals
were reported with the quotient from mass to charge (m/z).

Crystallography

Intensity data of 11 d, 11 f, 11 h–11 l were collected with a Bruker
Venture D8 diffractometer at 100 K with MoKa (0.7107 �) radiation.
All structures were solved by intrinsic phasing and refined based
on F2 by use of the SHELX[26] program package as implemented in
OLex21.2.[27] All non-hydrogen atoms were refined by using aniso-
tropic displacement parameters. Hydrogen atoms attached to
carbon atoms were included in geometrically calculated positions
by using a riding model. Crystal and refinement data are collected
in Tables S3–5 in the Supporting Information.

A rotational disorder was resolved for the thiophene groups of
compound 11 f. The refinement led to a split atom model for each
group with refined occupancies of 76:24 and 53:47, respectively.
Compound 11 h comprises two crystallographically independent
conformers. The fluorine atoms of the two CF3 groups of com-
pound 11 i were disordered and were refined with split occupan-
cies of 71:29 and 57:43, respectively. The C�F distances were re-
strained to be equal. Compound 11 k crystallized with one mole-
cule of toluene per asymmetric unit. The toluene solvate molecule
was disordered over two positions with split occupancies of 65:35.
Compound 11 l crystallized with a half molecule in the asymmetric
unit. The Zr atom is located on the Wyckoff position 4e of space
group C2/c.

CCDC 1900225, 1900228, 1900226, 1915992, 1900380, 1900227
(11 d, 11 h, 11 i, 11 j, 11 k, 11 l, respectively) contain the supplemen-
tary crystallographic data for this paper. These data are provided
free of charge by The Cambridge Crystallographic Data Centre.

Figure 7. Molecular structures of 11 d, 11 f, 11 h–11 l showing 50 % probability ellipsoids and the crystallographic numbering scheme. Only the major parts of
the disordered molecule of 11 f are shown for clarity. For 11 h, only one independent molecule is shown. Only the major parts of the disordered molecule of
11 i are shown for clarity.
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General procedure for the synthesis of the zirconacyclopen-
tadienes (11 a–l)

An equimolar solution of Rosenthal’s reagent (9) and alkyne (10 a–
l) in toluene was stirred at 22 8C for 10 min. The solvent was re-
moved under inert conditions. After filtration over Celite, the final
product was afforded.

Bis(h5-cyclopentadienyl)-1,3-bis(trimethylstannyl)-4,5,6,7-tetra-
hydro-2H-benzo[c]zirconacyclopentadiene 11 a : 10 a (100 mg,
230 mmol), Rosenthal’s reagent (109 mg, 230 mmol), toluene (5 mL),
22 8C, yield: 141 mg, 94 %. 1H NMR (500 MHz, C6D6): d= 6.00 (s,
10 H, Cp), 2.22–2.15 (m, 4 H, c), 1.57–1.50 (m, 4 H, d), 0.20 ppm (d,
2JSn-H = 24 Hz, 18 H, e); 13C{1H} NMR (126 MHz, C6D6): d= 206.1 (a),
150.7 (b), 111.4 (Cp), 38.7 (c), 23.1(d), �6.7 ppm (e; 1JSn-C = 146 Hz);
119Sn{1H} NMR (187 MHz, CDCl3): d=�81.3 ppm; HR-MS (EI,
C24H36Sn2Zr): m/z calcd: 653.99153; found: 653.99188 (R = 10 000);
MS (EI, 70 eV, direct inlet, 200 8C): m/z (% relative intensity) = 654
(5) [M]+ C, 155 [M�C12H12]+ C, (100).

Bis(h5-cyclopentadienyl)-1,3-bis(4,4,5,5-tetrametyhl-1,3,2-dioxa-
borolan-2-yl)-4,5,6,7-tetrahydro-2H-benzo[c]zirconacyclopenta-
diene 11 b : 10 b (100 mg, 280 mmol), Rosenthal’s reagent (132 mg,
280 mmol), toluene (5 mL), 22 8C, yield: 151 mg, 93 %. 1H NMR
(500 MHz, C6D6): d= 6.37 (s, 10 H, Cp), 2.59–2.54 (m, 4 H, c), 1.65–
1.58 (m, 4 H, d), 1.10 ppm (s, 24 H, f) ; 13C{1H} NMR (126 MHz, C6D6):
d 147.0 (b), 111.7 (Cp), 81.5(e), 35.4 (c), 24.9 (f), 23.5 (d) ppm;[28]

11B NMR (160 MHz, C6D6): d= 30.9 ppm; HR-MS (EI, C30H42-
10/11B2O4

90Zr): m/z calcd: 577.23471; found: 577.23484 (R = 10 000);
MS (EI, 70 eV, direct inlet, 200 8C): m/z (% relative intensity) = 578
(13) [M]+ C, 83 (100).

Bis(h5-cyclopentadienyl)-1,3-bis(5-methoxythiophen-2-yl)-4,5,6,7-
tetrahydro-2H-benzo[c]zirconacyclopentadiene 11 c : 10 c
(150 mg, 454 mmol), Rosenthal’s reagent (213 mg, 454 mmol), tolu-
ene (6 mL), 22 8C, yield: 233 mg, 93 %. 1H NMR (500 MHz, C6D6): d=
6.07 (d, 3J = 3.8 Hz, 2 H, g), 6.05 (s, 10 H, Cp), 5.77 (d, 3J = 3.7 Hz, 2 H,
f), 3.44 (s, 6 H, i), 2.80–2.74 (m, 4 H, c), 1.63–1.57 ppm (m, 2 H, d);
13C{1H} NMR (126 MHz, C6D6): d= 177.9 (a), 165.7 (h), 141.3 (b),
136.8 (e), 119.9 (f), 112.1 (Cp), 104.1 (g), 59.7 (i), 30.7 (c), 24.4 ppm
(d); HR-MS (EI, C28H28O2S2

90Zr): m/z calcd: 550.05723; found:
550.05796 (R = 10 000); MS (EI, 70 eV, direct inlet, 200 8C): m/z (%
relative intensity) = 550 (74) [M]+ C, 220 (100) [Cp2Zr]+ C.

Bis(h5-cyclopentadienyl)-1,3-bis(5-bromothiophen-2-yl)-4,5,6,7-
tetrahydro-2H-benzo[c]zirconacyclopentadiene 11 d : 10 d
(150 mg, 352 mmol), Rosenthal’s reagent (166 mg, 352 mmol), tolu-
ene (6 mL), 22 8C, yield: 210 mg, 93 %. 1H NMR (600 MHz, C6D6): d=
6.82 (d, 3J = 3.8 Hz, 2 H, g), 5.84 (s, 10 H, Cp), 5.69 (d, 3J = 3.8 Hz, 1 H,
f), 2.49 (m, 4 H, c), 1.50–1.46 ppm (m, 4 H, d); 13C{1H} NMR
(126 MHz, C6D6): d= 177.0 (a), 151.8 (e), 143.0 (b), 130.2 (g), 121.8
(f), 112.3 (Cp), 109.4 (h), 30.1 (c), 23.8 ppm (d); HR-MS (EI,
C26H22

79Br2S2
90Zr): m/z calcd: 645.85712; found: 645.85714 (R =

10 000); MS (EI, 70 eV, direct inlet, 200 8C): m/z (% relative intensi-
ty) = 646 (38) [M]+ C, 301 (100).

Bis(h5-cyclopentadienyl)-1,3-bis(5-iodothiophen-2-yl)-4,5,6,7-tet-
rahydro-2H-benzo[c]zirconacyclopentadiene 11 e : 10 e (150 mg,
287 mmol), Rosenthal’s reagent (137 mg, 287 mmol), toluene (6 mL),
22 8C, yield: 194 mg, 91 %. 1H NMR (500 MHz, C6D6): d= 7.03 (d, 3J =
3.7 Hz, 2 H, g), 5.85 (s, 10 H, Cp), 5.66 (d, 3J = 3.7 Hz, 2 H, f), 2.52–
2.45 (m, 4 H, c), 1.50–1.45 ppm (m, 4 H, d); 13C{1H} NMR (126 MHz,
C6D6): d= 176.9 (a), 156.1 (e), 142.8 (b), 137.1 (g), 129.1 (f), 112.1
(Cp), 70.0 (h), 29.9 (c), 23.6 ppm (d); HR-MS (EI, C26H22I2S2

90Zr): m/z
calcd: 741.82939; found: 741.82934 (R = 10 000); MS (EI, 70 eV,
direct inlet, 200 8C): m/z (% relative intensity) = 742 (44) [M]+ C, 347
(100).

Bis(h5-cyclopentadienyl)-1,3-di(thiophen-2-yl)-4,5,6,7-tetrahydro-
2H-benzo[c]zirconacyclopentadiene 11 f : 10 f (150 mg, 555 mmol),
Rosenthal’s reagent (261 mg, 555 mmol), toluene (6 mL), 22 8C,
yield: 259 mg, 95 %. 1H NMR (500.1 MHz, C6D6): d= 6.96 (dd, 3J =
5.2 Hz, 4J = 1.0 Hz, 2 H, h), 6.90 (dd, 3J = 5.2, 3.5 Hz, 2 H, g), 6.21 (dd,
3J = 3.5 Hz, 4J = 1.0 Hz, 2 H, f), 6.00 (s, 10 H, Cp), 2.70–2.64 (m, 2 H, c),
1.57–1.54 ppm (m, 2 H, d); 13C{1H} NMR (126 MHz, C6D6): d= 177.9
(a), 150.3 (e), 142.4 (b), 127.3 (g), 123.0 (h), 121.4 (f), 112.2 (Cp), 30.1
(c), 24.0 ppm (d); HR-MS (EI, C26H24S2

90Zr): m/z calcd: 490.03610;
found: 490.03669 (R = 10 000); MS (EI, 70 eV, direct inlet, 200 8C):
m/z (% relative intensity) = 490 (19) [M]+ C, 220 (100) [Cp2Zr]+ C.

Bis(h5-cyclopentadienyl)-1,3-(diphenyl)-2,4,5,6,7,8-hexahydrocy-
clohepta[c]zirconacyclopentadiene 11 g : 10 g (150 mg, 551 mmol),
Rosenthal’s reagent (259 mg, 552 mmol), toluene (6 mL), 22 8C,
yield: 248 mg, 91 %, 92 % purity. 1H NMR (500 MHz, C6D6): d= 7.42–
7.23 (m, 4 H, g, g’), 7.09–6.95 (m, 6 H, h, h“, i), 5.93 (s, 10 H, Cp),
2.38–2.31 (m, 4 H, c), 1.61–1.50 ppm (m, 6 H, d, e); 13C{1H} NMR
(126 MHz, C6D6): d= 189.3 (a), 149.6 (b), 137.9 (f), 128.6 (g, g’),
126.3, 123.3 (h, h, I’), 112.2 (Cp), 31.6 (c), 31.1 ppm (d, e); HR-MS (EI,
C31H30

90Zr): m/z calcd: 492.13891; found: 492.13982 (R = 10 000);
MS (EI, 70 eV, direct inlet, 200 8C): m/z (% relative intensity) = 492
(8) [M]+ C, 220 (100) [Cp2Zr]+ C.

Bis(h5-cyclopentadienyl)-1,3-bis(4-bromophenyl)-2,4,5,6-tetrahy-
drocyclopenta[c]zirconacyclopentadiene 11 h : 10 h (150 mg,
373 mmol), Rosenthal’s reagent (176 mg, 373 mmol), toluene (6 mL),
22 8C, yield: 223 mg, 96 %. 1H NMR (600 MHz, C6D6): d= 7.49–7.44
(m, 4 H, g, g’), 6.80–6.74 (m, 4 H, f, f’), 5.70 (s, 10 H, Cp), 2.33 (t, 3J =
7.1 Hz, 4 H, c), 1.26 ppm (p, 3J = 7.1 Hz, 2 H, d) ; 13C{1H} NMR
(151 MHz, C6D6): d= 182.2 (a), 149.0 (b), 131.7 (g, g’), 128.0 (f, f’),
126.2 (e), 117.8 (h), 110.4 (Cp), 35.6 (c), 22.5 ppm (d); HR-MS (EI,
C29H24

79/80Br2
90Zr): m/z calcd: 621.92728; found: 621.92652 (R =

10 000); MS (EI, 70 eV, direct inlet, 200 8C): m/z (% relative intensi-
ty) = 620 (69) [M]+ C, 220 (100) [Cp2Zr]+ C.

Bis(h5-cyclopentadienyl)-3,4-bis(4-(trifluoromethyl)phenyl)-2,5-
bis(trimethylsilyl)zirconacyclopentadiene 11 i : 10 i (150 mg,
650 mmol), Rosenthal’s reagent (146 mg, 310 mmol), toluene (6 mL),
22 8C, yield: 206 mg, 94 %. 1H NMR (600 MHz, C6D6): d= 7.10 (d, 3J =
7.8 Hz, 4 H, e, e’), 6.48 (d, 3J = 7.98 Hz, 4 H, d, d’), 6.08 (s, 10 H, Cp),
�0.28 ppm (s, 18 H, SiMe3) ; 13C{1H} NMR (151 MHz, C6D6): d= 206.3
(a), 149.4 (c) 148.2 (b), 130.2 (d, d’), 127.5 (q, 2JC-F = 32.2 Hz, f),[29]

125.0 (q, 1JC-F = 271.7 Hz, g), 124.0 (q, 3JC-F = 3.8 Hz, e, e’), 111.7 (Cp),
2.70 ppm (SiMe3) ; 19F NMR (471 MHz, C6D6): d=�62.1 ppm; 29Si{1H}
NMR (99 MHz, C6D6): d=�14.9 ppm; MS (EI, 70 eV, direct inlet,
200 8C): compound shows no molecule ion.

Bis(h5-cyclopentadienyl)-1,3-bis(trimethylsilyl)-2H-phenan-
thro[9,10-c]zirconacyclopentadiene 11 j : 10 j (122 mg, 352 mmol),
Rosenthal’s reagent (166 mg, 352 mmol), toluene (3 mL), 22 8C,
yield: 192 mg, 96 %. 1H NMR (600 MHz, C6D6): d= 7.60 (dd, 3J =
7.6 Hz, 4J = 1.3 Hz, 2 H, e), 7.51 (dd, 3J = 7.6 Hz, 4J = 1.3 Hz, h), 7.14
(td, 3J = 7.6 Hz, 4J = 1.3 Hz, 2 H, f), 7.07 (td, 3J = 7.6 Hz, 4J = 1.3 Hz,
2 H, g), 5.94 (s, 10 H, Cp), 0.21 ppm (s, 18 H, SiMe3) ; 13C{1H} NMR
(151 MHz, C6D6): d= 208.9 (a), 137.5 (b), 136.2 (c or d), 133.7 (d or
c), 129.7 (h), 128.8 (f), 126.9 (g), 123.7 (e), 110.2 (Cp), 3.8 ppm
(SiMe3) ; HR-MS (EI, C32H36

28Si2
90Zr): m/z calcd: 566.13971; found:

566.13966 (R = 10 000); MS (EI, 70 eV, direct inlet, 200 8C): m/z (%
relative intensity) = 566 (5) [M]+ C, 220 (100) [Cp2Zr]+ .

Bis(h5-cyclopentadienyl)-2,3,4,5-tetraphenylzirconacyclopenta-
diene 11 k : 10 k (150 mg, 842 mmol), Rosenthal’s reagent (198 mg,
421 mmol), toluene (6 mL), 22 8C, yield: 231 mg, 95 %. 1H NMR
(500 MHz, C6D6): d= 7.06–7.01 (m, 4 H, i, i’), 7.00–6.93 (m, 4 H, d, d’),
6.86–6.82 (m, 4 H, e, e’), 6.82–6.79 (m, 2 H, j), 6.76–6.71 (m, 2 H, f),
6.71–6.66 (m, 4 H, h, h’), 6.01 ppm (s, 10 H, Cp); 13C{1H} NMR
(126 MHz, C6D6): d= 194.8 (a), 148.6 (g), 142.8 (b), 141.7 (c), 131.3 (i,
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i’), 128.3 (h, h’), 127.7 (d, d’), 127.2 (e, e’), 125.1 (f), 123.4 (j),
112.3 ppm (Cp); HR-MS (EI, C38H30

90Zr) ; m/z calcd: 576.13891;
found: 576.13987 (R = 10 000); MS (EI, 70 eV, direct inlet, 200 8C):
m/z (% relative intensity) = 576 (18) [M]+ C, 220 (100) [Cp2Zr]+ C.

Bis(h5-cyclopentadienyl)-3,4-di(naphthalen-1-yl)-2,5-bis(trime-
thylsilyl)zirconacyclopentadiene 11 l : 10 l (150 mg, 669 mmol),
Rosenthal’s reagent (158 mg, 335 mmol), toluene (6 mL), 22 8C,
yield: 202 mg, 90 %. 1H NMR (600 MHz, C6D6): d= 8.32 (dq, 3J =
8.4 Hz, 4J = 0.9 Hz, 2 H, k), 7.46 (ddd, 3J = 8.4 Hz, 3J = 6.8 Hz, 4J =
1.3 Hz, 2 H, j), 7.38 (ddt, 3J = 8.1 Hz, 4J = 1.2 Hz, 0.6 Hz, 2 H, h), 7.21
(ddd, 3J = 8.1 Hz, 3J = 6.8 Hz, 4J = 1.3 Hz, 2 H, i), 7.02 (d, 3J = 8.1 Hz,
2 H, f), 6.84 (dd, 3J = 7.0 Hz, 4J = 1.3 Hz, 2 H, d), 6.59 (dd, 3J = 8.2 Hz,
3J = 7.0 Hz, 2 H, e), 6.34 (s, 10 H, Cp), �0.39 ppm (m, 18 H, SiMe3) ;
13C{1H} NMR (151 MHz, C6D6): d= 207.7 (a), 150.0 (b), 142.6 (c),
133.4 (l), 132.8 (g), 128.0 (h), 126.8 (k), 126.0 (d), 125.8 (f), 124.8 (j),
124.6 (i), 124.0 (e), 111.1 (Cp), 2.1 ppm (SiMe3) ; 29Si{1H} NMR
(99 MHz, C6D6): d=�14.9 ppm; MS (EI, 70 eV, direct inlet, 200 8C):
compound shows no molecule ion.

Monitoring of reaction progress of the zirconacyclopenta-
dienes (11 a–l) by 1H NMR spectroscopy

Procedure for Negishi’s conditions: example 11 a

To a solution of Cp2ZrCl2 (67.7 mg, 231 mmol) in THF (2.0 mL) at
�78 8C, n-butyllithium (180 mL, 463 mmol; 2.59 m in hexanes) was
added dropwise over the course of 1 min. The reaction mixture
was stirred at �78 8C for 1 h and a solution of 10 a (100 mg,
231 mmol) in THF (1.0 mL) was added. The cooling bath was re-
moved, and the reaction’s time started to run. A sample (0.30 mL,
14 mmol) was taken after 10 min, 30 min, 1 h, 3 h, and 22 h and the
solvent was removed immediately under inert conditions. Naph-
thalene in C6D6 was added (0.2 mL, 0.06 m, 14 mmol) to the sample
and used as an internal standard. The reaction progress was ana-
lyzed by 1H NMR spectroscopic measurements of each sample.

Procedure for Rosenthal’s condition: example 11 a

In a GB, a solution of 9 (109 mg, 230 mmol) and 10 a (100 mg,
230 mmol) in toluene (5 mL) was stirred at 22 8C. A sample of the
reaction (0.3 mL, 14 mmol) was taken after 10 min, 30 min, 1 h, 3 h,
and 22 h and the solvent was removed immediately under inert
conditions. Naphthalene in C6D6 was added (0.2 mL, 0.06 m,
14 mmol) to the sample and used as an internal standard. The reac-
tion progress was analyzed by 1H NMR spectroscopic measure-
ments of each sample.

More detailed reaction monitoring conditions of both routes for
the zirconacyclopentadienes 11 b–l can be found in the Supporting
Information.
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 Reactivity of Stannoles 

3.2.3.1. Synthesis and Characterization of Stannoles with Nucleophilic Motifs in 

2- and 5-Position 

Two novel stannoles 48 and 49 bearing trimethylstannyl and pinacol boronate groups 

respectively, in the 2- and 5-position of the ring, were prepared to be used as nucleophilic 

species in cross-coupling reactions testing the reactivity of stannoles. Both were obtained 

by a transmetalation from the zirconacyclopentadienes M2-11a and M2-11b in a Fagan-

Nugent reaction with yields of 42% and 68% for 48 and 49 respectively (Scheme 19). The 

zirconacyclopentadienes M2-11a and M2-11b were formed in a cyclization reaction of 

dialkynes M2-10a and M2-10b with the active “Cp2Zr” species of the Rosenthal’s reagent.  

 

 

 
Scheme 19. Synthetic path of stannoles 48 and 49 from Fagan-Nugent reaction from 
zirconacyclopentadienes M2-11a and M2-11b respectively. 

The characterization by 119Sn NMR showed that the chemical shift of the tin in the cycle of 

48 was -35.28 ppm, and for 49 the shift was -34.67 ppm, which is similar to values in other 

stannoles.[62b, 78] The 119Sn shift of the trimethylstannyl group in 48 (δ Sn = -47.72 ppm ) 

was comparable to the ones of the silole 50 and germole 51 congeners. For 50 and 51 the 

two 119Sn shifts of the trimethylstannyl group are in the range from -40.8 to -50.1 ppm 

(Figure 27).[79] 

 

Figure 27. Silole 50 and germole 51 like the stannole 48 with their respective 119Sn chemical shifts.  

The crystal structure confirmed the formation of the stannoles. The endocyclic angle (C8-

Sn-C1) is similar with 85.07 °for 48 and 84.28 °for 49 suggesting that the arrangement of 
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the tin atom lays in a distorted tetrahedral environment comparable to other stannoles.[62b, 

78] As well the long bonds Sn-C1 (2.137 for 48 and 2.1361 Å for 49) and Sn-C8 (2.132 for 

48 and 2.133 Å for 49) within the stannole ring are large as it is expected for the big atom 

size of the tin, in comparison with the bond Si-C in siloles (1.887).[62a]  

The stannole 48 crystallizes in an orthorhombic system, space group P c a 21, Z’ =3. One 

of the molecules in the asymmetric unit is shown in Figure 28 with atom numbering scheme. 

The phenyl group attached to the stannole ring is disordered in two molecules within the 

asymmetric unit. Within a molecule, though all the three tin atoms are in tetrahedral 

coordination, the bond angle distributions are different in case of the Sn within stannole 

ring (85.19 °), compared to the terminal trimethylstannyl groups (116.2 °) (Table 10 in 

Chapter 5.5). The crystal structure is stabilized by various weak dispersive interactions 

(C−Hπ, C−HSn, H···H). (Table 11 and Table 12 in Chapter 5.5. and Figure 29).  

 

 

 

 

 

 

 

Figure 28. The asymmetric unit of 49 with 30% 
probability ellipsoids ; atom numbering scheme is 
shown. The H atoms have been omitted for clarity.  

 

Figure 29. The crystal packing of 49 is viewed 
perpendicular to a axis, the structure is stabilized by 
various C−H and HH interactions. (The green 

lines, parallel to c, are the 21 screw axis.) 

 

The stannole 49 crystallizes in a monoclinic system, space group P21/c, Z’ =1. The asymmetric unit 

is shown in Figure 30 with atom numbering scheme. One of the BO2(CH3)2 group attached to the 
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central stannole ring is disordered. The crystal structure was stabilized by various week dispersive 

interactions (C−HO, C−Hπ, H···H) (Figure 31 and Figure 32). 

 

 

 

Figure 30. The asymmetric unit of 49 with 30% 

probability ellipsoids; the major component of the 
disordered part is shown along with atom numbering 
scheme. The H atoms have been omitted for clarity.  

 

Figure 31. The two molecules of 49 related by 

inversion center (yellow dots) are stabilized by 
intermolecular C−H (BO2 unit) and HH 
dispersive interactions between phenyl and C6H8 
ring, viewed perpendicular to a axis. (The green 
lines, parallel to b, are the 2-fold axis.) 

 

 

Figure 32. The molecules of 49 are held together by various intermolecular weak C−H and C−HO interactions.   
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For 48 it was possible to calculate the HOMO and LUMO orbitals (Figure 33). As for other 

stannoles, the tin atom from the stannole group is involved in the LUMO and not involved 

in the HOMO, which explains the σ*-π* conjugation inside the ring. The calculations for 49 

were not done during the time of this thesis.2  

 

Figure 33. Isosurfaces representations and energy values of the (a) HOMO, (b) LUMO for 48 (Contour 
level = 0.03, blue positive, red negative.) HOMO, LUMO of 48; E(HOMO) = -0.21141 a.u.;                                           
E (LUMO) = -0.05385 a.u. E (LUMO-HOMO) = 0.1575 a.u., 4.29 eV. (gas phase optimized geometry, at 

b3lyp/LanL2DZ, GD3BJ dispersion).   

 

3.2.3.2. Cross-Coupling Reactions 

The aim was to analyse the reactivity of 48 and 49 in cross coupling reactions.  

For the stannole 49 Stille cross-coupling reactions with several electrophiles (commercial 

and previously synthesized) were tested (Scheme 20). The Table 4 summarizes the di-

electrophiles used and expected products.  

For any of the reactions an analysable product could be observed because of the challenging 

purification and the formation of different side by-products. 

 

Scheme 20. Stille cross-coupling reaction of stannole 48 with several electrophiles. 

 

 

2 The X-Ray crystal measurements and calculations were performed by Dr. Rumpa Pal from the group of 

Prof. Grabowsky in the University of Bremen.  
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Entry Electrophile 
 

Expected product 

1 

 

 
2 

 

3 

 
 

4 

 

 

5 

 
 

6 

 

 

Table 3. Electrophiles used in the Stille reaction with the stannole 48 and expected products.  

In the case of using the stannole 49 in Suzuki-Miyaura cross-coupling reactions, two 

reactions were tested using two different electrophiles (52 and 53) (Scheme 21). The 

products 54 and 58 were soluble in common solvents such as DCM and chloroform. 

However, it was not possible to obtain a clean 1H NMR spectrum, in which the signatory 

proton signals of the thiophene were distinguishable. For future work, the optimization of 

this reaction should be studied by controlling various conditions such as type of catalyst, 

solvent, amount of water, type of salt and temperature. As motivation for continuing this 

research, similar conditions reactions were observed in group 15 element containing 

heterocycles. Rivards, et al. for example, used tellurophene 59 and selenophene 60 (Figure 
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34) in a Suzuki-Miyaura reaction with 2,5-diiodo-3-hexylthiophene producing polymers with 

high yields.[80] 

 

Scheme 21. Suzuki-Miyaura cross-coupling reaction of stannole 49 with electrophiles 52 and 53.  

 

Figure 34. Similar tellurophene 59 and selenophene 60 to the stannole 49. 

Under Suzuki-Miyaura and Stille cross-coupling conditions, it was not successful to form the 

new C-C bond between the 2,5-dinucleophilestannoles 48 and 49 with different 

electrophiles (Scheme 20 and Scheme 21). One explanation for the difficulties in the 

reactivity could be the high steric hindrance by the cyclobutene in the 3- and 4-position and 

the phenyl groups at the tin from the ring.[66] In the literature, there are reports suggesting 

that the reactivity of stannoles is based on their substituents on the ring or directly on the 

tin atom.[66] In this case, it is important to compare stannoles with more intensively 

investigated metalloles for example siloles. For instance, the reactivity in the 2,5-trimetyltin 

substituted siloles is low, which can be an indication that stannole 48 shows similar 

properties (Scheme 20).[81] The Suzuki-Miyaura reaction of siloles with boronic acid as 

substituents and dibutyl chains in the silicon atom was reported to be successful.[81c] As it 

was not in the case of the stannole 49 the studies can be directed as for example in the 

use of a stronger base to improve the reaction.[82]  

As well it is important to remark that under certain conditions as for example in lithiations, 

stannoles as other metalloles 61, can suffer isomerization obtaining a mixture of isomers 

62 and 63 (Scheme 22).[83] Therefore it is possible that in the case of the cross-coupling 

reactions of the stannoles 48 and 49, isomers were formed which makes the identification 

of the products that challenging.  
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Scheme 22. Isomerization of metalloles as 61 under lithiation conditions, producing a mixture of isomers 
62 and 63.  

Cross-coupling reactions directly at the 2- and 5-position in siloles are possible. For example, 

the halogenated silole 66 was used as electrophile in a Negishi coupling with two acetylene 

derivates (67 and 68) to form the silole derivate 69 (Scheme 23).[84] The 2,5-halogenated 

silole 66 was formed from the initial cyclization of the silicon diyne derivate 64 with lithium 

naphthalenide, followed by the quenching with ZnCl to form dizincated silole 65 and a 

subsequent halogenation. Even that the conditions from Scheme 23 can be used for 

stannoles it is necessary to keep in mind that the reactivity of stannoles and siloles cannot 

be transferred completely because of the atom size difference between both atoms and the 

high stability of the Si-C (1.88 Å) bond in siloles.[62a, 83, 85] 

 

Scheme 23. Successful Negishi cross-coupling reactions of the dihalogenated siloles 66 to form siloles 
derivates as 69.[84] 

3.2.3.3. Polymers Containing Thienyl and Stannole Rings in Different Ratios 

Thiophene and its derivates belong to the most studied molecules in the field of 

semiconducting polymers. Recently, it has been found out that thiophenes as substituents 

in the 2- and 5-position of the stannoles can tailor the optoelectronic properties of the 

stannoles.[62b] In addition, the combination of stannole with thiophene form a push-pull 

system where the stannole acts as electron pull motif, due to the low energy LUMO, 

decreasing the band gap of the formed molecule. Polymers containing stannole and thienyl 
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rings in different ratios were synthesized under Stille or Suzuki-Miyaura conditions (Scheme 

13).  

 

Polymers Containing Thienyl and Stannole Moieties with a Ratio of 3 : 1  

Lindshöft et al. reported the first polymer 72 containing stannole and thiophene in a ratio 

of 3 : 1. The polymer was synthesized via a Stille reaction between the stannole 70, which 

is 2,5- disubstituted with thienyl motifs, and bis-trimethystannyl-thiophene (71). In this 

reaction it is remarkable that the tin from the stannole is unreactive under such conditions 

(Scheme 24).[86]  

 

 

Scheme 24. Synthesis route for the polymer 72 with ratio thienyl: stannole 3:1. 

The stannole 70 was synthesized as reported in literature: From an iodine selective 

Sonogashira cross-coupling reaction between M2-12 and P1-1 the diyne 73 was 

synthesized.[62b] The bromine substituents were transformed into iodide groups via bromo-

lithium exchange at -78 °C followed by iodination to prepare the starting material 74 in a 

yield of 92%. The stannole 70 was the product from the Fagan-Nugent reaction of the 

dyine 74, where the zirconacyclopentadiene 75 was formed as intermediary (Scheme 

25).[78] 
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Scheme 25. Synthetic path to obtain stannole 70. 

In order to optimize the synthesis of the polymer 72 with high molecular weight and low 

polydispersity the ratio of both starting materials 70 and 71 were varied.[87] The reason of 

this variation is to study the compensation of possible impurities that can influence the 

performance of the polymerization. The Carother’s equation (eq. 5) indicates for such type 

of polymerization that every change in the stoichiometric ratio between the monomers will 

represent a change in the molecular weight and Đ of the polymer.[49] 

For the experiments the ratio of the monomer 70 was varied from 1.00 to 1.15 equivalents 

remaining the monomer 71 constant in 1.00 equivalents. Two catalysts were screened as 

well: [Pd(tBu3P)2] and [Pd(PPh3)4]. 1H NMR measurements were done to identify the 

polymer in every sample. GPC measurements were used to calculate the molecular weight 

and polydispersity, using chloroform as solvent. In THF, another usual GPC solvent, the 

polymer got decomposed. Table 4 summarizes the obtained results of the experiments. It 

was observed that the best reaction conditions are using 1.05 eq. of 70 as electrophile and 

[Pd(PPh3)4] as catalyst. In this case the polymer formed has higher molecular weight 

(Mn = 3.94 kDa) lower polydispersity (1.72) and lower energy absorption compared to the 

other experiments. The NMR analysis shows that the formation of the polymer is satisfactory 

in the experiments 2-6 (Figure 35). 
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Entrance Ratio 

70 : 71 

catalyst        

5 mol% 

Mn(kDa) Đ λmax (nm) in 

DCM 

1 1.00 : 1.00 [Pd(t-Bu3P)2] 1.99 2.35 501 

2 1.05 : 1.00 [Pd(t-Bu3P)2] 3.26 1.80 509 

3 1.10 : 1.00 [Pd(t-Bu3P)2] 2.91 1.79 495 

4 1.15 : 1.00 [Pd(t-Bu3P)2] 3.29 1.69 501 

5 1.00 : 1.00 [Pd(PPh3)4] 3.31 1.70 516 

6 1.05 : 1.00 [Pd(PPh3)4] 3.94 1.72 533 

7 1.10 : 1.00 [Pd(PPh3)4] 3.70 1.64 514 

8 1.15 : 1.00 [Pd(PPh3)4] 2.82 1.59 511 

Table 4. Results from the ratio screening between the monomers 70 and 71, using two catalysts.  

 

Figure 35. 1H NMR spectra comparison of the experiment of polymerization to form 72 with different 
catalyst and ratio between starting materials 70 and 71. 
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In the original publication the Stille polymerization of the monomers 70 and 71 in a ratio 

1:1 was heated under normal conditions (Scheme 24); a new experiment, heating by 

microwave conditions was performed confirming the selectivity in the formation of the 

desirable polymer.  

With microwave irradiation, the time of the reaction decreased from 16 h to 4 h giving 

polymers with similar Đ (2.35) and smaller in size (Mn of 3.82 kDa, Mw of 9.0 kDa) than the 

reported by Linsoeft et al. (Mn of 6.8 kDa and Đ of 2.5).[78] With this result it is confirmed 

that the use of microwave irradiation decreases the reaction time and forms the desired 

product with high selectivity. However this result together with the ones from the entry 5 

of the Table 4 does not show a reproducibility regarding the reported results showing that 

the reaction is very fickle and the optimization is challenging. 

As the ratio and the choice of catalyst seems to have an important impact on the results, 

further investigation bears a lot of potential in optimizing the reaction, obtaining higher 

molecular weights and lower polydispersity compared the original publication. With the help 

of the microwave this can be proceeded in a less time-consuming way.  

 

Polymers with Thienyl and Stannole Moieties with a Ratio of 2 : 1 

The synthetic route proposed to form the polymer 77 with a ratio thienyl : stannole 2 : 1 

was based on a Stille cross-coupling reaction between the stannoles 70 and 76 (Scheme 

26). The stannole 76 was prepared by the exchange of the iodo motif from the monomer 

70 by trimethylstannyl functional groups in a yield of 66%.[86, 88] 

 

 

Scheme 26. Reaction conditions to obtain polymer with ratio thienyl to stannole 2:1 77. 
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The reaction for the formation of 77 was followed by thin layer chromatography (TLC) and 

1H NMR spectroscopy. After 5 h of heating at 100 °C no starting material was observed. 

The crude product was washed with methanol by Soxhlet extraction over two days. After 

changing the solvent to chloroform and removing the volatiles, red solid material of 

compound 77 was obtained. The molecular weight of the product of 77 was calculated by 

GPC using conventional calibration and had a Mn of 1.30 kDa and a Đ of 1.41, suggesting 

two repeating units. The 1H NMR spectrum confirmed the formation of broad signals with 

chemical shifts like in the polymer 72, where two thiophenes have hexyl chain in the 3-

position (Figure 36). The broad peak in the thiophene area at 6.84 ppm lays in between the 

peaks of the starting material 70 (6.60 ppm) and 76 (6.93 ppm) confirming the presence 

of a new proton in the thiophene region in 77.  

 

Figure 36. Comparison of 1H NMR spectra of the starting materials 70 and 76 with the dimer 77. In the 
orange box the tracing of the proton from the thienyl ring of the starting material 76 and the green box 
the proton from the starting material 70 can be observed. 

The UV-vis spectrum shows that the dimer 77 has a slight hypsochromic effect 

(λmax = 436 nm) compared to the starting materials (λmax 70 = 440 nm and 

λmax 76 = 439 nm). The shape of the spectrum is broad, as it is expected for conjugated 

materials (Figure 37).  
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Figure 37. UV-Vis spectrum from the dimer 77 and starting materials 70 and 76. 

 

Polystannole  

The retrosynthetic path to form the polymer 79 which only contains stannole units was 

designed via a cross-coupling reaction (Scheme 27) where the stannoles 48 and 49 served 

as nucleophile and the proposed stannole 78 with iodo moiety as electrophile. 

 

Scheme 27. Proposed retrosynthetic path for the synthesis of polystannole 79.  

For the synthesis of the stannole 78 two routes were proposed (Scheme 28). Route A was 

planned with the synthesis of the 1,7-diiodooctadiyne (80), followed by a cyclization to form 

the zirconacyclopentadiene 81 using the Rosenthal’s reagent (M2-9). Finally, with a 

transmetalation the stannole 78 should be formed, whereas for the route B a halogen - tin 

exchange from the zirconacyclopentadiene M2-10a was planned to obtain the 

zirconacyclopentadiene 81. The reaction should continue similar to route A. 
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Scheme 28. Synthetic routes proposed to obtain the dihalogenated stannole 78. 

While the precursor 80 was successful synthesized via a silver nitrate catalysed 

halogenation of 1,7-octadiyne (M2-12) with a yield of 57%,[89] the following reaction to 

produce the intermediate 81 was not. The route B was as well unsuccessful. For the 

synthetic routes A and B the ring of the zirconacyclopentadiene 81 opened forming the 

iodinated by-products 82 and 83 respectively (Figure 38). The by-products and 

decomposition of the zirconium reagent were identified by the analysis of the 1H NMR 

spectrum (Figure 39 and Figure 40). The ring-opening was observed in literature when 

zirconacyclopentadienes reacted with iodine.[90]  

 

 

Figure 38. (1Z,2Z)-1,2-bis(iodomethylene)cyclohexane (82) and (1Z,2Z)-1,2 
bis(iodo(trimethylstannyl)methylene)cyclohexane (83) formed as by-product in the attempt to produce 
the zirconacyclopentadiene 81. 
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Figure 39. Comparation between the 1H NMR spectrum from the starting material 82 and the by-product 
82 formed in the route A in the attempt to form the zirconacyclopentadiene 81. The boxes highlight the 
protons from the product. 

 

Figure 40. Comparation between the 1H NMR spectrum from the starting material M2-10a and the by-
product 83 formed in the route B in the attempt to form the zirconacyclopentadiene 81. The boxes highlight 
the protons from the product. 
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3.2.3.4 Outlook  

The optimization in the formation of the dihalogenated stannole 78 opens the possibility to 

obtain pure 2,5-distannole (Scheme 27). One solution for its formation could be starting 

with the disilinated stannole like 84, proceeding with a further iodination in presence of a 

silver salt. The result of this reaction could be the desirable dihalogenated stannole 85 

(Scheme 29), as it was observed previously in siloles.[91] In such case it would be beneficial 

if the R group, especially the substituents of the tin, are small (e.g. methyl or butyl chains) 

facilitating the reaction.  

 

Scheme 29. Proposed synthetic route from the iododesilylation of 84 with iodine and a silver salt to obtain 
the desirable dihalogenated stannole 85. Adapted from the literature, where diiodo siloles similar to 48 
reacted satisfactory in cross-coupling reactions.[91] 

Isabel-M. Ramirez and Dr. Nadi Eleya obtained a polymer containing stannole 87. They 

were successful in the Stille cross-coupling polymerization between the stannole 70 and the 

fluorene with trimethylstannyl motif 86 (Scheme 30). The polymer could be analyzed by 1H 

NMR because any remaining signal from the starting materials was observed. Nevertheless, 

further characterizations are necessary to confirm the structure and properties of the 

polymer. In such coupling the tin from the stannole stays intact as it was observed before 

by Linshöft et al.[78] This results together with the results obtained from the polymer 77 

with the ratio thienyl to stannole of 2:1, shows two ways to synthesize polymers containing 

stannoles. In both cases it was convenient that the stannoles hold substituents in the 2- 

and 5-position as thiophene with reactive groups, such as iodo in 70 and trimethylstannyl 

group in 76.  

 

Scheme 30. Synthesis of the polymer containing stannole and fluorene 87 developed by Isabel M. Ramírez 
and Dr. Nadi Eleya. Personal communication approved by the respective authors.  
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In future work aimed at including stannoles in polymers, the bi-functional monomer 

concept, where the same starting material has an electrophile and nucleophile group, can 

be used as shown in chapter 3.1.. In that case the monomer 90 with pinacol boronate and 

bromide moieties should be synthesized using as starting materials compounds synthesized 

in this thesis 44, 45 and M2-12 (Scheme 31). From this monomer, under Suzuki-Miyaura 

conditions a polymer 91 may be obtained.  

 

 

Scheme 31. Synthesis pathway proposed for polymer containing stannole and thiophene rings 88. 
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4. Conclusions 

The main aim of this thesis was the synthesis of organic and organometallic monomers for 

the synthesis of semiconducting polymers. The organic monomers were based on the 

concept of push-pull systems where thiophene constituted the electron rich units whereas 

thienyl, pyridine or phenyl units were the electron deficient moieties. Other system in which 

a pyrrole unit constituted the electron rich unit was investigated.  

As well the possibility of including stannole unit into organometallic monomers and 

furthermore into polymers was studied. Furthermore, the reaction conditions to form 

zirconacyclopentadienes, synthons of stannoles were explored. 

 

Organic Semiconductors Based on the Push-Pull Principle 

Three of the organic monomers were synthesized using a dually selective reaction. The 

trimethylstannyl group from a dinucleophile containing 3-hexythiophene and pinacol 

boranate (M1-7) reacted highly selectively in a Stille reaction, under microwave heating, 

with the iodo from a dielectrophile containing thienyl, pyridine or phenyl motif (green 

dashed line in Scheme 32). The formed monomers contain pinacol boronate and bromide 

moieties, which allow a further Suzuki-Miyaura cross-coupling reaction to form polymers or 

oligomers (Scheme 32).  

 

Scheme 32. Synthetic route to produce monomers M1-5, M1-6 and 46 based on the push-pull principle. 
Furthermore, Oligomers M1-O1, M1-O2 and P3HT (47) where formed through a polycondensation.  

In the case of the monomers thienyl-phenyl (M1-5) and thienyl-pyridine (M1-6) kinetic 

studies of the polymerization showed a living growth behaviour in the first hours of reaction. 
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However, the oligomers obtained have low molecular weight which is not expected in such 

kind of growth mechanism. Therefore, changes in the conditions of the kinetic studies and 

furthermore of the polymerization reaction could confirm the living growth character for the 

polymerization of the monomers M1-5 and M1-6. In that way polymers with higher 

molecular weight and lower polydispersity should be produced. Changes in the conditions 

for the polycondensation of the monomer 46, as well can be applied to produce P3HT.  

The electroluminescence of the oligomers M1-O1 and M1-O2 was successfully 

demonstrated by the implementation into OLED devices. Nevertheless, the devices have 

potential to further optimizations. 

The monomer P1-7, where the pyrrole unit constituted the electron rich unit and the 

thiophene the electron deficient unit, contains a magnesium and a bromo group. It was 

synthesized by a chemoselective iodo-magnesium exchange from the dielectrophile 

precursor P1-4 (green dashed lines in Scheme 33). The formation of the copolymer 

(thiophene-alt-pyrrole) P1-PTP was successfully prepared by a palladium catalysed 

Kumada polycondensation from the monomer P1-7. The polymerization proceeded via a 

step-growth mechanism (Scheme 33). 

 

 

Scheme 33. Synthetic route used for the synthesis of the monomer P1-7 based on a push-pull principle 

and its polymerization under Kumada conditions. 

 

Stannoles as an interesting concept  

This thesis gave an important input in the concept of stannoles as organometallic motif in 

semiconducting polymers. With the concept article directed to stannoles, their synthesis, 

structural and optoelectronic properties, it was possible to provide a general overview of 

this class of compounds. 
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Synthesis of Zirconacyclopentadienes using Rosenthal’s reagent  

In the study of zirconacyclopentadienes, synthons of the stannoles, the selection of the 

“Cp2Zr” source was very important for the zirconium cyclization of acetylenes. In this thesis 

12 starting materials (M2-10 a-l) including diacetylenes and acetylenes were tried under 

two reaction conditions using Rosenthal’s and Negishi’s reagents (Scheme 34). The Negishi’s 

reagent is broadly studied and used frequently in literature; however, the facile 

manipulation of the Rosenthal’s reagent makes it more adequate for the formation of this 

synthons, despite the type of starting material.  

 

Scheme 34. General synthetic path to form the zirconacyclopentadienes M2-11a-11l using two different 
sources of “Cp2Zr” and twelve types of alkynes M2-10a-10l. 

 

Reactivity of Stannoles  

Two new stannoles 48 and 49 were synthesized and completely characterized (Figure 41). 

With trimethylstannyl and pinacol boronate groups cross-coupling reactions on the 2- and 

5-positions of a stannole ring were attempted. 

 

 

Figure 41. Two new stannoles 48 and 49 synthesized during the PhD studies.  

However, the formation of a C-C bond on the 2- and 5-position from the stannole ring is 

very difficult to obtain. In such case the cross-coupling reactions used in the synthesis of 

monomers, dimers or polymers containing stannoles and thienyl rings will need further 

optimizations. Reaction conditions as type and amount of catalyst, solvent, temperature, 
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type of heating can be tested for this purpose. If the new molecules are synthesized 

adequately the study of the optoelectronic properties in stannoles can be continued. 

Another solution can be the use of other reagent groups as for example halogens in the  2- 

and 5-position of the stannole ring.  

 

The optimization of the synthesis conditions of the stannole containing polymer 72 was 

attempted by changing the ratio between the monomers and using two types of heating. 

By differing the ratio between the monomers 70 : 71 from 1.00 : 1.00 as it was reported 

in literature to 1.05 : 1.00 the molecular weight improved from 3.31 to 3.91 kDa. 

Irrespective of both types of heating the λmax (nm) in DCM was 533 nm (Eg = 1.91 eV) 

(Scheme 35), indicating that the polymer remained with a low Eg (Lit. 

λmax (CHCl3) = 536 nm, Eg = 1.89 eV).
[78]  A big advantage from the microwave heating 

conditions is the reduction of time from 16 to 4 h, which makes further studies less time 

consuming. However, the molecular weight and Đ from 72 under both heating types 

(3.94 kDa and 3.82 kDa for conventional and microwave respectively) were lower compared 

to the published results (Mn = 6.8 kDa and Đ of 2.5).This concludes that the reaction is very 

fickle and the optimization to obtain higher molecular weight is not easy. 

 

 

Scheme 35. Synthetic route used to obtain polymer 72 under two types of heating different results on 
the molecular weight and Đ were observed.  

The polymer 77 with a ratio thienyl to stannole of 2:1 was synthesized under Suzuki 

conditions (Scheme 36). Comparing the maximum UV-Vis absorption of 77 (λmax = 436 nm) 

with the one from polymer 72 the effect of one additional thienyl ring in the optoelectronic 

properties is observable by a lower Eg. 

Further optimization of the reaction conditions for the synthesis and characterization of 77 

is needed to confirm such result.  
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Scheme 36. Synthetic route used to obtain polymer with ratio thienyl to stannole 2:1 77. 

Furthermore, exploring the conditions for cross-coupling reactions of the stannoles 48 and 

49 could open the possibility to be used in polymerizations to obtain polymers containing 

thienyl and stannole in a ratio 1 : 1 , with other type of substituents on the rings or using 

another type of aromatic ring. 
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Synthesis 

2-Iodo-3-n-hexylthiophene (43) 

 

This procedure was adapted from the literature.[77] 

NIS (3.41 g, 15.1 mmol) was added in one portion to a solution of 3-n-hexylthiophene 

(2.50 g, 14.8 mmol) in glacial acetic acid (25 mL) and chloroform (25 mL) at 17 °C. The 

solution was stirred for 16 h at 20 °C in absence of light. The reaction was quenched with 

a saturated solution of Na2S2O3 (40 mL). The mixture was extracted with DCM (2 x 50 mL) 

and brine (2 x 50 mL). The combined organic layers were dried over MgSO4, filtered and the 

solvent was removed in vacuo. The product was purified by Kugelrohr distillation (80 °C, 

1.3 x 10-1 mbar) to afford an orange oil in a yield of 3.27 g (74 %, 11.2 mmol).  

1H NMR (500 MHz, CDCl3): δ = 7.38(d, 3J = 5.6Hz, 1H, d), 6.75 (1H, d, 3J = 5.6Hz, c), 

2.60 – 2.4 (m, 2H, e), 1.65 – 1.48 (m, 2H, f), 1.41 – 1.29 (m, 6H, h/i/j), 0.90 (d, 

3J = 6.9 Hz, 3H, j) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ = 147.9 (b), 130.7 (d), 128.36 (c), 74.3 (a), 32.0 (e), 

29.3 (f), 32.52, 30.4, 23.0 (g/h/i), 14.5 (j) ppm. 

IR (ATR): ṽ = 2953 (m), 2923 (s), 2854 (s), 1456 (m), 1397 (m), 963 (m), 828 (s), 713 

(s), 684 (s), 634 (s) cm-1. 

HR-MS (ESI, C10H15NaIS): calcd. 293.99337, found 293.92289. 

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 294 (19) [M]+, 222.9 (43) 

[M-C5H11], 97.0 (100) [M-C5H11I]+.  
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2-(4-Hexyl-5-iodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (44) 

 

This procedure was adapted from the literature.[59] 

In a Schlenk flask, a solution of DIPA (1.06 g, 10.4 mmol) in THF (20 mL) was cooled to -

78 °C and n-BuLi (4.1 mL, 2.5 M in hexanes, 10.2 mmol) was added dropwise over 20 min. 

The mixture was warmed to 0 °C over the course of 30 min, cooled to -78°C and stirred for 

5 min. A solution of 2-Iodo-3-hexylthiophene (42) (2.99 g, 10.2 mmol) in THF (20 mL) was 

added with a syringe pump over the course of 20 min (rate = 0.5mL / min) and the mixture 

was stirred for 1 h at this temperature. A solution of iPrOBPin (1.91 g, 10.3 mmol) in THF 

(5 mL) was added with a syringe pump (rate = 1 mL / min) to the orange-green suspension. 

The reaction mixture was allowed to reach 20 °C and was stirred for further 16 h. 

Afterwards the reaction was quenched with methanol (100 mL) and all volatiles were 

removed in vacuo. The residue was diluted with DCM (50 mL) and washed with water (2 x 

100 mL), brine (2 x 100 mL) and dried over MgSO4. After filtration, the volatiles were 

removed in vacuo and the mixture was purified by flash chromatography (n-hexane: EtOAc, 

6:4 Rf = 0.20) to afford an orange oil in a yield of 2.76 g (65%, 6.57 mmol).  

1H NMR (500 MHz, CDCl3): δ = 7.24(s, 1H, c), 2.53 (dd, 3J = 12.5, 4.6 Hz, 2H, e), 1.67 – 

1.48 (m, 2H, f), 1.38 – 1.27 (m, 18H, g/h/i/l), 0.90 (m, 3H, j) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ = 148.73 (b), 137.61 (c), 84.36 (d), 82.95 (a) ,31.78 

(e), 30.15 (f), 32.06, 29.07, 22.72 (g/h/i), 24.87 (l), 14.23 (j) ppm. 3 

11B{1H} NMR (160 MHz, CDCl3): δ = 28.4 ppm. 

IR (ATR): ṽ = 2976.9 (w), 2925.3 (w), 1540.3 (m), 1428.0 (s), 1370.5 (m), 1326.8 (s), 

1294.0 (s), 1267.2 (m), 1138.7 (s), 1024.9 (m), 956.1 (w), 851.1 (s), 662.3 (s) cm-1. 

HR-MS (EI, C16H26
11BO2S): calcd. 419.08221, found 419.08159 (R=10000). 

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 420.1 (23) [M]+, 349.0 

(19) [M-C5H11], 223.0 (100) [M-C5H11I]+.  

 

 

3 Carbon d was not possible to identify because the quadrupole moment from the adjacent boron atom. 
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4- Bromo-5-iodo-3-n-hexylthiophene (45) 

 

 

This procedure was based on the synthesis of 2-Bromo-5-iodo-3-n-hexylthiophene.[92] 

 

2-bromo-4-hexylthiophene (M1-10) (1.25 g, 5.07 mmol) was dissolved in a mixture of 

chloroform (16 ml) and acetic acid (16 mL). NIS (1.20 g, 5.32 mmol) was added to the 

solution at 0 °C over a period of 3 min. 

The solution was stirred for 16 h at 20 °C in absence of light. The reaction was quenched 

with a saturated solution of Na2S2O3 (50 mL). The mixture was extracted with DCM 

(2 x 50 mL) and brine (2 x 50 mL) and the combined organic layers were dried over MgSO4. 

After filtration, the solvent was removed in vacuo. The product was purified by Kugelrohr 

distillation (110 °C, 9.0 x 10-2 mbar) to afford a yellow-pink oil in a yield of 1.81 g (96%, 

4.87 mmol). 

1H NMR (600 MHz, CDCl3): δ = 6.72 (s, 1H, c), 2.49 (m, 2H, e), 1.53 (m, 2H, f), 1.32 

(6H,m,g/h/i), 0.89 (m, 3H, j) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ = 148.2(b), 130.8 (c), 111.7 (d), 72.95 (a), 32.3 (e), 

31.6, 28.8, 22.5 (g/h/i), 29.8 (f), 14.0 (j) ppm. 

IR (ATR): ṽ = 2953(m), 2923 (s), 2854 (s), 1531 (m), 1456 (m), 1407 (m), 1377 (w), 1188 

(w), 987 (m) 962 (m), 918 (w),824 (s), 723 (m), 699 (w), 650 (w), 575 (w) cm-1. 

HR-MS (ESI, C10H14BrIS): calcd.  371.9044, found 371.9051. 

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 374 (36) [M+2H]+, 

177.9 (100) [M-Br]+. 
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2-(5'-Bromo-3',4-dihexyl-[2,2'-bithiophen]-5-yl)-4,4,5-trimethyl-1,3,2-

dioxaborolane (46) 

 

 

A solution of 44 (245 mg, 657 µmol), P1-13 (310 mg, 677 µmol), [Pd(PPh3)4] (55 mg, 

58.6 µmol, 9 mol%) in DMF (4 mL) was heated to 120°C in a microwave apparatus for 15 h. 

After allowing the mixture to cool to ambient temperature (aprox. 20 °C), water (5 mL) was 

added and the mixture was extracted with DCM (3 x 10 mL). The organic phase was washed 

with brine (3 x 5 mL) before drying the organic phase over MgSO4. After filtration, the 

volatiles were removed in vacuo. The mixture was purified by flash chromatography (n-

hexane: EtOAc; 70:30; Rf: 0.20) to afford an orange oil in a yield of 270 mg (76%, 

503 µmol). 

1H NMR (500.1 MHz, CDCl3): δ = 6.96 (s, 1H, l), 6.87 (s, 1H, b), 2.86 – 2.82 (m, 2H, e), 

2.73 – 2.69 (m, 2H, o), 1.64 – 1.56 (m, 4H, f/p), 1.35 – 1.24 (m, 24H,g/h/i/q/r/s/v), 

0.93 – 0.85 (m, 6H, j/t) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ = 154.97 (m), 140.41 (k), 140.30 (c), 132.62 (b), 

132.53 (d), 129.41 (l), 127.38 (n), 110.47 (a), 83.65 (u), 31.43 (e), 29.03 (o), 31.58, 30.22 

(f/p), 31.63, 31.43, 30.33, 29.13, 28.92, 24.76, 22.64, 22.59 (g/h/i/q/r/s/v), 22.64, 13.93 

(j/t) ppm. 

11B{1H} NMR (160 MHz, CDCl3): δ =28.64 ppm. 

IR (ATR): ṽ = 2955(m), 2925(m), 2856(m), 1526(w), 1459(s), 1426(m), 1371 (m), 1337(s), 

1305 (m), 1270(m), 1141 (s), 1045 (m), 959 (w), 854 (s), 830(m), 668(w), 647(m), 578 

(w), 517 (w) cm-1. 

HR-MS (ESI, C26H40NaBBrO2S2): calcd. 561.1643, found 563.1640. 

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 540.4 (6) [M+2H] +, 414.2 

(100) [M + 2H -C6H12BO2] +. 
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Poly[4-hexyl-2,2'-bithiophene] (47) 

 

 

In a Schlenk flask, 45 (54 mg, 100 µmol) was dissolved in THF (2 mL). A suspension of 

[Pd(t-Bu3P)2] (1 mg, 2 µmol, 2 mmol%), CsF (20 mg, 130 µmol) in degassed water 

(0.5 mL) and THF (1.5 mL) were added. The mixture was heated at 40 °C for 24 h under a 

nitrogen atmosphere. The crude mixture was quenched with a solution of HCl in methanol 

(1 M, 1 mL) to afford a sticky yellow oil. Water was added (5 mL) and the mixture was 

extracted with DCM (3 x 10 mL). The organic phase was washed with brine (3 x 5 mL) 

before being dried over MgSO4. After filtration, the volatiles were removed in vacuo. The 

crude product was purified by Soxhlet extraction. First, MeOH (200 mL) was used as solvent 

and the system was heated at 100 °C for 8 h. After oligomers and small molecules were 

removed, the solvent was changed to chloroform and the system was heated at 80 °C for 

4 h. The volatiles were removed in vacuo to afford a sticky strong-orange oil in a yield of 

15 mg (45%). 

1H NMR (600 MHz, CDCl3): δ = 6.97 (d,3J = 10.1 Hz, 1H,b), 2.87-2.72 (m, 2H, e), 1.94 – 

1.75 – 1.67 (m, 2H, f), 1.45 – 1.20 (m, 6H, g/h/i), 0.95 – 0.80 (m, 3H, j) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ = 140.5 (c), 133.7, 130.6 (a/d), 128.8 (b), 31.8, 29.4, 

22.8 (g/h/i), 30.7 (f), 29.6 (e), 14.3 (j) ppm.  

IR (ATR): ṽ = 2920 (s), 2848 (s), 1456 (m), 1269 (w), 1089 (m), 831 (m), 715 (w), 687 

(w) cm-1. 

λmax (DCM) = 427 nm. 

MALDI (Terthiophene)= m/z: 5039.2. 

Mn (GPC, conventional method) = 4.56 kDa.  

Đ = 2.49 

DP ( based on GPC measurements) = 13 

DP (based on MALDI measurements) = 15 

Proposed structure with end groups based on MALDI analysis = 
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Figure 42. GPC measurement result of 46 using THF as eluent in a concentration of 1 mg/mL, at a flow rate of 
1 mL/min. Calibrated against polystyrene standards using a conventional calibration method. Signals from the 
refraction index (RI) and UV-Vis detectors are shown.  

 

Figure 43. Absorption spectrum from a solution in chloroform of the monomer 45 (3.2 mM) and P3HT 46 
(4.8 mM).  

Kinetic Studies for P3HT 47 

In a Schlenk tube, a solution of 46 (134 mg, 248 µmol) and 1,3,5-trimetoxy benzene (42 

mg, 250 µmol, used as internal standard) in THF (1 mL) was prepared and heated for 2 min 

at 40 °C. Immediately, after a suspension of [Pd(t-Bu3P)2] (6 mg, 12 µmol, 5% mol), CsF 

(50 mg, 329 µmol), water (0.6 mL) and THF (stabilizer free, 3.4 mL) was added, a first 

sample (0.18 mL) was taken out of from the reaction mixture (t0). After 10 min, 30 min, 

1 h, 2 h, 4 h, 6 h, 24 h and 96 h reaction time, a sample was taken out of the reaction 

mixture. 
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Every sample was quenched with a solution of HCl in MeOH ( 2,0 mL, 2 mmol, 1 M), then 

water (1 mL) was added and the mixture was extracted with DCM (2 x 3 mL). The organic 

phase was dried over MgSO4 and filtered over a “mini column”. The solution was split in 

two flasks and the solvents were removed in vacuo. Half of the sample was dissolved in 

THF for GPC analysis and the second one in CDCl3 for 1H NMR analysis.  

  

  

  

Experimental Section 195



 

  

 

Figure 44. UV-Vis spectrum/ elugram 2D plots from the GPC measurements of the kinetic study of 
polymerization of 46. The intensity (Z) of the yellow color is related to the concentration of internal 
standard, monomer and polymer in each sample. 
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NMR Spectra  

2-Iodo-3-hexylthiophene (43) 

 

Figure 45. 1H NMR (600 MHz) spectrum of 43 in CDCl3. 

 

Figure 46. 13C{1H} NMR (126 MHz) spectrum of 43 in CDCl3. 
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2-(4-Hexyl-5-iodothiophen-2-yl)-4,4,5,5-tetramethyl-1,3,2-dioxaborolane (44) 

 

Figure 47. 1H NMR (600 MHz) spectrum of 44 in CDCl3. 

 

Figure 48. 13C{1H} NMR (126 MHz) spectrum of 44 in CDCl3. 
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4- Bromo-5-iodo-3-hexylthiophene (45) 

 

Figure 49. 1H NMR (600 MHz) spectrum of 45 in CDCl3. 

 

Figure 50. 13C{1H} NMR (126 MHz) spectrum of 45 in CDCl3. 
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2-(5'-Bromo-3',4-dihexyl-[2,2'-bithiophen]-5-yl)-4,4,5-trimethyl-1,3,2-

dioxaborolane (46) 

 

Figure 51. 1H NMR (600 MHz) spectrum of 46 in CDCl3. 

 

Figure 52. 13C{1H} NMR (126 MHz) spectrum of 46 in CDCl3. 
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Figure 53. 11B{1H} NMR (160 MHz) spectrum of 46 in CDCl3. 
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Poly(4-Hexyl-2,2'-bithiophene) (47) 

 

Figure 54. 1H NMR (600 MHz) spectrum of 47 in CDCl3. 

 

Figure 55. 13C{1H} NMR (126 MHz) spectrum of 47 in CDCl3.  
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1 General Considerations 

1.1 Abbreviations 

br   broad 

BTMSA  bis(trimethylsilyl)acetylene 

calcd.   calculated 

Cp   cyclopentadienyl 

d   doublet (NMR) 

EI   electron impact 

GB   glove box 

IR   infrared spectroscopy 

m   multiplet (NMR) 

m   medium (IR) 

NMR   nuclear magnetic resonance 

Pin    pinacol 

[PdCl2(dppf)]  [1,1′-bis(diphenylphosphino)ferrocene]dichloropalladium(II) 

[Pd(PPh3)4]  tetrakis(triphenylphosphine)palladium(0) 

ppm   parts per million 

R   resolution (mass spectrometry) 

s   singlet (NMR) 

s   strong (IR) 

SPS   solvent purification system 

t   triplet (NMR) 

TLC   thin layer chromatography 

THF   tetrahydrofuran 

TMS   tetramethylsilane 

w   weak (IR) 
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1.2 Chemicals and Solvents 

Table S 1. List of supplier and purity of used chemicals. 

Reagent Supplier Purity Comments 

Ammonium chloride Carl Roth ≥ 99.5%  

Bis(trimethylsilyl)acety- 

lene 

Sigma Aldrich 99% stored in a freezer 

in a GB 

1-Bromo-4-iodobenzene Alfa Aesar 98%  

1-Bromo-2-(2-

trimethylsilylethynyl)benzen

e 

Sigma Aldrich 98%  

2-Bromothiophene Sigma Aldrich  98%  

Copper (II) chloride Alfa Aesar 99.995%  

Copper (I) iodide Alfa Aesar 99.998% stored in a GB 

N-Bromosuccinimide Merck 99%  

n-Butyllithium Acros Organics n. a. Titrated with Lin& 

Paquette-

Method[1] 

Diphenylacetylene Sigma Aldrich 98%  

1,6-Heptadiyne    

Iodine ABCR 99%.  

Iodobenzene Alfa Aesar 98%  

n-Iodosuccinimide MOLEKULA 95%  

2-Iodothiophene TCI ≥ 98%  

LiCl Sigma Aldrich ≥ 99% anhydrous 

Magnesium sulfate Grüssing 99%  

2-Methoxythiophene Alfa Aesar 99%  

1-(1-Naphthyl)-2-

(trimethylsilyl)acetylene 

Sigma Aldrich 97%  

1,8-Nonadiyne Sigma Aldrich 98%  

1,7-Octadiyne VWR Chemicals 98%  

All reactions were carried out using standard Schlenk techniques under a dry, inert nitrogen or 

argon atmosphere unless noted otherwise. Some reactions were performed inside a nitrogen 

filled glovebox from Inert, Innovative Technology, Inc. Company ( < 0.1 ppm O2 and < 0.1 ppm 

H2O). All dry solvents were taken from the solvent purification system (SPS), degassed by 

freeze-pump-thaw cycles and stored under a nitrogen atmosphere unless noted otherwise. All 

chemicals were commercially available and were used without further purification unless noted 

otherwise. 
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in a GB 

Sodium carbonate VWR Chemicals n.a. ACS, Reag. Ph. 

Eur. 

Sodium hydrogen 

carbonate 

VWR Chemicals n.a. ACS, Reag. Ph. 

Eur. 

Sodium sulfate Grüssing 99%  

Sodium thiosulfate Grüssing 97%  

p-Toluenesulfonic acid·H2O Acros Organics 97.5 %  

Trimethylstannyl chloride  Sigma Aldrich  99 % Stored in a GB 

Zirconocene dichloride abcr 99% stored in a freezer 

inside a GB 

 

Table S2. List of suppliers and purity of used solvents. 

Solvent Comments 

Acetic acid Alfa Aesar, 99+% 

Chloroform VWR Chemicals; ACS, Reag. Ph. Eur. 

Dichloromethane VWR Chemicals; for HPLC; dry from the SPS 

Diethyl ether VWR Chemicals; for HPLC; dry, distilled from 

sodium / benzophenone 

N,N-Dimethylformamide Extra dry from Acros Organics; 99.8% 

Ethyl acetate VWR Chemicals; ACS, Reag. Ph. Eur.  

Ethanol VWR Chemicals, ACS, Reag. Ph. Eur. 

n-Hexane VWR Chemicals; ACS, Reag. Ph. Eur. 

n-Pentane VWR Chemicals; for HPLC; dry from the SPS 

and degassed 

Pyridine Acros Organics 99.8%; dried over KOH, 

degassed, stored over 4 Å molecule sieves 

Triethylamine Grüssing; 99%; dry, distilled over CaH2; 

degassed 

t-Butanol VWR Chemicals, ACS, Reag. Ph. Eur.  

Tetrahydrofuran VWR Chemicals; for HPLC; dry from the SPS 

and degassed 

Toluene VWR Chemicals; for HPLC; dry, from the SPS 

and degassed 

 

[PdCl2(dppf)] Sigma Aldrich n.a.  

[Pd(PPh3)4] TCI > 97% stored in a freezer 
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1.3 Analytical Instruments 

1H , 13C{1H}, 19F, 29Si{1H}, 11B{1H} and 119Sn{1H} NMR spectra were recorded on a Bruker 

Avance Neo 500, Bruker Avance Neo 600 or Bruker DPX-200 spectrometer at 300 K. All 1H 

NMR and 13C{1H} NMR spectra were referenced against the solvent residual proton signals 

(1H), or the solvent itself (13C). The reference for the 119Sn{1H} NMR spectra was calculated 

based on the 1H NMR spectrum of TMS. 19F and 11B{1H} NMR spectra were referenced against 

BF3·Et2O in CDCl3. 29Si{1H} NMR spectra were referenced against TMS in CDCl3. All chemical 

δ shifts are given in parts per million (ppm) and all coupling constants J in Hz. The exact 

assignment of the peaks was proved by two-dimensional NMR spectroscopy such as 1H 

COSY, 13C HSQC or 1H/13C HMBC when possible. 

Electron Impact (EI) ionization mass spectra were obtained on the double focusing mass 

spectrometer MAT 95XL or MAT 8200 from FINNIGAN mat. Samples were measured by direct 

inlet or indirect inlet method with a source temperature of 200° C. The ionization energy of the 

electron impact ionization was 70 eV. All signals were reported with the quotient from mass to 

charge m/z. High resolution (HR) mass spectra were recorded on the double focusing mass 

spectrometer MAT 95XL from FINNIGAN MAT. Precision weights were determined via the 

peak-matching method. The reference substance was perfluorokerosene (PFK). The 

resolution (R) of the peak-matching performance was 10000. The calculated isotopic 

distribution for each ion was in agreement with experimental values. 

IR spectra were recorded on a NICOLET Thermo IS10 SCIENTIFIC IR spectrometer with a 

diamond-ATR-unit. The resolution was 4 cm-1. Relative intensities of the IR bands were 

described by s = strong, m = medium or w = weak.  

All melting points were measured with a BÜCHI Melting Point M-560 apparatus and are 

uncorrected. 

Thin layer chromatography (TLC) was carried out on aluminum plates coated with silica gel 60 

F254 with a layer thickness of 0.2 mm from Fluka or Macherey-Nagel. All bands were detected 

by using a fluorescent lamp (254 nm and 366 nm). Column chromatography was carried out 

by using the column machine PuriFlash 4250 from Interchim. Silica gel columns of the type 

PF-15SiHP-F0012, PF-15SiHP-F0025, PF-50SiHP-JP-F0080, PF-50SiHP-JP-F0120, and PF-

50SiHP-JP-F0220 were used. The injection of the sample was made via dry load. The column 

material of the dry load was Celite 503 from Macherey-Nagel.  
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1.4 Crystallography 

Crystallography. Intensity data of 11d, 11f, 11h, 11i, 11j, 11k and 11l were collected on a 

Bruker Venture D8 diffractometers at 100 K with Mo-K (0.7107 Å) radiation. All structures 

were solved by intrinsic phasing and refined based on F2 by use of the SHELX[2] program 

package as implemented in OLex2 1.2.[3] All non-hydrogen atoms were refined using 

anisotropic displacement parameters. Hydrogen atoms attached to carbon atoms were 

included in geometrically calculated positions using a riding model. Crystal and refinement 

data are collected in Tables S3-5.  

A rotational disorder was resolved for the thiophene groups of compound 11f. The refinement 

led to a split atom model for each group with refined occupancies of 76:24 and 53:47, 

respectively. Compound 11h comprised two crystallographically independent conformers. The 

fluorine atoms of the two CF3-groups of compound 11i were disordered and were refined with 

split occupancies of 71:29 and 57:43, respectively. The C-F-distances were restrained to be 

equal. Compound 11k crystallized with one molecule of toluene per asymmetric unit. The 

toluene was disordered over two positions with split occupancies of 65:35. Compound 11l 

crystallized with a half molecule in the asymmetric unit. The Zr-atom was located on the 

Wyckoff-Position 4e of space group C2/c. 

Crystallographic data for the structural analyses have been deposited with in Cambridge 

Crystallographic Data Centre. Copies of this information may be obtained free of charge from 

The Director, CCDC, 12 Union Road, Cambridge CB2 1EZ, UK (Fax: +44-1223-336033; e-

mail: deposit@ccdc.cam.ac.uk or http://www.ccdc.cam.ac.uk). 

1.5 Results and Discussion of the Precursor Synthesis 

The dialkynes 11a-11f required for the synthesis of the zirconacyclopentadienes were 

prepared by two methods starting with 1,7-octadiyne (12): the first method was based on the 

deprotonation of 12, followed by a nucleophilic substitution either with trimethyltin chloride or 

isopropyl pinacol boronic ester to give 10a and 10b in yields of 73% and 55%, respectively 

(Scheme 6).[4] 
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Scheme S1. Synthetic route to form the dialkynes 10a and 11b by nucleophilic substitution. 

The second route was based on Sonogashira cross coupling reactions of two equivalents of 

functionalized thiophenes 13, 14 or 15 with 1,7-octadiyne (12) using different Pd sources and 

temperatures (Scheme 7). The yields ranged from 33% for the electron rich compound 13 up 

to 69% and 65% for 2-bromo-5-iodothiophene (14) and 5-iodothiophene (15) respectively. The 

product of the Sonogashira reaction between the 2-iodo-5-bromothiophene (14) and 1,7-

octadiyne (12) gave the dialkyne 10d, which contained two bromide groups.[5] The substituents 

were transformed into iodide groups via bromo-lithium exchange followed by iodination in order 

to prepare compound 10e.[6] The diynes 10d and 10e are of high interest for this study, 

because with these compounds it is possible to synthesize functionalized heterocycles, which 

are useful for further polymerizations (materials science) and other reactions. With these 

functionalities it can be analyzed a potential difference in the stability aryl iodides vs. aryl 

bromides under the experimentally more extreme Negishi conditions, which are both prone to 

halogen metal exchange reactions, but to a different extent. 
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R S I

4

10c: R = OMe 33%
10d: R = Br 69%
10f: R = H 65%

12

1. Pd catalyst CuI,
Et3N, DMF

2.

S
R

S R

1. 2.2 eq. nBuLi,
THF, -78 °C

10d

10e: 86%

S
I

S
I

4

Pd catalyst; T
13: R = OMe; [Pd(dppf)Cl2]; 22 °C
14: R = Br ; [Pd(PPh3)4]; 55 °C
15: R = H ; [Pd(PPh3)4]; 55 °C

2. 3.0 eq. I2,
THF, -78 °C to 20 °C

4

 

Scheme S2. Synthetic path to form the dialkynes 10c-10f. 

The dialkynes 10g and 10h and the monoalkyne 10i were prepared by a Sonogashira reaction 

between the benzene derivatives 16, 18 and 20 and 1,8-nonadiyne (17), 1,4-heptadiyne (19)[7] 

and trimethylsilylacetylene (21)[8] respectively (Scheme 8). The dialkyne 10j was prepared by 

the Ullman reaction between the aryllithium species, formed in situ from the bromide-lithium 

exchange of the starting material 19 with nBuLi, and an equivalent of 19.[9] The monoalkynes 

10k and 10l were obtained from commercial sources.  
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Scheme S3. Synthetic path to form the alkynes 10g-10j. 
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2 Syntheses 

Rosenthal´s Zirconocene (9)[6, 10] 

 

In a GB, zirconocene dichloride (5.00 g, 17.1 mmol) and bis(trimethylsilyl)acetylene (2.91 g, 

17.1 mmol) were dissolved in tetrahydrofuran (100 mL). At the Schlenk line, n-butyllithium 

(2.5 M in hexanes, 13.7 mL, 34.2 mmol) was added dropwise over the course of 40 min at -

78 °C to the colorless solution. The yellow mixture was stirred for 10 min and the reaction was 

allowed to warm to 22 °C over 2 h by removing the cooling bath. During that, the color changed 

from yellow to dark red. The flask was transferred into a GB and pyridine (1.38 mL, 17.1 mmol) 

was added leading to a color change from dark red to purple. The solvent was removed in 

vacuo under inert conditions until only ca. 1 mL remained. n-Pentane (250 mL) was added and 

the solution was stirred for further 48 h. Then, the crude compound was filtered with PTFE 

syringe filters (0.45 µm pore size) and placed in a -30 °C freezer in the GB for 72 h. The 

supernatant was removed by decantation and dried in vacuo to afford long black-purple 

crystals in a yield of 5.06 g (63%). 1H NMR (500 MHz, C6D6): δ 8.89-8.82 (m, 2H, c), 6.86-6.71 

(m, 1H, e), 6.46-6.34 (m, 2H, d), 5.47 (s, 10H, Cp), 0.32 (s, 18H, a) ppm; 13C{1H} NMR 

(126 MHz, C6D6): δ 153.9 (d), 136.5 (f), 123.1 (e), 111.1 (b), 106.4 (Cp), 2.5 (c) ppm. The data 

are consistent with the literature.[6, 10] 

1,8-bis(Trimethylstannyl)octa-1,7-diyne (10a)[4a] 

 

 

n-Butyllithium (19.6 mL, 2.4 M in hexanes) was added dropwise over the course of 8 min to a 

solution of 1,7-octadiyne (2.00 g, 18.8 mmol) in THF (47 mL) at -12 °C under nitrogen 

atmosphere. The slightly yellow slurry was stirred for 80 min at 0 °C and trimethylstannyl 

chloride (9.38 g, 47.1 mmol) in THF (10 mL) was added. After removal of the cooling bath, the 

slightly yellow solution was stirred for 2 h at 22 °C and was quenched with a saturated solution 

of ammonium chloride (1 x 5 mL). The crude product was extracted with diethyl ether (3 x 

10 mL) and dried over magnesium sulfate, filtered, and the volatiles were removed in vacuo. 

The yellow oil was purified by sublimation (75 °C, 4.5·10-2 mbar) to afford a slightly yellow solid 
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in a yield of 6.00 g (73%). M.p: 70°C; 1H NMR (500 MHz, C6D6): δ 2.16-2.09 (m, 4 H, d), 1.63-

1.53 (m, 4 H, e), 0.16 (s, 18H, a) ppm; 13C{1H} NMR (126 MHz, CDCl3): δ 110.4 (c), 82.2 (b), 

28.3 (e), 19.8 (d), -8.3 (a) ppm; 119Sn{1H} NMR (187 MHz, C6D6): δ -73.2 ppm.; IR (ATR): � 

3619 (w), 2984 (w), 2942 (m), 2866 (w), 2147 (m), 1548 (m), 1459 (m), 1373 (m),1326 (m), 

1307 (m), 1191 (m), 1028 (m), 925 (m), 771 (s), 721 (s), 538 (s), 516 (s) cm-1; HR-MS (EI, [M-

H]+, C13H23
120Sn2): m/z calcd. 418.9843, found 418.9844 (R = 10000); MS (EI, 70 eV, direct 

inlet, 200 °C): m/z (% relative intensity) = 419 (20) [M]+., 329 (100) [M-OC4H9]+. The data are 

consistent with the literature.[4a] 

1,8-bis(4,4,5,5-Tetrametyhl-1,3,2-dioxaborolan-2-yl)octa-1,7-diyne (10b)[4b] 

 

n-Butyllithium (14.5 mL, 2.4 M in hexanes) was added dropwise over the course of 30 min to a 

solution of 1,7-octadiyne (2.34 mL, 17.6 mmol) in diethyl ether (350 mL) at -78 °C under 

nitrogen atmosphere. The resulting slurry was mechanically stirred for 15 min and 

isopropylpinacol borate (6.56 g, 34.9 mmol) was added at once and the slurry was stirred at 

22 °C for 3 h. HCl (28 mL, 2 M in diethyl ether) was added at -40 °C and the mixture was stirred 

until it reached 22 °C. It was stirred for a further 1 h at this temperature. Afterwards the mixture 

was filtered and concentrated to dryness. The residue was dried via oil pump vacuum (2.0·10-

1 mBar) at 50 °C for 3h. The crude product was then recrystallized in n-hexane (1 x 20 mL) 

and hot filtered to afford a white solid in a yield of 3.64 g (58%). M.p: 129 °C; 1H NMR 

(500 MHz, C6D6):  1.82-1.78 (m, 4H, f), 1.29-1.24 (m, 4H, e), 1.00 (s, 24H,a) ppm; 13C{1H} 

NMR (126 MHz, C6D6)83.83 (b), 69.2 (d), 27.5 (f) , 24.9 (a), 19.2 (e) ppm; 11B NMR (160 MHz, 

C6D6): δ 24.6 ppm; IR (ATR): � 2975 (w), 2923 (w), 1577 (w), 1430 (m), 1369 (m), 1316 (s), 

1265 (m), 1165 (s), 1074 (w), 966 (w), 847 (s), 727 (s), 696 (s), 672 (m) cm-1; HR-MS (EI, 

C20H32O4
10B2): m/z calcd. 356.25538, found 356.25674 (R = 10000); MS (EI, 70 eV, direct inlet, 

200 °C): m/z (% relative intensity) = 358 (9) [M]+., 285 (100) [M-OC4H9]+. The data are 

consistent with the literature.[4b] 

5-Methoxy-2-iodothiophene (13)[11] 
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This reaction was not carried out under inert conditions. 2-Methoxythiophene (1.00 g, 

8.76 mmol.) was dissolved in ethanol (17.5 mL). N-Iodosuccinimide (1.97 g, 8.76 mmol) and 

p-toluenesulfonic acid (170 mg, 870 mmol, 10 mol%) were added and reaction was stirred for 

10 min at 22 °C. A saturated solution of sodium thiosulfate (17.5 mL) was added. The mixture 

was extracted with ethyl acetate (1 x 26 mL) and the organic phase was washed with a solution 

of sodium carbonate (1 M, 1 x 18 mL), dried over magnesium sulfate and filtered. The volatiles 

were removed in vacuo. The crude product was purified by column chromatography (silica gel, 

n-hexane, Rf = 0.33) to afford a yellow oil (1.36 g, 65%). 1H NMR (500 MHz, CDCl3): δ 6.91 (d, 

3J = 4.0 Hz, 1H, b), 5.93 (d, 3J = 4.0 Hz, 1H, c), 3.87 (s, 3H, e) ppm; 13C{1H} NMR (126 MHz, 

CDCl3): δ 170.1 (d), 134.6 (b), 106.0 (c), 60.6 (e), 57.4 (a) ppm; IR (ATR): � 2932 (w), 2821 

(w), 1541 (m), 1464 (m), 1419 (m), 1367 (w), 1320 (w), 1277 (w), 1232 (w), 1219 (w), 1195 

(m), 1179 (m), 1147 (w), 1098 (w), 1074 (w), 1057 (m), 1044 (m), 992 (m), 968 (w), 931 (m), 

848 (w), 808 (w), 758 (m), 736 (w), 718 (w) cm-1; HR-MS (EI, C5H5OSI): m/z calcd. 239.91004, 

found 239.90994 (R = 10000); MS (EI, 70 eV, indirect inlet, 200 °C): m/z (% relative intensity) 

= 240 (100) [M]+., 98 (77) [M-CH3-I]+. The data are consistent with the literature. [11] 

1,8-bis(5-Methoxy-thiophen-2-yl)octa-1,7-diyne (10c)[5]  

 

In a GB, a mixture of 5-methoxy-2-iodothiophene (15) (2.00 g, 8.33 mmol), [PdCl2(dppf)] 

(607 mg, 830 µmol) and copper (I) iodide (158 mg, 830 µmol) in triethylamine (4.5 mL) and 

N,N-dimethylformamide (14 mL) was stirred at 20 °C. After addition of 1,7-octadiyne (441 mg, 

4.16 mmol), the red-brown suspension was stirred under for further 20 h. The reaction was 

quenched with a saturated solution of ammonium chloride (1 x 50 mL) and the aqueous layer 

was extracted with diethyl ether (3 x 50 mL). The combined organic layers were washed with 

water (1 x 100 mL), separated and the organic phase was dried over magnesium sulfate. After 

filtration, the solvents were removed in vacuo. The product was purified by column 

chromatography (silica gel, 1:5 dichloromethane/n-hexane, Rf = 0.14) to give an orange yellow 

solid (455 mg, 33%). M.p.: 36 °C; 1H NMR (500 MHz, CDCl3): δ 6.77 (d, 3J = 4.0 Hz, 2H, b), 

6.02 (d, 3J = 4.0 Hz, 2H, c), 3.87 (s 6H, e), 2.47-2.41 (m, 4H, g), 1.75-1.65 (m, 4H, h) ppm; 

13C{1H} NMR (126 MHz, CDCl3): δ 165.9 (d), 129.6 (b), 110.6 (c), 103.8 (a), 91.6 (g), 74.7 (f), 

60.3 (e), 27.9 (h), 19.4 (i) ppm; IR (ATR): � 2945 (w), 1542 (m), 1488 (s), 1458 (m), 1449 (m), 

1424 (s), 1344 (w), 1329 (w), 1251 (m), 1197 (m), 1154 (w), 1045 (s), 1008 (w), 987 (m), 903 

(w), 859 (w), 773 (s), 739 (m), 728 (m), 712 (m) cm-1; HR-MS (EI, C18H18O2S2): m/z calcd. 

330.07427, found 330.07389 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative 

intensity) = 330 (16) [M]+., 315 (100) [M-CH3]+. The data are consistent with the literature.[5] 
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2-Bromo-5-iodothiophene (14)[11] 

 

This reaction was not carried out under Schlenk conditions. To a solution of 2-bromothiophene 

(10.0 g, 61.3 mmol) in ethanol (123 mL), n-iodosuccinimide (15.2 g, 67.4 mmol, 1.1 eq) and p-

toluenesulfonic acid (1.17 g, 6.13 mmol, 10 mol%) were added at 22 °C. The reaction mixture 

was stirred for 10 min at 50 °C. It was taken out of the heating bath and a saturated solution 

of sodium thiosulfate (1 x 123 mL) was added. The mixture was extracted with ethyl acetate (3 

x 100 mL) and the organic phase was washed with a 1 M solution of sodium carbonate (1 x 

200 mL). The organic phase was dried over magnesium sulfate, filtered, and dried in vacuo. 

Purification by Kugelrohrdistillation (9·10-2 mbar, 48-50 °C) gave 2-bromo-5-iodo-thiophene as 

colorless oil (13.6 g, 77%). 1H NMR (500 MHz, CDCl3): δ 7.04 (d, 3J = 3.8 Hz, 1H, c), 6.75 (d, 

3J = 3.8 Hz, 1H, b) ppm; 13C{1H} NMR (126 MHz, CDCl3): δ 137.6 (c), 131.8 (b), 115.3 (a), 72.4 

(d) ppm; IR (ATR): � 3091 (w), 1731 (w), 1567 (w), 1508 (m), 1397 (m), 1202 (m), 968 (s), 929 

(m), 780 (s) cm-1; HR-MS (EI, C4H2
79BrIS): m/z calcd. 287.80998, found 287.81052 (R = 

10000); MS (EI, 70 eV, indirect inlet, 200 °C): m/z (% relative intensity) = 288 (92) [M]+., 82 

(100). The data are consistent with the literature.[11] 

1,8-bis(5-Bromo-thiophen-2-yl)octa-1,7-diyne (10d)  

 

In a GB, a mixture of 2-bromo-5-iodothiophene (5.00 g, 17.3 mmol), [Pd(PPh3)4] (404 mg, 

2 mol%, 350 µmol) and copper iodide (66.7 mg, 2 mol%, 350 µmol) in dry triethylamine 

(5.00 mL) and dry N,N-dimethylformamide (9.00 mL) was stirred at 20 °C. After addition of 1,7-

octadiyne (920 mg, 8.65 mmol), the red suspension was stirred under a nitrogen atmosphere 

at 55 °C for 20 h. Then, the reaction was quenched with a saturated solution of ammonium 

chloride (1 x 50 mL). The mixture was extracted with diethyl ether (3 x 100 mL) and the 

combined organic layers were washed with water (1 x 100 mL). They were separated and dried 

over magnesium sulfate. The volatiles were removed in vacuo. The residue was purified by 

column chromatography (silica gel, n-hexane; Rf = 0.24) to obtain a yellow oil, which 

crystallised at 0-5 °C (2.57 g, 69%).M.p.: 53 °C; 1H NMR (500 MHz, CDCl3): δ 6.88 (d, 3J = 

3.9 Hz, 2H, b), 6.86 (d, 3J = 3.9 Hz, 2H, c), 2.51-2.43 (m, 4H, g), 1.79-1.69 (m, 4H, h) ; 13C{1H} 

NMR (126 MHz, CDCl3): δ 131.5 (b), 129.9 (c), 125.9 (a), 111.7 (d), 95.1 (f), 73.6 (e), 27.7 (g), 

19.4 (h) ppm; IR (ATR): � 3091 (w), 3079 (w), 2949 (w), 2926 (m), 2898 (w), 2859 (w), 2823 
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(w), 2226 (w), 1749 (w), 1587 (w), 1526 (w), 1452 (w), 1428 (m), 1418 (m), 1326 (m), 1305 

(w), 1222 (w), 1188 (m), 1111 (w), 1054 (w), 991 (m), 964 (m), 893 (w), 876 (w), 793 (s), 757 

(m), 727 (w) cm-1; HR-MS (EI, C16H12
79Br2S2): m/z calcd. 425.87472, found 425.87555 (R = 

10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 428 (100) [M]+. 

1,8-bis(5-Iodothiophen-2-yl)octa-1,7-diyne (10e) 

 

To a solution of 1,8-bis(5-bromo-thiophen-2-yl)octa-1,7-diyne (11d) (800 mg, 1.87 mmol) in 

THF (13 mL) at -78 °C, n-butyllithium (2.50 M in hexanes, 1.6 mL, 4.1 mmol) was added 

dropwise over the course of 15 min. The red solution was stirred for 60 min and iodine (1.42 g, 

5.61 mmol) in THF (2.70 mL) was added within 5 min. The brown suspension was warmed to 

20 °C over the course of 2 h by removing the cooling bath. The reaction mixture was quenched 

with a saturated solution of sodium thiosulfate (1 x 25 mL) and it was extracted with diethyl 

ether (3 x 30 mL). The combined organic layers were dried over magnesium sulfate. The 

solvents were removed in vacuo. The crude product was purified by column chromatography 

(silica gel, n-hexane; Rf = 0.14) to obtain a yellow oil (836 mg, 86%), which crystallized at 0-

5 °C. M.p.: 73 °C; 1H NMR (500 MHz, CDCl3): δ 7.07 (d, 3J = 3.8 Hz, 2H, c), 6.77 (d, 3J = 

3.8 Hz, 2H, b), 2.53-2.43 (m, 4H, g), 1.79-1.68 (m, 4H, h) ppm; 13C{1H} NMR (126 MHz, 

CDCl3): δ 136.9 (c), 132.5 (b), 130.4 (a), 96.0 (f), 73.3 (e), 73.1 (d), 27.7 (g), 19.4 (h) ppm; IR 

(ATR): � 3072 (w), 2946 (w), 2924 (w), 2896 (w), 2857 (w), 2223 (w), 1752 (w), 1590 (w), 1519 

(w), 1451 (w), 1434 (w), 1417 (m), 1325 (w), 1304 (w), 1220 (w), 1185 (m), 1052 (w), 987 (w), 

942 (m), 891 (w), 877 (w), 794 (s), 755 (m) cm-1; HR-MS (EI, C16H12I2S2): m/z calcd. 521.84700, 

found 521.84899 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 

522 (100) [M]+. 

1,8-bis(Thiophen-2-yl)octa-1,7-diyne (10f)[5]  

 

In a GB, a mixture of 2-iodothiophene (5.00 g, 23.8 mmol), [Pd(PPh3)4] (555 mg, 480 µmol) 

and copper (I) iodide (91.4 mg, 480 µmol) in triethylamine (8 mL) and N,N-dimethylformamide 

(14 mL) was stirred at 20 °C. After addition of 1,7-octadiyne (0.59 g, 5.65 mmol), the red-brown 

suspension was stirred under a nitrogen atmosphere at 55 °C for 20 h. The reaction was 

quenched with a saturated solution of ammonium chloride (1 x 30 mL). The aqueous layer was 
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extracted with diethyl ether (3 x 30 mL) and the combined organic layers were washed with 

water (1 x 100 mL). The phases were separated and dried over magnesium sulfate. The 

volatiles were removed in vacuo. The residue was purified by column chromatography (silica 

gel, 1/20 dichloromethane/n-hexane, Rf = 0.18) to give the product as a yellow waxy solid 

(2.09 g, 65%). M.p.: 44 °C; 1H NMR (500 MHz, CDCl3): δ 7.17 (dd, 3J = 5.2 Hz, 4J = 1.0 Hz, 

2H, d), 7.12 (dd, 3J = 3.6 Hz, 4J = 1.0 Hz, 2H, b), 6.94 (dd, 3J = 5.2 Hz, 3J = 3.6 Hz, 2H, c), 

2.54-2.43 (m, 4H, g), 1.82-1.72 (m, 4H, h) ppm; 13C{1H} NMR (126 MHz, CDCl3): δ 131.2 (b), 

126.9 (d), 126.1 (c), 124.2 (a), 94.0 (f), 74.2 (e), 27.9 (g), 19.4 (h) ppm; IR (ATR): � 3107 (w), 

2939 (w), 2860 (w), 1516 (w), 1449 (w), 1427 (m), 1355 (w), 1294 (w), 1275 (w), 1237 (w), 

1222 (w), 1185 (m), 1141 (w), 1083 (w), 1043 (w), 1015 (w), 897 (w), 846 (m), 829 (s), 741 

(w), 691 (s), 662 (m) cm-1; HR-MS (EI, C16H14S2): m/z calcd. 270.05314, found 270.05306 (R 

= 12000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 270 (100) [M]+., 242 

(70) [M-C2H4]+. The data are consistent with the literature.[5] 

1,9-Diphenylnona-1,8-diyne (10g) 

 

In a GB, a mixture of iodobenzene (2.00 g, 9.80 mmol), [Pd(PPh3)4] (453 mg, 392 µmol, 

4 mol%) and copper iodide (74.7 mg, 392 µmol, 4 mol%) in dry triethylamine (20 mL) was 

stirred at 20 °C. After addition of 1,8-nonadiyne (294 mg, 4.90 mmol), the suspension was 

stirred under a nitrogen atmosphere at 20 °C for 48 h. The reaction was quenched with a 

saturated solution of ammonium chloride (1 x 30 mL) and was extracted with dichloromethane 

(3 x 30 mL). The combined organic layers were washed with water (1 x 90 mL). They were 

separated and dried over magnesium sulfate. The volatiles were removed in vacuo. The 

residue was purified by column chromatography (silica gel, n-pentane, Rf = 0.05) to give a 

colorless oil (1.06 g, 79%). 1H NMR (600 MHz, CDCl3): δ 7.45-7.35 (m, 4H, b, b´), 7.30-7.23 

(m, 6H, c, c´, d)*, 2.49-2.42 (m, 4H, g), 1.71-1.63 (m, 6H, h, i) ppm; 13C{1H} NMR (151 MHz, 

CDCl3): δ 131.7 (b, b´), 128.3 (c, c´), 127.6 (d), 124.1 (a), 90.3 (f), 80.9 (e), 28.4 (h), 28.3 (i), 

19.5 (g) ppm; IR (ATR): � 3053 (w), 2935 (w), 2858 (w), 2231 (w), 1597 (w), 1570 (w), 1488 

(m), 1441 (m), 1330 (w), 1069 (w), 1026 (w), 912 (w), 753 (s), 689 (s)  cm-1; HR-MS (EI, 

C21H20): m/z calcd. 272.15595, found 272.15599 (R = 10000); MS (EI, 70 eV, direct inlet, 

200 °C): m/z (% relative intensity) = 272 (46) [M]+., 115 (100). 

 

                                                           
* This signal was overlapping with the solvent signal. 
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1,7-bis(4-Bromophenyl)hepta-1,6-diyne (10h)[7] 

 

In a GB, a mixture of 1-bromo-4-iodobenzene (2.00 g, 7.07 mmol), [Pd(PPh3)4] (327 mg, 

283 µmol, 4 mol%) and copper iodide (54 mg, 283 µmol, 4 mol%) in dry triethylamine (20 mL) 

was stirred at 20 °C. After addition of 1,6-heptadiyne (326 mg, 3.54 mmol), the suspension 

was stirred under a nitrogen atmosphere at 20 °C for 24 h. The reaction was quenched with a 

saturated solution of ammonium chloride (1 x 30 mL). The mixture was extracted with 

dichloromethane (3 x 30 mL) and the combined organic layers were washed with water (1 x 

90 mL) and dried over magnesium sulfate. The volatiles were removed in vacuo and the 

residue was purified by column chromatography (silica gel, n-pentane, Rf = 0.15) to give a 

colorless solid (1.20 g, 84%). M.p.: 61 °C; 1H NMR (600 MHz, CDCl3): δ 7.47-7.41 (m, 4H, c, 

c´), 7.30-7.26 (m, 4H, b, b´), 2.59 (t, 3J = 7.0 Hz, 4H, g), 1.92 (p, 3J = 7.0 Hz, 2H, h) ppm; 
13C{1H} NMR (151 MHz, CDCl3): δ 133.1 (b, b´), 131.5 (c, c´), 122.7 (d), 121.8 (a), 90.4 (f), 

80.3 (e), 27.7 (h), 18.7 (g) ppm; IR (ATR): � 3071 (w), 2953 (w), 2903 (w), 2828 (w), 2236 (w), 

2146 (w), 1900 (w), 1779 (w), 1651 (w), 1583 (w), 1481 (m), 1454 (w), 1423 (w), 1392 (w), 

1351 (w), 1318 (w), 1291 (w), 1253 (w), 1199 (w), 1175 (w), 1096 (w), 1065 (m), 1043 (w), 

1009 (m), 907 (w), 857 (w), 821 (s), 761 (m), 736 (w), 703 (w) cm-1; HR-MS (EI, C19H14
79Br2): 

m/z calcd. 399.94568, found 399.94568 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z 

(% relative intensity) = 400 (20) [M]+., 242 (100) [M-C6H4Br]+. The data are consistent with the 

literature.[7] 

4-Trifluoromethyl-phenylethynyltrimethylsilane (10i)[8]  

 

1-Bromo-4-(trifluoromethyl)benzene (1.53 g, 6.82 mmol) was dissolved in triethylamine 

(10 mL). Trimethylsilylacetylene (736 mg, 7.50 mmol), [Pd(PPh3)4] (46.2 mg, 40.0 µmol) and 

copper iodide (8 mg, 40.0 µmol) were added and the reaction mixture was heated to 80 °C for 

12 h in a microwave apparatus. Then, the mixture was filtered to remove insoluble by-products 

and was diluted with diethyl ether (1 x 40 mL). It was washed with a saturated solution of 

ammonium chloride (1 x 40 mL). The aqueous layer was extracted with diethyl ether (3 x 

40 mL) and the combined organic layers were washed with water (1 x 40 mL). The organic 

phase was dried using magnesium sulfate and the volatiles were removed in vacuo leaving a 
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yellow oil. Purification by column chromatography (silica gel, n-pentane, Rf = 0.47) gave 4-

(trifluoromethylphenyl)ethynyltrimethylsilane as a colorless oil (1.23 g, 74%). 1H NMR 

(500 MHz, CDCl3): δ 7.56 (s, 4H, b, b´, c, c´), 0.27 (s, 9H, SiMe3) ppm; 13C{1H} NMR (126 MHz, 

CDCl3): δ 132.3 (s, b, b´), 130.3 (q, 2JC-F = 32.7 Hz, d), 127.1 (q, 5JC-F = 1.5 Hz, a), 125.3 (q, 
3JC-F = 3.8 Hz, c, c´), 123.0 (s, e), 103.6 (s, f), 97.3 (s, g), -0.1 (s, SiMe3) ppm; 19F NMR 

(471 MHz, CDCl3): δ -63.4 ppm; 29Si{1H} NMR (99 MHz, CDCl3): δ -17.1 ppm; IR (ATR): � 

2961 (w), 2162 (w), 1614 (w), 1405 (w), 1320 (s), 1250 (m), 1220 (w), 1166 (m), 1126(s), 1104 

(m), 1066 (s), 1014 (w), 861 (s), 838 (s), 759 (m), 699 (w), 656 (m) cm-1; HR-MS (EI, 

C12H13F3Si): m/z calcd. 242.07331, found 242.07332 (R = 10000); MS (EI, 70 eV, indirect inlet, 

200 °C): m/z (% relative intensity) = 242 (12) [M]+., 227 (100) [M-CH3]+. The data are consistent 

with the literature.[8] 

2,2'-bis((Trimethylsilyl)ethynyl)biphenyl (10j)[9] 

 

To a solution of 1-bromo-2-(2-trimethylsilylethynyl)benzene (1.20 g, 4.74 mmol) in 

tetrahydrofuran (24 mL), n-butyllithium (2.5 M in hexanes, 2.10 mL, 5.2 mmol) was added 

dropwise over the course of 8 min. The reaction mixture was stirred for 1.5 h, then copper(II) 

chloride (0.88 g, 6.5 mmol) was added. The red-brownish mixture was allowed to warm up by 

removing the cooling bath and was stirred at 20 °C for further 16 h. The reaction mixture was 

quenched with a saturated solution of ammonium chloride (1 x 100 mL) and extracted with 

ethyl acetate (3 x 50 mL). The combined organic layers were washed with water (1 x 100 mL) 

and dried over magnesium sulfate. Filtration, removing of the solvents in vacuo and purification 

by column chromatography (silica gel, n-pentane, Rf = 0.1) gave the product as a slightly yellow 

oil (378 mg, 46%). 1H NMR (600 MHz, CDCl3): δ 7.55 (d, 3J = 7.2 Hz, 2H, c), 7.44 (d, 3J = 

7.5 Hz, 2H, f), 7.37-7.31 (m, 2H, d), 7.29 (t, 3J = 7.5 Hz, 2H, e), 0.06 (s, 18H, SiMe3) ppm; 
13C{1H} NMR (151 MHz, CDCl3): δ 143.6 (b), 132.2 (f), 130.2 (d), 127.8 (e), 127.2 (c), 122.7 

(a), 104.7 (g), 97.5 (h), -0.2 (SiMe3)ppm; 29Si{1H} NMR (99 MHz, C6D6): δ -18.3 ppm; IR (ATR): 

� 3061 (w), 2957 (w), 2897 (w), 2158 (w), 1466 (w), 1437 (w), 1247 (m), 1212 (w), 1095 (w), 

1062 (w), 1047 (w), 1002 (w), 946 (w), 858 (s), 836 (s), 752 (s), 697 (m) cm-1; HR-MS (APCI 

pos, C22H27Si2): m/z calcd. 347.16458, found 347.16410; MS (EI, 70 eV, direct inlet, 200 °C): 

m/z (% relative intensity) = 346 (27) [M]+., 73 (100) (SiMe3)+. The data are consistent with the 

literature.[9]  
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3 Reaction Monitoring Using Rosenthal´s Zirconocene vs. 

Negishi´s Reagent for the Synthesis of Zirconacyclopentadienes.  

General Procedure for the Synthesis of the Zirconacyclopentadienes and 

Reaction Monitoring. 

A mixture of a “Cp2Zr” species, either from Negishi’s reagent or Rosenthal’s reagent, and a 

diyne (10a-l) was stirred at 22 °C in THF or toluene (amounts see below). A defined sample 

(0.3 mL) of the reaction was taken after 10 min, 30 min, 1 h, 3 h and 22 h and the solvent was 

removed immediately in vacuo at 22 °C. The reaction monitorings were analyzed by 1H NMR 

spectroscopic measurements of each sample. Naphthalene in C6D6 was added in an equimolar 

amount to the sample and used as an internal standard. 

3.1 Reactions with the Negishi´s reagent  

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11a[4a] 

 

To a solution of Cp2ZrCl2 (67.7 mg, 231 µmol) in THF (2.0 mL) at -78 °C, n-butyllithium 

(0.18 mL, 463 µmol; 2.59 M in hexanes) was added dropwise over the course of 1 min. The 

reaction mixture was stirred at -78°C for 1 h and a solution of diyne 10a (100 mg, 231 µmol) in 

THF (1.0 mL) was added. The reaction was allowed to warm to 22 °C and samples (0.3 mL) 

were taken for the reaction monitoring after the defined times. The partial formation of the 

zirconacyclopentadiene 11a was observed after 10 min of reaction. Over time, the mixture 

turned from yellow to bright orange. After 22 h, the reaction mixture was yellowish again. 

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11b[12] 

 

To a solution of Cp2ZrCl2 (81.6 mg, 279 µmol) in THF (2 mL) at -78 °C, n-butyllithium (0.22 mL, 

558 µmol; 2.59 M in hexanes) was added dropwise over the course of 1 min. The reaction 

mixture was stirred at -78°C for 1 h and a solution of diyne 10b (100 mg, 279 µmol) in THF 
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(1.0 mL) was added. The reaction was allowed to warm to 22 °C and samples (0.3 mL) were 

taken for the reaction monitoring after the defined times. The partial formation of the 

zirconacyclopentadiene 11b was observed after 10 min of reaction. Over this time, the mixture 

turned from yellow to bright orange. After 22 h, the reaction mixture was yellowish again. 

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11c[5] 

 

To a solution of Cp2ZrCl2 (88.7 mg, 303 µmol) in THF (1.5 mL) at -78 °C, n-butyllithium 

(0.23 mL, 606 µmol; 2.59 M in hexanes) was added dropwise over the course of 1 min. The 

reaction mixture was stirred at -78°C for 1 h and a solution of diyne 10c (100 mg, 303 µmol) in 

THF (0.5 mL) was added. The reaction was allowed to warm to 22 °C and samples (0.3 mL) 

were taken for the reaction monitoring after the defined times. A low amount of formation of 

the zirconacyclopentadiene 11c was observed after 10 min of reaction. Over time, the mixture 

turned from yellow to orange-brown. After 22 h, the reaction mixture was yellowish again. 

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11d 

 

To a solution of zirconocene dichloride (68.7 mg, 235 µmol) in THF (1.5 mL) at -78 °C, n-

butyllithium (0.18 mL, 470 µmol; 2.59 M in hexanes) was added dropwise over the course of 

1 min. The reaction mixture was stirred at -78°C for 1 h and a solution of diyne 10d (100 mg, 

235 µmol) in THF (0.5 mL) was added. The reaction was allowed to warm to 22 °C and 

samples (0.3 mL) were taken for the reaction monitoring after the defined times. A low amount 

of formation of the zirconacyclopentadiene 11d was observed after 10 min of reaction. Over 

time, the mixture turned from yellow to orange. After 22 h, the reaction mixture was yellowish 

again. 
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Reaction Monitoring of the Formation of Zirconacyclopentadiene 11e 

 

To a solution of zirconocene dichloride (56.1 mg, 192 µmol) in THF (1.5 mL) at -78 °C, n-

butyllithium (0.15 mL, 384 µmol; 2.59 M in hexanes) was added dropwise over the course of 

1 min. The reaction mixture was stirred at -78°C for 1 h and a solution of diyne 10e (100 mg, 

192 µmol) in THF (0.5 mL) was added. The reaction was allowed to warm to 22 °C and 

samples (0.3 mL) were taken for the reaction monitoring after the defined times. No formation 

of the zirconacyclopentadiene 11e was observed after 10 min of reaction. Over time, the 

mixture did not change the color. 

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11e with BTMSA in the 

Reaction Mixture 

 

To a solution of zirconocene dichloride (83.9 mg, 287 µmol) in THF (3.0 mL) at -78 °C, n-

butyllithium (0.23 mL, 574 µmol; 2.50 M in hexanes) was added dropwise over the course of 

1-2 min. The reaction mixture was stirred at -78°C for 1 h. Then, a solution of 

bis(trimethylsilyl)acetylene (48.9 mg, 287 µmol) in THF (0.5 mL) was added and one minute 

later a solution of diyne 10e (150 mg, 287 µmol) in THF (0.5 mL) was added. The reaction was 

allowed to warm to 22 °C and samples (0.3 mL) were taken for the reaction monitoring after 

the defined times. A low amount of formation of the zirconacyclopentadiene 11e was observed 

after 10 min of reaction. Over time, the mixture turned from yellow to orange-red. After 22 h, 

the reaction mixture was bright yellow again. 

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11f[5] 
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To a solution of zirconocene dichloride (108 mg, 370 µmol) in THF (1.5 mL) at -78 °C, n-

butyllithium (0.29 mL, 740 µmol; 2.59 M in hexanes) was added dropwise over the course of 

1 min. The reaction mixture was stirred at -78°C for 1 h and a solution of diyne 10f (100 mg, 

370 µmol) in THF (0.5 mL) was added. The reaction was allowed to warm to 22 °C and 

samples (0.3 mL) were taken for the reaction monitoring after the defined times. High formation 

of the zirconacyclopentadiene 11f was observed after 10 min of reaction. Over time, the 

mixture turned from yellow to orange-red. After 22 h, the reaction mixture was yellowish again. 

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11g 

 

To a solution of Cp2ZrCl2 (161 mg, 551 µmol) in THF (5 mL) at -78 °C, n-butyllithium (0.44 mL, 

1.10 mmol; 2.50 M in hexanes) was added dropwise over the course of 2 min. The reaction 

mixture was stirred at -78 °C for 1 h and a solution of diyne 10g (150 mg, 551 µmol) in THF 

(0.5 mL) was added. The reaction was allowed to warm to 22 °C and after 3 h of reaction the 

solvent was removed in vacuo. After removing of the solvent, the sample could not be 

completely redissolved in deuterated solvents so that the conversion could not be determined 

by 1H NMR with an internal standard. The reaction was repeated. After filtration of the reaction 

mixture over celite and removing of the solvent, an orange-pink solid-like film was obtained 

(239 mg, 88%, purity 90%).  

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11h[13] 

 

To a solution of Cp2ZrCl2 (109 mg, 373 µmol) in THF (3 mL) at -78 °C, n-butyllithium (0.30 mL, 

746 µmol; 2.50 M in hexanes) was added dropwise over the course of 2 min. The reaction 

mixture was stirred at -78°C for 1 h and a solution of diyne 10h (150 mg, 373 µmol) in THF 

(0.5 mL) was added. The reaction was allowed to warm to 22 °C and samples (0.3 mL) were 

taken for the reaction monitoring after the defined times. Formation of the 

zirconacyclopentadiene 11h was observed after 10 min of reaction. Over this time, the mixture 

turned from yellow to orange-red. 
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Reaction Monitoring of the Formation of Zirconacyclopentadiene 11i 

 

To a solution of Cp2ZrCl2 (90 mg, 309 µmol) in THF (3 mL) at -78 °C, n-butyllithium (250 µL, 

618 µmol; 2.50 M in hexanes) was added dropwise over the course of 1 min. The reaction 

mixture was stirred at -78°C for 1 h and a solution of acetylene 10i (150 mg, 618 µmol) in THF 

(0.5 mL) was added. The reaction was allowed to warm to 22 °C and samples (0.3 mL) were 

taken for the reaction monitoring after the defined times. Formation of the 

zirconacyclopentadiene 11i was observed after 10 min of reaction. Over this time, the mixture 

turned from yellow to orange. After 22 h the reaction mixture turned ligther in color. 

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11j[9] 

 

To a solution of Cp2ZrCl2 (84 mg, 288 µmol) in THF (5 mL) at -78 °C, n-butyllithium (230 µL, 

576 µmol; 2.50 M in hexanes) was added dropwise over the course of 1 min. The reaction 

mixture was stirred at -78°C for 1 h and a solution of diyne 10j (100 mg, 288 µmol) in THF 

(0.5 mL) was added. The reaction was allowed to warm to 22 °C and samples (0.3 mL) were 

taken for the reaction monitoring after the defined times. Formation of the 

zirconacyclopentadiene 11j was observed after 10 min of reaction. Over this time, the mixture 

turned from yellow to orange-red. After 22 h the reaction mixture went to bright orange. 

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11k[13] 
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To a solution of Cp2ZrCl2 (123 mg, 421 µmol) in THF (3 mL) at -78 °C, n-butyllithium (330 µL, 

842 µmol; 2.50 M in hexanes) was added dropwise over the course of 2 min. The reaction 

mixture was stirred at -78°C for 1 h and a solution of diphenylacetylene (10k) (150 mg, 

842 µmol) in THF (2 mL) was added. The reaction was allowed to warm to 22 °C and samples 

(0.3 mL) were taken for the reaction monitoring after the defined times. Formation of the 

zirconacyclopentadiene 11k was observed after 10 min of reaction. Over this time, the mixture 

turned from yellow to orange-red. After 22 h the reaction mixture changed to bright orange. 

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11l 

 

To a solution of Cp2ZrCl2 (97 mg, 334 µmol) in THF (3 mL) at -78 °C, n-butyllithium (270 µL, 

668 µmol; 2.50 M in hexanes) was added dropwise over the course of 1 min. The reaction 

mixture was stirred at -78°C for 1 h and a solution of 1-(1-naphthyl)-2-(trimethylsilyl)acetylene 

(10l) (150 mg, 668 µmol) in THF (0.5 mL) was added. The reaction was allowed to warm to 

22 °C and samples (0.3 mL) were taken for the reaction monitoring after the defined times. 

Formation of the zirconacyclopentadiene 11l was observed after 10 min of reaction. Over this 

time, the mixture turned from yellow to orange. After 22 h the reaction mixture changed to 

bright orange-yellow. 

 

3.2 Reactions with the Rosenthal’s Reagent  

In the case of the reactions with Rosenthal´s zirconocene, two reaction pots with the same 

amount were made: one for the reaction monitoring and one was stirred for 10 min and was 

used for further analytics and crystallization purposes. An exception was 11g, where no 

reaction monitoring by 1H NMR measurements could be performed. 

Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11a[4a] 
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In a GB, a solution of zirconocene 9 (108 mg, 230 μmol) and diyne 10a (100 mg, 230 μmol) in 

toluene (5 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction monitoring 

after the defined times. The formation of the zirconacyclopentadiene 11a was observed after 

10 min of reaction. Over this time the mixture turned to bright orange. The second reaction 

mixture was filtered over celite, the solvent was removed in vacuo and a bright orange-yellow 

solid was obtained for further analysis (141 mg, 94%). 1H NMR (500 MHz, C6D6) δ 6.00 (s, 

10H, Cp), 2.22-2.15 (m, 4H, c), 1.57-1.50 (m, 4H, d), 0.20 (d, 18H, e; 2JSn-H= 24 Hz) ppm; 
13C{1H} NMR (126 MHz, C6D6): δ 206.1 (a), 150.7 (b), 111.4 (Cp), 38.7 (c), 23.1(d), -6.7 (e; 

1JSn-C = 146 Hz) ppm; 119Sn{1H} NMR (187 MHz, CDCl3): δ -81.3 ppm; HR-MS (EI, 

C24H36Sn2Zr): m/z calcd 653.99153, found 653.99188 (R = 10000); MS (EI, 70 eV, direct inlet, 

200 °C): m/z (% relative intensity) = 654 (5) [M]+., 155 [M-C12H12]+., (100). 

Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11b[12] 

 

In a GB, a solution of zirconocene 9 (132 mg, 280 µmol) and diyne 10b (100 mg, 280 µmol) in 

toluene (5 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction monitoring 

after the defined times. The formation of the zirconacyclopentadiene 11b was observed after 

10 min of reaction. Over this time the mixture turned to bright orange. The second reaction 

mixture was filtered over celite, the solvent was removed in vacuo and a bright orange-yellow 

solid was obtained for further analysis (151 mg, 93%). 1H NMR (500 MHz, C6D6): δ= 6.37(s, 

10, Cp), 2.59-2.54 (m, 4 m, c), 1.65-1.58 (m, 4H, d), 1.10 (s, 24H, f) ppm;  13C{1H} NMR 

(126 MHz, C6D6): † δ 147.0 (b), 111.7 (Cp), 81.5(e), 35.4 (c), 24.9 (f), 23.5(d) ppm; 11B{1H} 

NMR (160 MHz, C6D6): δ 30.9 ppm; HR-MS (EI, C30H42
10/11B2O4

90Zr): m/z calcd. 577.23471, 

found 577.23484 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 

578 (13) [M]+., 83 (100). 

 

 

 

 

                                                           
† The signal from the carbon atom bond to boron was not visible due to the high quadrupole moment of the boron nucleus  
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Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11c[5] 

 

In a GB, a solution of zirconocene 9 (214 mg, 454 μmol) and diyne 10c (150 mg, 454 μmol) in 

toluene (6 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction monitoring 

after the defined times. The formation of the zirconacyclopentadiene 11c was observed after 

10 min of reaction. Over this time the mixture turned to yellowish brown. The second reaction 

mixture was filtered over celite, the solvent was removed in vacuo and a dark greenish-purple 

solid was obtained for further analysis (233 mg, 93%). 1H NMR (500 MHz, C6D6): δ 6.07 (d, 

3J= 3.8 Hz, 2H, g), 6.05 (s, 10H, Cp), 5.77 (d, 3J= 3.7 Hz, 2H, f), 3.43 (s, 6H, i), 2.80-2.75 (m, 

4H, c), 1.63-1.56 (m, 2H, d) ppm; 13C{1H} NMR (126 MHz, C6D6): δ 177.9 (a), 165.7 (h), 141.3 

(b), 136.8 (e), 119.9 (f), 112.1 (Cp), 104.1 (g), 59.7 (i), 30.7 (c), 24.4 (d) ppm; HR-MS (EI, 

C28H28O2S2
90Zr):  m/z calcd. 550.05723, found 550.05796 (R = 10000); MS (EI, 70 eV, direct 

inlet, 200 °C): m/z (% relative intensity) = 550 (74) [M]+., 220 (100) [Cp2Zr]+.. 

Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11d 

 

In a GB, a solution of zirconocene 9 (165 mg, 352 μmol) and diyne 10d (150 mg, 352 μmol) in 

toluene (6 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction monitoring 

after the defined times. The formation of the zirconacyclopentadiene 11d was observed after 

10 min of reaction. Over this time the mixture turned to dark red. The second reaction mixture 

was filtered over celite, the solvent was removed in vacuo and a dark red solid was obtained 

for further analysis (210 mg, 93%). Crystals could be obtained from a saturated toluene 

solution. 1H NMR (600 MHz, C6D6): δ 6.82 (d, 3J = 3.8 Hz, 2H, g), 5.84 (s, 10H, Cp), 5.69 (d, 

3J = 3.8 Hz, 1H, f), 2.49 (m, 4H, c), 1.50-1.46 (m, 4H, d) ppm; 13C{1H} NMR (126 MHz, C6D6): 

δ 177.0 (a), 151.8 (e), 143.0 (b), 130.2 (g), 121.8 (f), 112.3 (Cp), 109.4 (h), 30.1 (c), 23.8 

(d) ppm; HR-MS (EI, C26H22
79Br2S2

90Zr): m/z calcd. 645.85712, found 645.85714 (R = 10000); 

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 646 (38) [M]+., 301 (100). 
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Reaction Monitoring of the Formation of Zirconacyclopentadiene 11d in THF 

 

In a GB, a solution of zirconocene 9 (111 mg, 235 μmol) and diyne 10d (100 mg, 235 μmol) in 

THF (6 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction monitoring after 

the defined times. The formation of the zirconacyclopentadiene 11d was observed after 10 min 

of reaction. Over this time the mixture turned to dark red. After 22 h, the 

zirconacyclopentadiene partly decomposed to starting material. 

Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11e 

 

In a GB, a solution of zirconocene 9 (135 mg, 287 μmol) and diyne 10e (150 mg, 287 μmol) in 

toluene (6 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction monitorings 

after the defined times. The formation of the zirconacyclopentadiene 11e was observed after 

10 min of reaction. Over this time the mixture turned to dark red. The second reaction mixture 

was filtered over celite, the solvent was removed in vacuo and a dark red solid was obtained 

for further analysis (194 mg, 91%). 1H NMR (500 MHz, C6D6): δ 7.03 (d, 3J = 3.7 Hz, 2H, g), 

5.85 (s, 10H, Cp), 5.65 (d, 3J = 3.7 Hz, 2H, f), 2.52-2.45 (m, 4H, c), 1.50-1.44 (m, 4H, d) ppm; 
13C{1H} NMR (126 MHz, C6D6): δ 176.9 (a), 156.1 (e), 142.8 (b), 137.1 (g), 129. (f), 112.1 (Cp), 

70.0 (h), 29.9 (c), 23.6 (d) ppm; HR-MS (EI, C26H22I2S2
90Zr): m/z calcd. 741.82939, found 

741.82934 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 742 

(44) [M]+., 347 (100). 

Stability Test of Zirconacyclopentadiene 11e in Toluene with LiCl 
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A mixture of zirconacyclopentadiene 11e (50 mg, 67 µmol) and LiCl (89.5 mg, 134 µmol) in 

toluene (3 mL) was stirred at 22 °C in a GB. The stability of the zirconacyclopentadiene 11e 

was observed by 1H NMR measurements after 10 min, 30 min, 60 min, 3 h and 22 h. The color 

of the reaction mixture turned over the time of 22 h from dark red to bright yellow and a 

precipitate was formed. 

Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11f[5, 14] 

 

In a GB, a solution of zirconocene 9 (261 mg, 555 μmol) and diyne 10f (150 mg, 555 μmol) in 

toluene (6 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction monitoring 

after the defined times. The formation of the zirconacyclopentadiene 11f was observed after 

10 min of reaction. Over this time the mixture turned to dark red. The second reaction mixture 

was filtered over celite, the solvent was removed in vacuo and a red solid was obtained for 

further analysis (259 mg, 95%). Crystals could be obtained from a saturated toluene solution 
1H NMR (500 MHz, C6D6): δ 6.96 (dd, 3J = 5.2 Hz, 4J = 1.0 Hz, 2H, h), 6.90 (dd, 3J = 5.2 Hz, 

3.5 Hz, 2H, g), 6.21 (dd, 3J = 3.5 Hz, 4J = 1.0 Hz, 2H, f), 6.00 (s, 10H, Cp), 2.70-2.65(m, 4H, 

c), 1.59-1.52 (m, 4H, d) ppm; 13C{1H} NMR (126 MHz, C6D6): δ 177.9 (a), 150.3 (e), 142.4 (b), 

127.3 (g), 123.0 (h), 121.4 (f), 112.2 (Cp), 30.1 (c), 24.0 (d) ppm; HR-MS (EI, C26H24S2
90Zr): 

m/z calcd. 490.03610, found 490.03669 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z 

(% relative intensity) = 490 (19) [M]+., 220 (100) [Cp2Zr]+.. 

Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11g 

 

A solution of zirconocene 9 (259 mg, 552 µmol) and diyne 10g (150 mg, 551 µmol) in toluene 

(6 mL) was stirred at 22 °C for 3 h. The reaction mixture was filtered over celite. The solvent 

was removed in vacuo and an orange-pink solid-like film was obtained (248 mg, 91%, 92% 

purity). Crystal data could not be received, the compound was just forming gel-like needles. 
1H NMR (500 MHz, C6D6): δ 7.42-7.23 (m, 4H, g, g’), 7.09-6.95 (m, 6H, h, h’, i), 5.93 (s, 10H, 

Cp), 2.38-2.31 (m, 4H, c), 1.61-1.50 (m, 6H, d, e) ppm;  
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13C{1H} NMR (126 MHz, C6D6): δ 189.3 (a), 149.6 (b), 137.9 (f), 128.6 (g, g’), 126.3 (h, h´), 

123.3 (i), 112.2 (Cp), 31.6 (c), 31.1 (d, e) ppm; HR-MS (EI, C31H30
90Zr): m/z calcd. 492.13891, 

found 492.13982 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 

492 (8) [M]+., 220 (100) [Cp2Zr]+.. 

Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11h[13] 

 

A solution of zirconocene 9 (176 mg, 373 µmol) and diyne 11h (150 mg, 373 µmol) in toluene 

(6 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction monitoring after the 

defined times. The formation of the zirconacyclopentadiene 11h was observed after 10 min of 

reaction. Over this time, the mixture turned to orange-red. The second reaction mixture was 

filtered over celite, the solvent was removed in vacuo and a reddish-orange solid was obtained 

for further analysis (223 mg, 96%). Crystals could be obtained from a saturated toluene 

solution. 1H NMR (600 MHz, C6D6): δ 7.49-7.44 (m, 4H, g, g´), 6.80-6.74 (m, 4H, f, f´), 5.70 (s, 

10H, Cp), 2.33 (t, 3J = 7.1 Hz, 4H, c), 1.26 (p, 3J = 7.1 Hz, 2H, d) ppm; 13C{1H} NMR (151 MHz, 

C6D6): δ 182.2 (a), 149.0 (b), 131.7 (g, g’), 128.0 (f, f’), 126.2 (e), 117.8 (h), 110.4 (Cp), 35.6 

(c), 22.5 (d) ppm; HR-MS (EI, C29H24
79/81Br2

90Zr): m/z calcd. 621.92728, found 621.92652 (R = 

10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 620 (69) [M]+., 220 

(100) [Cp2Zr]+.. 

Reaction Monitoring of the Formation of Zirconacyclopentadiene 11h in THF[13] 

 

A solution of zirconocene 9 (117 mg, 249 µmol) and diyne 11h (100 mg, 249 µmol) in THF 

(6 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction monitoring after the 

defined times. The formation of the zirconacyclopentadiene 11h was observed after 10 min of 

reaction. Over this time, the mixture turned to orange-red. After 22 h, the 

zirconacyclopentadiene partly decomposed. 
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Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11i 

 

A solution of zirconocene 9 (146 mg, 310 µmol) and acetylene 10i (150 mg, 619 µmol) in 

toluene (6 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction monitoring 

after the defined times. The formation of the zirconacyclopentadiene 11i was observed after 

10 min of reaction. Over this time, the mixture turned to orange-yellow. The second reaction 

mixture was filtered over celite, the solvent was removed in vacuo and a bright yellow solid 

was obtained for further analysis (206 mg, 94%). Crystals could be obtained from a saturated 

toluene solution. 1H NMR (600 MHz, C6D6): δ 7.11 (d, 3J = 7.8 Hz, 4H, e, e´), 6.49 (d, 3J = 

7.8 Hz, 4H, d, d´), 6.09 (s, 10H, Cp), -0.28 (s, 18H, SiMe3) ppm; 13C{1H} NMR (151 MHz, C6D6): 

δ 206.3 (a), 149.4 (c) 148.2 (b), 130.2 (d, d´), 127.5 (q, 2J = 32.2 Hz, f) ‡, 125.0 (q, 1JC-F = 

271.7 Hz, g), 124.0 (q, 3JC-F = 3.8 Hz, e, e´), 111.7 (Cp), 2.70 (SiMe3) ppm; 19F NMR (471 MHz, 

C6D6): δ -62.1 ppm; 29Si{1H} NMR (99 MHz, C6D6): δ -15.4 ppm; MS (EI, 70 eV, direct inlet, 

200 °C): compound shows no molecule ion. 

Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11j[9] 

 

A solution of zirconocene 9 (166 mg, 352 µmol) and diyne 10j (122 mg, 352 µmol) in toluene 

(3 mL) was stirred at 25 °C. Samples (0.3 mL) were taken for the reaction monitoring after the 

defined times. The formation of the zirconacyclopentadiene 11j was observed after 10 min of 

reaction. Over this time, the mixture turned to red. The second reaction mixture was filtered 

over celite, the solvent was removed in vacuo and an orange-red solid was obtained for further 

analysis (192 mg, 96%). Crystals could be obtained from a saturated toluene solution. 1H NMR 

(600 MHz, C6D6): δ 7.60 (dd, 3J = 7.6 Hz, 4J = 1.3 Hz, 2H, e), 7.51 (dd, 3J = 7.6 Hz, 4J = 1.3 Hz, 

h), 7.14 (td, 3J = 7.6 Hz, 4J = 1.3 Hz, 2H, f), 7.07 (td, 3J = 7.6 Hz, 4J = 1.3 Hz, 2H, g), 5.94 (s, 

10H, Cp), 0.21 (s, 18H, SiMe3) ppm;  

                                                           
‡ This signal is overlapping with the solvent signal. 
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13C{1H} NMR (151 MHz, C6D6): δ 208.9 (a), 137.5 (b), 136.2 (c or d), 133.7 (d or c), 129.7 (h), 

128.8 (f), 126.9 (g), 123.7 (e), 110.2 (Cp), 3.8 (SiMe3) ppm; 29Si{1H} NMR (99 MHz, C6D6): δ -

12.0 ppm; HR-MS (EI, C32H36
28Si290Zr): m/z calcd. 566.13971, found 566.13966 (R = 10000); 

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 566 (5) [M]+., 220 (100) [Cp2Zr]+. 

Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11k[13] 

 

A solution of zirconocene 9 (198 mg, 421 µmol) and diphenylacetylene (10k) (150 mg, 

842 µmol) in toluene (6 mL) was stirred at 22 °C. Samples (0.3 mL) were taken for the reaction 

monitoring after the defined times. The formation of the zirconacyclopentadiene 11k was 

observed after 10 min of reaction. Over this time, the mixture turned to orange-pink. The 

second reaction mixture was filtered over celite, the solvent was removed in vacuo and an 

orange-pink solid was obtained for further analysis (231 mg, 95%). Single crystals could be 

obtained from a saturated toluene solution. 1H NMR (500 MHz, C6D6): δ 7.06-7.01 (m, 4H, i, 

i´), 7.00-6.93 (m, 4H, d, d´), 6.86-6.82 (m, 4H, e, e´), 6.82-6.79 (m, 2H, j), 6.76-6.71 (m, 2H, f), 

6.71-6.66 (m, 4H, h, h´), 6.00 (s, 10H, Cp) ppm;  

13C{1H} NMR (126 MHz, C6D6): δ 194.8 (a), 148.6 (b), 142.8 (g), 141.7 (c), 131.3 (d, d´), 128.3 

(i, i´), 127.2 (h, h´), 127.1 (e, e´), 125.1 (f), 123.4 (j), 112.3 (Cp) ppm; HR-MS (EI, C38H30
90Zr): 

m/z calcd. 576.13891, found 576.13987 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z 

(% relative intensity) = 576 (18) [M]+., 220 (100) [Cp2Zr]+.. 

Reaction Monitoring and Synthesis of Zirconacyclopentadiene 11l 

 

A solution of zirconocene 9 (158 mg, 335 µmol) and 1-(1-naphthyl)-2-(trimethylsilyl)acetylene 

(10l) (150 mg, 669 µmol) in toluene (6 mL) was stirred at 22 °C. Samples (0.3 mL) were taken 

for the reaction monitoring after the defined times. The formation of the zirconacyclopentadiene 

11l was observed after 10 min of reaction. Over this time, the mixture turned to yellow-orange. 

The second reaction mixture was filtered over celite, the solvent was removed in vacuo and 
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an orange-yellow solid was obtained for further analysis (202 mg, 90%). Crystals could be 

obtained from a saturated toluene solution. 1H NMR (600 MHz, C6D6): δ 8.32 (dq, 3J = 8.4 Hz, 

4J = 0.9 Hz, 2H, k), 7.46 (ddd, 3J = 8.4 Hz, 3J = 6.8 Hz, 4J = 1.3 Hz, 2H, j), 7.38 (ddt, 3J = 8.1 Hz, 

4J = 1.2 Hz, 0.6 Hz, 2H, h), 7.21 (ddd, 3J = 8.1 Hz, 3J = 6.8 Hz, 4J = 1.3 Hz, 2H, i), 7.02 (d, 3J 

= 8.1 Hz, 2H, f), 6.84 (dd, 3J = 7.0 Hz, 4J = 1.3 Hz, 2H, d), 6.59 (dd, 3J = 8.2 Hz, 3J = 7.0 Hz, 

2H, e), 6.34 (s, 10H, Cp), -0.39 (m, 18H, SiMe3) ppm; 13C{1H} NMR (151 MHz, C6D6): δ 207.7 

(a), 150.0 (b), 142.6 (c), 133.4 (l), 132.8 (g), 128.0 (h), 126.8 (k), 126.0 (d), 125.8 (f), 124.8 (j), 

124.6 (i), 124.0 (e), 111.1 (Cp), 2.1 ppm; 29Si{1H} NMR (99 MHz, C6D6): δ -14.9 ppm; MS (EI, 

70 eV, direct inlet, 200 °C): compound shows no molecular ion.  
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4 Air Stability Tests  

The zirconacyclopentadienes 11a-f were exposed to compressed air and normal atmospheric 

conditions in order to study their stability under such conditions. The samples were then 

analyzed by 1H NMR spectroscopy. After flushing the zirconacyclopentadienes with 

compressed air for 10 min and 30 min no change was observed in the spectra. This procedure 

was repeated with the same sample the next day obtaining the same result. A significant 

change was observed only when the samples were exposed to normal atmospheric conditions 

for one further day. Under such conditions new signals were observed presumably arising from 

the ring-opening of the zirconacyclopentadienes 11a-f. After 2 days the 

zirconacyclopentadienes were completely decomposed. Because the main difference between 

compressed air and atmospheric air is the higher moisture content in the latter, we assume 

that the decomposition is a protonolysis that forms the dienes 16a-f (Scheme S4). Those types 

of decomposition products are already known from the literature, when the 

zirconacyclopentadienes were exposed to acidic conditions, for example in the formation of 3 

(Scheme 1, main manuscript).[9, 15] The structure of the compounds 16a-f was confirmed by 

two-dimensional NMR and mass spectrometry. 

 

Scheme S4. Decomposition path of the zirconacyclopentadienes 11a-f to the dienes 16a-f. 

 

4.1 General procedure for the air stability test  

Zirconacyclopentadienes 11a-f were stirred in toluene under normal atmospheric conditions 

for 24 h. After normal work up with water and dichloromethane and drying of the organic layer 

over magnesium sulfate, the solvents were removed in vacuo. The main product of 

decomposition was analyzed by NMR spectroscopy and MS spectrometry. 

A second by-product was observed in all of the decomposition tests by NMR spectroscopic 

analysis; however it was not possible to isolate this compound. The chemical shifts were (1H 

δ (C6D6): 6.30 (ddd, 2H), 6.50 (ddd, 2H), 2.68 (m, 2H) ppm. 13C δ (C6D6): 132, 133, 41 ppm. 
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Decomposition of Zirconacyclopentadiene 11a 

 

A sample of zirconacyclopentadiene 11a (50.0 mg, 116 µmol) was exposed to the air under 

normal atmospheric conditions during 24 h to yield a white-yellowish solid (32 mg, 73 µmol, 

63%). 1H NMR (600 MHz, C6D6): δ 6.03 (s, 2H, a), 2.13 (m, 4H, c), 1.57 (m, 4H, d), 0.18 (m, 

18H, e) ppm; 13C{1H}  NMR (126 MHz, C6D6): δ 111.1 (a), 82.5 (b), 28.5 (c), 20.1(d), -

8.04(e) ppm; MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 419 (40) [M-CH3]+, 

241 (100) [M-C5H13Sn]+. 

Decomposition of Zirconacyclopentadiene 11b 

 

A sample of zirconacyclopentadiene 11b (50.0 mg, 140 µmol) was exposed to the air under 

normal atmospheric conditions during 24 h to yield a pink-yellowish solid (20 mg, 56 µmol, 

40%). 1H NMR (600 MHz, C6D6): δ 5.95 (s, 2H, a), 2.99 (m, 4H, c), 1.62 (dt, 3J = 6.4, 3.0 Hz, 

4H, d), 1.05 (s, 24H, e) ppm; 13C{1H} NMR (126 MHz, C6D6): δ 167.5 (b), 82.7 (f), 34.0 (c), 

27.4 (d), 25.0 (e) ppm; §MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 360(12) 

[M]+.,44 (100) [M-C20H34BO]+.. 

Decomposition of Zirconacyclopentadiene 11c 

 

A sample of zirconacyclopentadiene 11c (50.0 mg, 150 µmol) was exposed to the air under 

normal atmospheric conditions during 24 h to yield a yellowish solid (41 mg, 123 µmol, 82%).  

                                                           
§ Carbon b was not possible to identify carbon d because the quadrupole moment from the adjacent boron atom. 
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1H NMR (600 MHz, C6D6): δ 6.7(s, 2H, a), 6.58 (d, 3J = 3.9 Hz, 4H, g), 5.96 (d,3J = 3.9 Hz, 4H, 

f), 3.32 (s, 6H, i), 2.66 (d, 3J = 1.7 Hz, 4H, c), 1.44 (m, 4H, d) ppm; 13C{1H} NMR (126 MHz, 

C6D6): δ 166.8 (h), 139.1 (b) 128.4 (e), 125.9 (g), 118.7(a), 104.0 (f), 59.6 (i), 30.3(c), 25.9 

(d) ppm; MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 332 (100) [M]+.. 

Decomposition of Zirconacyclopentadiene 11d  

 

A sample of zirconacyclopentadiene 11d (50.0 mg, 96.2 µmol) was exposed to air under 

normal atmospheric conditions during 24 h to yield an orange solid (36.0 mg, 83.7 µmol, 87%). 

1H NMR (600 MHz, C6D6): δ 6.58 (d, 3J = 3.8 Hz, 2H, g), 6.27 (d, 3J = 3.8 Hz, 2H, f), 6.04 (s, 

2H, a), 2.46 (t, 3J = 5.8 Hz, 2H, c), 1.40 (dt, 3J = 10.1, 5.0 Hz, 2H, d) ppm; 13C NMR (126 MHz, 

C6D6): δ 142.8 ( e), 139.6 (b), 130.2 (f), 128.75 (g), 117.5 (a), 74.0 (h), 31.4 (c), 24.4 (d) ppm; 

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 428 (24) [M]+., 270 (100). 

Decomposition of Zirconacyclopentadiene 11e 

 

A sample of zirconacyclopentadiene 11e (50 mg, 95.8 µmol) was exposed to air under normal 

atmospheric conditions during 24 h to yield a yellowish solid (49 mg, 93 µmol, 97%). 1H NMR 

(600 MHz, C6D6): δ 6.92 (d, 3J =3.83 Hz, 2H, g), 6.57 (s, 2H, a), 6.33 (d, 3J =3.83, 4H, f), 2.40 

(d, 4H, c), 1.32 (m, 4H, d) ppm; 13C{1H} NMR (126 MHz, C6D6): δ 14.7 (e), 142.1 (b), 137.1 (f), 

129.5 (g), 118.0 (a), 73.9 (h), 30.3 (c), 24.4 (d) ppm; MS (EI, 70 eV, direct inlet, 200 °C): m/z 

(% relative intensity) = 524 (30) [M]+ , 237 (100) [M-C6H3IS]+. 

Decomposition of Zirconacyclopentadiene 11f 
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A sample of zirconacyclopentadiene 11f (50 mg, 138 µmol) was exposed to air under normal 

atmospheric conditions during 24 h to yield a yellowish solid (29.7 mg, 109 µmol, 79%). 1H 

NMR (600 MHz, C6D6): δ 6.90 (d, 3J = 5.1 Hz, 2H, g), 6.87 (d, 3J = 3.4 Hz, 2H, h), 6.84 (s, 2H, 

a), 6.80 (dd, 3J = 5.1 Hz, 4J = 3.6 Hz, 2H, f), 2.69-2.63 (m, 4H, c), 1.41 (m, 2H, d) ppm; 13C{1H} 

NMR (126 MHz, C6D6): δ 141.82 (e), 141.79 (b), 128.35 (h), 127.20 (f), 125.27 (g), 118.36 (a), 

30.39 (c), 24.78 (d) ppm; MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 272 

(62) [M]+., 111 (100).  
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6 Spectra  

6.1 Isolated Compounds 

 

Figure S1. 1H NMR (500 MHz) spectrum of Rosenthal´s zirconocene in C6D6. 

 

Figure S2. 13C{1H} NMR (126 MHz) spectrum of Rosenthal´s zirconocene in C6D6. 
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Figure S3. 1H NMR (500 MHz) spectrum of 1,8-bis(trimethylstannyl)octa-1,7-diyne in CDCl3. 

 

Figure S4. 13C{1H} NMR (126 MHz) spectrum of 1,8-bis(trimethylstannyl)octa-1,7-diyine in CDCl3. 
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Figure S5. 119Sn{1H} NMR (187 MHz) spectrum of 1,8-bis(trimethylstannyl)octa-1,7-diyine in CDCl3.  

 

Figure S6. 1H NMR (500 MHz) spectrum of 1,8-bis(4,4,5,5-tetrametyhl-1,3,2-dioxaborolan-2-yl)octa-

1,7-diyne in C6D6. 
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Figure S7. 13C{1H} NMR (126 MHz) spectrum of 1,8-bis(4,4,5,5-tetrametyhl-1,3,2-dioxaborolan-2-

yl)octa-1,7-diyne in C6D6. 

 

Figure S8. 11B{1H} NMR (160 MHz, C6D6): spectrum of 1,8-bis(4,4,5,5-tetrametyhl-1,3,2-dioxaborolan-

2-yl)octa-1,7-diyne in C6D6. 
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Figure S9. 1H NMR (500 MHz) spectrum of 5-methoxy-2-iodothiophene in CDCl3. 

 

Figure S10.13C{1H} NMR (126 MHz) spectrum of 5-methoxy-2-iodothiophene in CDCl3. 
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Figure S11. 1H NMR (500 MHz) spectrum of 1,8-bis(5-methoxy-thiophen-2-yl)octa-1,7-diyne in CDCl3. 

 

Figure S12. 13C{1H} NMR (126 MHz) spectrum of 1,8-bis(5-methoxy-thiophen-2-yl)octa-1,7-diyne in 
CDCl3. 
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Figure S13. 1H NMR (500 MHz) spectrum of 2-bromo-5-iodothiophene in CDCl3. 

 

Figure S14. 13C{1H} NMR (126 MHz) spectrum of 2-bromo-5-iodothiophene in CDCl3. 
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Figure S15.1H NMR (500 MHz) spectrum of 1,8-bis(5-bromo-thiophen-2-yl)octa-1,7-diyne in CDCl3. 

 

Figure S16.13C{1H} NMR (126 MHz) spectrum of 1,8-bis(5-bromo-thiophen-2-yl)octa-1,7-diyne in 
CDCl3. 

282 Experimental Section



S45 

 

 

Figure S17. 1H NMR (500 MHz) spectrum of 1,8-bis(5-iodo-thiophen-2-yl)octa-1,7-diyne in CDCl3. 

 

Figure S18. 13C{1H} NMR (126 MHz) spectrum of 1,8-bis(5-iodo-thiophen-2-yl)octa-1,7-diyne in CDCl3. 
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Figure S19.1H NMR (500 MHz) spectrum of 1,8-bis(thiophen-2-yl)octa-1,7-diyne in CDCl3. 

 

Figure S20. 13C{1H} NMR (126 MHz) spectrum of 1,8-bis(thiophen-2-yl)octa-1,7-diyne in CDCl3. 
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Figure S21.1H NMR (600 MHz) spectrum of 1,9-diphenylnona-1,8-diyne in CDCl3. 

 

Figure S22.13C{1H} NMR (151 MHz) spectrum of 1,9-diphenylnona-1,8-diyne in CDCl3. 
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Figure S23.1H NMR (600 MHz) spectrum of 1,7-bis(4-bromophenyl)hepta-1,6-diyne in CDCl3. 

 

Figure S24.13C{1H} NMR (151 MHz) spectrum of  1,7-bis(4-bromophenyl)hepta-1,6-diyne in CDCl3. 
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Figure S25.1H NMR (500 MHz) spectrum of 4-trifluoromethyl-phenylethynyltrimethylsilane in CDCl3. 

 

Figure S26.13C{1H} NMR (126 MHz) spectrum of 4-trifluoromethyl-phenylethynyltrimethylsilane in 
CDCl3. 
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Figure S27. 19F NMR (471 MHz) spectrum of 4-trifluoromethyl-phenylethynyltrimethylsilane in CDCl3. 

 

Figure S28. 29Si{1H} NMR (99 MHz) spectrum of 4-trifluoromethyl-phenylethynyltrimethylsilane in CDCl3. 
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Figure S29.1H NMR (600 MHz) spectrum of 2,2'-bis((trimethylsilyl)ethynyl)biphenyl in CDCl3. 

Figure S30.13C{1H} NMR (151 MHz) spectrum of 2,2'-bis((trimethylsilyl)ethynyl)biphenyl in CDCl3. 
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Figure S31. 29Si{1H} NMR (99 MHz) spectrum of 2,2'-bis((trimethylsilyl)ethynyl)biphenyl in C6D6. 

Figure S32. 1H NMR (500 MHz) spectrum of zirconacyclopentadiene 11a in C6D6. 
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Figure S33. 13C{1H} NMR (126 MHz) spectrum of zirconacyclopentadiene 11a in C6D6. 

 

Figure S34. 119Sn{1H} NMR (187 MHz spectrum of zirconacyclopentadiene 11a in C6D6. 
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Figure S35. 1H NMR (500 MHz) spectrum of zirconacyclopentadiene 11b in C6D6. 

 

Figure S36.13C{1H} NMR (126 MHz) spectrum of zirconacyclopentadiene 11b in C6D6. 
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Figure S37. 11B{1H} NMR (160 MHz) spectrum of zirconacyclopentadiene 11b in C6D6. 

 

Figure S38. 1H NMR (500 MHz) spectrum of zirconacyclopentadiene 11c in C6D6. 
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Figure S39.13C{1H} NMR (126 MHz) spectrum of zirconacyclopentadiene 11c in C6D6. 

 

Figure S40. 1H NMR (500 MHz) spectrum of zirconacyclopentadiene 11d in C6D6. 
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Figure S41. 13C{1H} NMR (126 MHz) spectrum of zirconacyclopentadiene 11d in C6D6. 

 

Figure S42. 1H NMR (500 MHz) spectrum of zirconacyclopentadiene 11e in C6D6. 
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Figure S43. 13C{1H} NMR (126 MHz) spectrum of zirconacyclopentadiene 11e in C6D6. 

 

Figure S44. 1H NMR (500 MHz) spectrum of zirconacyclopentadiene 11f in C6D6. 

296 Experimental Section



S59 

 

 

Figure S45. 13C{1H} NMR (126 MHz) spectrum of zirconacyclopentadiene 11f in C6D6. 

 

Figure S46. 1H NMR (500 MHz) spectrum of zirconacyclopentadiene 11g in C6D6. 
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Figure S47. 13C{1H} NMR (126 MHz) spectrum of zirconacyclopentadiene 11g in C6D6. 

 

Figure S48. 1H NMR (600 MHz) spectrum of zirconacyclopentadiene 11h in C6D6. 
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Figure S49. 13C{1H} NMR (151 MHz) spectrum of zirconacyclopentadiene 11h in C6D6. 

 

Figure S50. 1H NMR (600 MHz) spectrum of zirconacyclopentadiene 11i in C6D6. 
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Figure S51. 13C{1H} NMR (151 MHz) spectrum of zirconacyclopentadiene 11i in C6D6. 

 

Figure S52. 19F NMR (471 MHz) spectrum of zirconacyclopentadiene 11i in C6D6. 
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Figure S53. 29Si{1H} NMR (99 MHz) spectrum of zirconacyclopentadiene 11i in C6D6. 

 

Figure S54. 1H NMR (600 MHz) spectrum of zirconacyclopentadiene 11j in C6D6. 
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Figure S55. 13C NMR (151 MHz) spectrum of zirconacyclopentadiene 11j in C6D6. 

 

Figure S56. 29Si{1H} NMR (99 MHz) spectrum of zirconacyclopentadiene 11j in C6D6. 
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Figure S57. 1H NMR (500 MHz) spectrum of zirconacyclopentadiene 11k in C6D6. 

 

Figure S58. 13C{1H} NMR (126 MHz) spectrum of zirconacyclopentadiene 11k in C6D6. 
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Figure S59. 1H NMR (500 MHz) spectrum of zirconacyclopentadiene 11l in C6D6. 

 

Figure S60. 13C{1H} NMR (126 MHz) spectrum of zirconacyclopentadiene 11l in C6D6. 
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Figure S61. 29Si{1H} NMR (99 MHz) spectrum of zirconacyclopentadiene 11l in C6D6.  
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6.2 Reaction Monitoring Experiments 

Negishi conditions  

 

Figure S62.1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11a using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10a. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11a that had been previously 
isolated.  
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Figure S63. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11b using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10b. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11b that had been previously 
isolated. 
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Figure S64.1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11c using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10c. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11c that had been previously 

isolated. 
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Figure S65.1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11d using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10d. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11d that had been previously 
isolated. 
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Figure S66.1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11e using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10e. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11e that had been previously 

isolated. 
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Figure S67. 1H NMR spectra (recorded at 300 K, 600 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11e using Negishi’s reagent and BTMSA as ligand with 
naphthalene as standard (1 eq.). a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10e. 
Reaction monitoring after d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11e 

that had been previously isolated. 
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Figure S68. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11f using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10f. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11f that had been previously 
isolated. 
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Figure S69. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11h using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10h. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11h that had been previously 

isolated. 

 

 

 

 

 

 

 

 

 

 

313Experimental Section



S76 

 

 

Figure S70. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11i using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10i. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11i that had been previously 
isolated. 
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Figure S71. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11j using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10j. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11j that had been previously 
isolated. 
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Figure S72. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11k using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10k. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11k that had been previously 
isolated. 
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Figure S73. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11l using Negishi’s reagent with naphthalene as standard (1 eq.). 
a) Starting material Cp2ZrCl2. b) Naphthalene. c) Starting material 10l. Reaction monitoring after d) 
10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. i) zirconacyclopentadiene 11l that had been previously 

isolated. 
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Rosenthal conditions 

 

Figure S74.1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11a using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10a. Reaction monitoring after 

d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S75.1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11b using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10b. Reaction monitoring after 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S76. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11c using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10c. Reaction monitoring after 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S77.1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11d using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10d. Reaction monitoring after 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S78. 1H NMR spectra (recorded at 300 K, 600 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11d using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10d. Reaction monitoring after 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S79. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11e using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10e. Reaction monitoring after. 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S80. 1H NMR spectra (recorded at 300 K, 600 MHz in C6D6) of the reaction monitoring for the 
stability test of zirconacyclopentadiene 11e with naphthalene as standard (1 eq.). a) Naphthalene. b) 
Starting material 10e. Reaction monitoring after. c) 10 min. d) 30 min. e) 1 h. f) 3 h. g) 22 h. and h) 
isolated zirconacyclopentadiene 11e.  
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Figure S81. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11f using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10f. Reaction monitoring after. 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S82. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11h using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10h. Reaction monitoring after. 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure 83. 1H NMR spectra (recorded at 300 K, 600 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11h using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10h. Reaction monitoring after. 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S84. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11i using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10i. Reaction monitoring after 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S85. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11j using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10j. Reaction monitoring after. 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S86. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11k using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10k. Reaction monitoring after 

d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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Figure S87. 1H NMR spectra (recorded at 300 K, 200 MHz in C6D6) of the reaction monitoring for the 
synthesis of zirconacyclopentadiene 11l using Rosenthal’s reagent with naphthalene as standard 
(1 eq.). a) Rosenthal’s reagent (9). b) Naphthalene. c) Starting material 10l. Reaction monitoring after 
d) 10 min. e) 30 min. f) 1 h. g) 3 h and h) 22 h. 
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6.3 Air Stability Tests  

 

Figure S88. 1H NMR (500 MHz) spectrum of (1E,2E)-1,2-bis((trimethylstannyl)methylene)cyclohexane 
main product in the decomposition of zirconacyclopentadiene 11a under air, in C6D6. 

 

Figure S89. 13C{1H} NMR (126 MHz) spectrum of (1E,2E)-1,2-
bis((trimethylstannyl)methylene)cyclohexane main product of the decomposition of 
zirconacyclopentadiene 11a under air, in C6D6. 
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Figure S90. 1H NMR (500 MHz) spectrum of (1E,2E)-1,2-bis((4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-
yl)methylene)cyclohexane main product of the decomposition of zirconacyclopentadiene 11b under air, 

in C6D6. 

 

Figure S91. 13C{1H} NMR (126 MHz) spectrum of (1E,2E)-1,2-bis((4,4,5,5-tetramethyl-1,3,2-
dioxaborolan-2-yl)methylene)cyclohexane main product of the decomposition of 
zirconacyclopentadiene 11b under air, in C6D6. 
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Figure S92. 1H NMR (500 MHz) spectrum of (1E, 2E)-1, 2-bis ((5-methoxythiophen-2-yl) methylene) 
cyclohexane main product of the decomposition of zirconacyclopentadiene 11c under air, in C6D6. 

 

Figure S93. 13C{1H} NMR (126 MHz) spectrum of (1E, 2E)-1, 2-bis ((5-methoxythiophen-2-yl) 
methylene) cyclohexane main product of the decomposition of zirconacyclopentadiene 11c under air, in 
C6D6. 
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Figure S94. 1H NMR (500 MHz) spectrum of (1E,2E)-1,2-bis((5-bromothiophen-2-
yl)methylene)cyclohexane main product of the decomposition of zirconacyclopentadiene 11d under air, 
in C6D6. 

 

Figure S95. 13C{1H} NMR (126 MHz) spectrum of (1E,2E)-1,2-bis((5-bromothiophen-2-
yl)methylene)cyclohexane main product of the decomposition of zirconacyclopentadiene 11d under air, 
in C6D6. 
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Figure S96. 1H NMR (500 MHz) spectrum of (1E,2E)-1,2-bis((5-iodothiophen-2-
yl)methylene)cyclohexane main product of the decomposition of zirconacyclopentadiene 11e under air, 
in C6D6. 

 

Figure S97. 13C{1H} NMR (126 MHz) spectrum of (1E,2E)-1,2-bis((5-iodothiophen-2-
yl)methylene)cyclohexane main product of the decomposition of zirconacyclopentadiene 11e under air, 
in C6D6. 
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Figure S98. 1H NMR (500 MHz) spectrum of (1E,2E)-1,2-bis(thiophen-2-ylmethylene)cyclohexane main 
product of the decomposition of zirconacyclopentadiene 11f under air, in C6D6. 

 

Figure S99. 13C{1H} NMR (126 MHz) spectrum of (1E,2E)-1,2-bis(thiophen-2-ylmethylene)cyclohexane 
main product of the decomposition of zirconacyclopentadiene 11f under air, in C6D6. 
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7 Crystal Structures 

Table S3. Crystal data and structure refinement of 11d and 11f. 

 11d 11f 

Empirical formula  C26H22S2Br2Zr  C26H24S2Zr  
Formula weight  649.59  491.79 
Temperature/K  100.0  100.0  
Crystal system  monoclinic  monoclinic  
Space group  P21/c  P21/c  
a/Å  15.0327(11)  9.6714(3)  
b/Å  8.6378(6)  12.0118(4)  
c/Å  18.2944(17)  18.6458(7)  
α/°  90  90  
β/°  100.400(4)  99.1990(10)  
γ/°  90  90  
Volume/Å3  2336.5(3)  2138.24(13)  
Z  4  4  
ρcalcg/cm3  1.847  1.528 
μ/mm-1  4.082  0.720  
F(000)  1280.0  1008.0  
Crystal size/mm3  0.22 × 0.2 × 0.15  0.3 × 0.25 × 0.25  
Radiation  MoKα (λ = 0.71073)  MoKα (λ = 0.71073)  
2Θ range for data 
collection/°  

4.528 to 59.998  5.576 to 57  

Index ranges  
-21 ≤ h ≤ 21, -12 ≤ k ≤ 11, -
25 ≤ l ≤ 25  

-12 ≤ h ≤ 12, -16 ≤ k ≤ 16, -
25 ≤ l ≤ 25  

Reflections collected  55126  49315  

Independent reflections  
6820 [Rint = 0.0475, Rsigma = 
0.0291]  

5401 [Rint = 0.0225, Rsigma = 
0.0120]  

Data/restraints/parameters  6820/0/281  5401/18/300  
Goodness-of-fit on F2  1.041  1.078  
Final R indexes [I>=2σ (I)]  R1 = 0.0271, wR2 = 0.0534  R1 = 0.0230, wR2 = 0.0528 
Final R indexes [all data]  R1 = 0.0378, wR2 = 0.0573  R1 = 0.0253, wR2 = 0.0542 
Largest diff. peak/hole / e Å-3  0.58/-0.64  0.48/-0.35 

CCDC Number 1900225 
Our experimental data is in 
agreement with the 
literature.[14] 
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Table S4. Crystal data and structure refinement of 11h and 11i. 

 11h 11i 

Empirical formula  C29H24Br2Zr  C34H36F6Si2Zr  
Formula weight  623.52  706.03  
Temperature/K  100.0  100.0  
Crystal system  triclinic  monoclinic  
Space group  P-1  P21/n  
a/Å  9.0975(3)  9.2700(4)  
b/Å  13.0160(4)  13.8588(6)  
c/Å  22.4469(8)  26.4170(12)  
α/°  74.3840(10)  90  
β/°  83.3870(10)  93.081(2)  
γ/°  70.9900(10)  90  
Volume/Å3  2419.18(14)  3388.9(3)  
Z  4  4  
ρcalcg/cm3  1.712  1.384  
μ/mm-1  3.773  0.450  
F(000)  1232.0  1448.0  
Crystal size/mm3  0.35 × 0.2 × 0.15  0.2 × 0.2 × 0.15  
Radiation  MoKα (λ = 0.71073)  MoKα (λ = 0.71073)  
2Θ range for data 
collection/°  

4.738 to 59  4.584 to 66.472  

Index ranges  
-12 ≤ h ≤ 12, -18 ≤ k ≤ 18, -
31 ≤ l ≤ 31  

-14 ≤ h ≤ 14, -21 ≤ k ≤ 21, -
40 ≤ l ≤ 40  

Reflections collected  81502  81669  

Independent reflections  
13464 [Rint = 0.0704, Rsigma 
= 0.0347]  

13006 [Rint = 0.0350, Rsigma 
= 0.0259]  

Data/restraints/parameters  13464/0/578  13006/78/450  
Goodness-of-fit on F2  1.025  1.089  
Final R indexes [I>=2σ (I)]  R1 = 0.0244, wR2 = 0.0570  R1 = 0.0365, wR2 = 0.0854  
Final R indexes [all data]  R1 = 0.0297, wR2 = 0.0585  R1 = 0.0485, wR2 = 0.0906  
Largest diff. peak/hole / e Å-

3  
0.75/-0.64  0.92/-0.87 

CCDC Number 1900228 1900226 
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Table S5. Crystal data and structure refinement of 11j, 11k and 11l. 

 11j 11k 11l 

Empirical formula  C32H36Si2Zr C45H38Zr  C40H42Si2Zr  
Formula weight   568.01 

 

669.97  670.13  
Temperature/K  100.0 100.0  100.0  
Crystal system   monoclinic 

 

triclinic  monoclinic  
Space group  C2 P-1  C2/c  
a/Å  12.1783(5) 11.0860(4)  21.8814(9)  
b/Å  28.7591(12) 11.3088(4)  10.8845(4)  
c/Å   24.7926(10) 

 

14.1880(5)  14.3210(6)  
α/°   90 

 

90.1010(10)  90  
β/°  95.4680(10) 108.9690(10)  98.3850(10)  
γ/°   90 

 

90.0260(10)  90  
Volume/Å3  8643.8(6) 1682.14(10)  3374.3(2)  
Z  12 2  4  
ρcalcg/cm3   1.309 

 

1.323  1.319  
μ/mm-1   0.483 

 

0.358  0.424  
F(000)   3552.0 

 

696.0  1400.0  
Crystal size/mm3   0.18 × 0.16 × 0.16 

 

0.2 × 0.15 × 0.15  0.37 × 0.19 × 0.16  

Radiation  
MoKα (λ = 
0.71073) 

MoKα (λ = 
0.71073)  

MoKα (λ = 
0.71073)  

2Θ range for data 
collection/°  

4.952 to 54.966 
4.706 to 55.994  4.922 to 61.14  

Index ranges  
 
-13 ≤ h ≤ 15, -37 ≤ 
k ≤ 37, -32 ≤ l ≤ 32 

-14 ≤ h ≤ 14, -14 ≤ 
k ≤ 14, -18 ≤ l ≤ 17  

-31 ≤ h ≤ 31, -15 ≤ 
k ≤ 15, -20 ≤ l ≤ 
20  

Reflections collected  80826 35430  36277  

Independent reflections  
19556 [Rint = 
0.0316, Rsigma = 
0.0316] 

8114 [Rint = 
0.0244, Rsigma = 
0.0219]  

5186 [Rint = 
0.0359, Rsigma = 
0.0243]  

Data/restraints/parameters   19556/1/966 
 

8114/0/480  5186/0/198  
Goodness-of-fit on F2   1.145 

 

1.060  1.064  

Final R indexes [I>=2σ (I)]  
R1 = 0.0373, wR2 
= 0.0810 

R1 = 0.0344, wR2 = 
0.0910  

R1 = 0.0282, wR2 
= 0.0656  

Final R indexes [all data]  
R1 = 0.0399, wR2 
= 0.0818 

R1 = 0.0384, wR2 = 
0.0939  

R1 = 0.0369, wR2 
= 0.0697  

Largest diff. peak/hole / e 
Å-3  

1.04/-0.57 
2.02/-0.60  0.45/-0.34  

CCDC Number 1915992 1900380 1900227 
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Figure S100.Molecular structures of 11d and 11f showing 50% probability ellipsoids and the 
crystallographic numbering scheme. Only the major parts of the disordered molecule of 11f is shown 
for clarity. 

 

Figure S101. Molecular structures of 11h (only one independent molecule is shown) and 11i showing 
50% probability ellipsoids and the crystallographic numbering scheme. Only the major parts of the 
disordered molecule of 11i is shown for clarity. 
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Figure S102. Molecular structures of 11j and 11k showing 50% probability ellipsoids and the 
crystallographic numbering scheme. 

 

Figure S103. Molecular structure of 11l showing 50% probability ellipsoids and the crystallographic 
numbering scheme. 
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Table S6. Selected Bond Parameters of Molecular Structures 11d, 11f and 11h. 

 11d 11f 11h 

Bond lengths [Å] 
and angles [°] 

   

Zr(1)-C(1) 2.2878(2) 2.2619(2) 2.2468(2) 
C(1)-C(2) 1.369(3) 1.3665(2) 1.361(2) 
C(1)-C(10) 1.451(3) 1.460(2)   

 

1.470(2) 
C(2)-C(7) 1.481(3) 1.4866(2) - 
C(2)-C(6) - - 1.502(2) 
C(2)-C(3) 1.525(3)   

 

1.5199(2) 1.529(2) 
C(2)-C(1)-Zr(1) 112.23(2) 112.84(2)   

 

101.94(2) 
C(8)-Zr(1)-C(1) 76.40(7) 76.52(5)   

 

- 

C(7)-Zr(1)-C(1) - - 86.12(6)   
 

Zr(1)-C(1)-C(2)-C(7) 8.3(2)   
 

7.58(2)   
 

- 

Zr(1)-C(1)-C(2)-C(6) - - 5.28(2) 
Zr(1)-C(1)-C(10)-
C(11) 

-23.0(3) 125.5(6)   
 

-65.3(2) 

 

Table S7. Selected Bond Parameters of Molecular Structures 11i and 11j. 

 11i 11j 

Bond lengths [Å] and 
angles [°] 

  

Zr(1)-C(1) 2.2633(2)   
 

2.250(5) 

C(1)-C(2) 1.3660(2) 1.365(7)   
 

C(1)-Si(1) 1.8723(2)   
 

1.875(5) 

C(2)-C(3) 1.5056(2) 1.505(7)   
 

C(2)-C(20) 1.5005(2) -   
 

C(2)-C(1)-Zr(1) 105.71(9)   
 

100.1(3)   
 

C(1)-Zr(1)-C(4) 82.69(5)   
 

-   
 

C(1)-Zr(1)-C(8) - 87.00(2) 
Zr(1)-C(1)-C(2)-C(3) -2.16(2) 155.5(4) 
C(8)-Zr(1)-C(1)-C(2) - 1.8(3) 
C(1)-C(2)-C(20)-C(21) 75.78(2) - 

 

Table S8. Selected Bond Parameters of Molecular Structures 11k and 11l. 

 11k 11l 

Bond lengths [Å] and 
angles [°] 

  

Zr(1)-C(1) 2.2588(2) 2.2684(2)   
 

C(1)-C(2) 1.359(2)   
 

1.3667(2) 
C(1)-Si(1) - 1.8752(2) 
C(1)-C(10) 1.483(2) - 
C(2)-C(3) 1.498(2)   

 

- 

C(2)-C(20) 1.499(2)   
 

1.5079(2) 
C(2)-C(1)-Zr(1) 109.09(2)   

 

106.00(9) 
C(1)-Zr(1)-C(4) 79.37(6)   

 

- 

Zr(1)-C(1)-C(2)-C(3) -7.40(2) - 
C(1)-C(2)-C(20)-C(21) 54.6(2) 83.36(2)   

 

Zr(1)-C(1)-C(10)-C(11) 71.8(2) - 
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General Considerations 

Abbreviations 

ATR    attenuated total reflectance  

br    broad  

calcd.    calculated 

δ    chemical shift in parts per million  

COSY    correlated spectroscopy  

Cp    cyclopentadienyl 

DCM    dichloromethane 

DSC    differential scanning calorimetry  

DIPA    N,N-diisopropylamine 

DMF    N,N-dimethylformamide 

DEPT    distortionless enhancement by polarization transfer 

d    doublet (NMR) 

EI    electron impact 

EtOAc    ethyl acetate 

GPC    gel permeation chromatography  

GB    glovebox 

HMBC    heteronuclear multiple bond coherence 

HSQC    heteronuclear single quantum coherence 

HOMO    highest occupied molecular orbital  

HR-MS    high resolution mass spectrometry 

IR    infrared spectroscopy 

LUMO    lowest unoccupied molecular orbital 

λmax    maximum absorption wavelength 

m    medium (IR) 

m    multiplet (NMR) 
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NBS    N-bromosuccinimide 

NIS     N-iodosuccinimide 

NMR    nuclear magnetic resonance 

ppm    parts per million 

Ph    phenyl group 

PL    photoluminescence  

λPL    photoluminescence emission wavelength 

Đ    polydispersity index 

R    resolution (mass spectrometry) 

Rf    retention factor 

s    singlet (NMR) 

SPS    solvent purification system 

s    strong (IR) 

Cp2Zr(pyr)(Me3SiCCSiMe3)  Rosenthal’s reagent  

THF    tetrahydrofuran 

TMS    tetramethylsilane 

TGA    thermogravimetric analysis 

TLC    thin layer chromatography 

TEA    triethylamine 

t    triplet (NMR) 

UV-Vis    ultraviolet visible spectroscopy  

w    weak (IR) 

 

Chemicals and Solvents 

All reactions were carried out using standard Schlenk techniques under a dry, inert nitrogen 

or argon atmosphere unless noted otherwise. Some reactions were performed inside a 

nitrogen filled glovebox from Inert Innovative Technology, Inc. Company (with < 0.1 ppm 

O2 and < 0.1 ppm H2O). Separations using centrifugation were carried out with a centrifuge 

EBA 20 from the company Hettich Zentrifugen. All dry solvents were obtained from the 

solvent purification system (SPS), degassed by freeze-pump-thaw cycles and stored under 

a nitrogen atmosphere unless noted otherwise. All chemicals were commercially available 

and were used without further purification unless noted otherwise.  

The preparation of the 1,8-bis(trimethylstannyl)octa-1,7-diyne (M2-10b), 1,8-bis(4,4,5,5-

Tetrametyhl-1,3,2-dioxaborolan-2-yl)octa-1,7-diyne (M2-10b) and the Rosenthal reagent 

(M2-9) were already described in the supporting information of chapter 3.2.2. (See chapter 

5.4.). The synthesis of 2-Bromo-4-hexyl-5-iodothiophene (44) and 2-Bromo-3-n-
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hexylthiophene (42) was described in the supporting information of the chapter 3.1.3. (see 

chapter 5.2.). The synthesis of 2-bromo-3-hexyl-5-iodothiophene (P1-1) was described in 

the experimental part from Tetrahedron, 2015, 71 (33), 5399-5406 (see Chapter 5.3.).  

 

Reagent Supplier Purity Comments 

Ammonium chloride Carl Roth ≥ 99.5%  

2-Bromothiophene Sigma Aldrich  98%  

Copper (I) chloride Alfa Aesar 99.999% stored in a glove 

box (GB) 

Copper (I) iodide Alfa Aesar 99.998% stored in a GB 

n-Butyllithium Acros Organics n. a. 2.5 M in hexanes 

Diphenyltin dichloride VWR Chemicals 96% distilled 

Iodine AppliChem Pure Ph. Eur.  

2-Iodothiophene TCI ≥ 98%  

Magnesium sulfate Grüssing 99%  

N-Iodosuccinimide MOLEKULA 95%  

1,7-Octadiyne VWR Chemicals 98%  

[PdCl2(dppf)] Sigma Aldrich n.a.  

[Pd(PPh3)4] TCI > 97% stored in a freezer 

in a GB 

[Pd(tBu3P)2] TCI > 98% Stored in a 

freezer in a GB 

Sodium carbonate VWR Chemicals n.a. ACS, Reag. Ph. 

Eur. 

Sodium hydrogen 

carbonate 

VWR Chemicals n.a. ACS, Reag. Ph. 

Eur. 

Sodium sulfate Grüssing 99%  

Sodium thiosulfate Grüssing 97%  

p-Toluenesulfonic acid·H2O Acros Organics 97.5 %  

Trimethylstannyl chloride  Sigma Aldrich  99 % Stored in a GB 

Zirconocene dichloride abcr 99% stored in a freezer 

inside a GB 

Bis(trimethylsilyl)acety- 

lene 

Sigma Aldrich 99% stored in a freezer 

in a GB 

Table 5: List of supplier and purity of used chemicals. 
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Solvent Comments 

Acetic acid Alfa Aesar, 99+% 

Chloroform VWR Chemicals; ACS, Reag. Ph. Eur. 

Dichloromethane VWR Chemicals; for HPLC; dry from the SPS 

Diethyl ether VWR Chemicals; for HPLC; dry, distilled from 

sodium / benzophenone 

Dioxane ABCR GmbH, distilled and degassed by SPT 

N,N-Dimethylformamide Extra dry from Acros Organics; 99.8% 

Ethyl acetate VWR Chemicals; ACS, Reag. Ph. Eur.  

Ethanol VWR Chemicals, ACS, Reag. Ph. Eur. 

n-Hexane VWR Chemicals; ACS, Reag. Ph. Eur. 

n-Pentane VWR Chemicals; for HPLC; dry from the SPS 

and degassed 

Pyridine Acros Organics 99.8%; dried over KOH, 

degassed, stored over 4 Å molecule sieves 

Triethylamine Grüssing; 99%; dry, distilled over CaH2; 

degassed 

t-Butanol VWR Chemicals, ACS, Reag. Ph. Eur.  

Tetrahydrofuran VWR Chemicals; for HPLC; dry from the SPS 

and degassed 

Toluene VWR Chemicals; for HPLC; dry, from the SPS 

and degassed 

Table 6: List of suppliers and purity of used solvents. 

 

Analytical Instruments 

1H NMR, 13C{1H} NMR, 11B{1H} NMR and 119Sn{1H} NMR spectrum were recorded on a 

Bruker Avance Neo 500 (for isolated compounds and kinetic experiments). All 1H NMR and 

13C{1H} NMR were referenced against the solvent residual proton signals (1H), or the solvent 

itself (13C). 119Sn{1H} NMR spectrum were calculated based on the 1H NMR spectrum of 

TMS. 11B{1H} NMR spectrum were referenced against BF3·Et2O in CDCl3. All chemical shifts 

δ are given in parts per million (ppm) and all coupling constants J in Hz. The exact 

elucidation of the compounds was proved by 1H, 13C DEPT and two-dimensional NMR 

spectroscopy such as 1H COSY, 13C{1H} HSQC or 1H/13C{1H} HMBC when possible.  

Electron impact (EI) ionization mass spectra were recorded on a double focusing mass 

spectrometer MAT 95+ or MAT 8200 from FINNIGAN mat. Samples were measured by direct 
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inlet or indirect inlet method with a source temperature of 200° C. The ionization energy of 

the electron impact ionization was 70 eV. All signals were reported with the quotient from 

mass to charge m/z. Accurate masses were determined via the peak-matching method. The 

resolution (R) of the peak-matching performance was 10 000. The calculated isotopic 

distribution for each ion agreed with experimental values. 

High-resolution accurate-mass electrospray ionization (ESI) spectra were recorded on a 

Bruker Daltonics microTOF II mass spectrometer. High resolution accurate-mass MALDI 

mass spectrum and MALDI MS analysis of the polymers 47, 56 and 61 were recorded on 

a Bruker Daltonics ultrafleXtreme TOF/TOF mass spectrometer using graphite as the matrix.  

IR spectra were recorded on a NICOLET Thermo IS10 SCIENTIFIC IR spectrometer with a 

diamond-ATR-unit. The resolution was 4 cm-1. Relative intensities of the IR bands were 

described by s = strong, m = medium or w = weak.  

UV-Vis measurements were recorded on a Jasco spectrometer model V-630, with 

dichloromethane as a solvent.  

Fluorescence measurements were recorded on a Photon Technology International 

spectrometer with a lamp power supply LPS-220B, Motor Driver MD-5020 and 

1Photomultiplier 814. Dichloromethane was used as a solvent. 

All melting points were measured with a BÜCHI Melting Point M-560 using a heating ramp 

of 5 K / min. 

Thin layer chromatography (TLC) was carried out on aluminium plates coated with silica gel 

60 F254 with a layer thickness of 0.2 mm from Fluka or Macherey-Nagel. All bands were 

detected by using a fluorescent lamp (254 nm and 366 nm). Column chromatography was 

carried out by using the column machine PuriFlash 4250 from Interchim. Silica gel columns 

of the type PF-15SiHP-F0012, PF-15SiHP-F0025, PF-50SiHP-JP-F0080, PF-50SiHP-JP-F0120, 

and PF-50SiHP-JP-F0220 were used. The injection of the sample was made via dry load. 

The column material of the dry load was Celite 503 from Macherey-Nagel.  

The molecular weight and molecular weight distribution of all synthesized polymers were 

determined using a PSS GPC/SEC system 1260/1290. The system was equipped with three 

PSS-SDV high combination columns (styrene-divinylbenzene copolymer network) with a 

molecular range from 100-3000 kDa, a refractive index detector (SECurity RID Article Nr. 

404-0106), a diode array detector (SECurity DAD Article Nr. 404-0110), a viscometer 

detector (DVD 1260 Article Nr. 404-0025) and a Light Scattering Detector with 3D spectrum 

option (SECcurity Multichrom SLD 1000 Article Nr. 404-0196). The columns where heated 

at 35 °C using a column thermostat (SECcurity TCC6000). THF (HPLC grade without 

stabilizer) was used as an eluent. The measurements were recorded at 35° C under an 

eluent flow of 1 mL/min. The apparatus was calibrated using polystyrene standards (PSS) 

with a conventional calibration.  
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The electrochemical studies were carried out under argon using an Eco Chemie Autolab 

PGSTAT 30 potentiostat for cyclic voltammetry with the three-electrode configuration: the 

working electrode was a platinum disk; the reference electrode was a saturated calomel 

electrode and the counter-electrode was a platinum wire. All potentials were internally 

referenced to the ferrocene/ ferrocenium couple. For the measurements, concentrations of 

10-3 M of the electroactive species were used in freshly distilled and degassed 

dichloromethane and 0.2 M tetrabutylammonium hexafluorophosphate as the electrolyte. 

TGA measurements were performed on a Mettler Toledo DSC 3/TGA + STAR system using 

aluminium crucibles and under a flow of nitrogen of 20 mL/min.  

DSC measurements were performed on a Mettler Toledo DSC 3+ STAR system using 

aluminium pans, under nitrogen atmosphere and a heat flow of 10 K/min.  

 

Crystallography  

Single crystals of size ~0.3 mm were chosen using a polarizing microscope and mounted on a 

goniometer head using perfluorinated oil. X-ray diffraction data were collected on a four-circle 

diffractometer with a Complementary Metal–Oxide–Semiconductor (CMOS) area detector and a 

microfocus source using Mo Ka radiation (λ = 0.71073 Å) at 100K. The crystal to detector distance 

was fixed at 40 mm, and the scan width (∆ω) was 0.5° per frame during the data collection. The 

data collection strategy was chosen in such a way as to yield a dataset with d =0.7 Å resolution 

yet having both high and low angle frames. Cell refinement, data integration, and reduction with 

face indexing for accurate numerical absorption correction were carried out using the Apex2 

software. Data merging and space group determination were performed by XPREP. The crystal 

structure was solved by direct methods using SHELXS97and refined according to the 

spherical-atom approximation (based on F2) using SHELXL97[93] included in the WinGX suite.[94] 

The hydrogen atoms were fixed stereochemically and the position and isotropic thermal parameters 

were allowed to refine in the spherical atom model.  
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Synthesis  

2,2-Diphenyl-1,3-bis(trimethylstannyl)-4,5,6,7-tetrahydro-2H-

benzo[c]stannole (48) 

 

In a glovebox, a solution of 1,8-bis(trimethylstannyl)octa-1,7-diyne (M2-10a) (447 mg, 

1.03 mmol) and Cp2Zr(pyr)(Me3SiCCSiMe3) (M2-9) (488 mg, 1.03 mmol) in toluene 

(10 mL) was stirred for 2 h at 20 °C. Over this time the mixture turned to bright orange. 

Ph2SnCl2 (354 mg, 1.03 mmol), CuCl (10.2 mg, 103 µmol, 10 mol%) and toluene (2 mL) 

were added. The reaction was stirred at 20 °C for 3 h, until the mixture turned to dark 

green.  

Outside the glovebox, the reaction was quenched with water (50 mL) and the aqueous layer 

was extracted with DCM (3 x 100 mL). The combined organic layers were dried over 

MgSO4.Ater filtration, the volatiles were removed in vacuo and the residue was filtered over 

a short plug of silica using diethyl ether as eluent. After the volatiles were removed in the 

second filtration, the orange pink oil was filtered by third and last time using deactivated 

silica (hexane : TEA 10 %) and pentane as eluent to afford a white-pink solid in a yield of 

329 mg (45 %, 465 µmol). Single crystals were obtained from a saturated n-pentane 

solution. 

M.p.: 77 °C. 

1H NMR (500.1 MHz, C6D6): δ = 7.78 - 7.66 (m, 4H, f), 7.20 – 7.17 (m, 6H, g), 2.70 (t, 3J 

= 6.7 Hz, 4H, c), 1.72 – 1.47 (m, 4H, d), 0.42 – 0.13 (m, 18H, h; 2J(119Sn-1H)= 27 Hz) ppm. 

13C{1H} NMR (126 MHz, C6D6): δ = 166.5 (b), 141.5 (a), 140.2 (e), 137.8 (f), 129.3 (g), 

38.0 (c), 24.7 (d),-7.6 (h) ppm. 

119Sn{1H} NMR (187 MHz, C6D6): δ = -35.28, -43.72 ppm. 

IR (ATR): ṽ = 2956(m), 1432 (m), 1262 (s), 1079 (m), 1026 (m), 712 (s), 516 (s) cm-1. 

HR-MS (EI, C26H36
120Sn3) m/z : calcd. 707.9883, found 707.9883 (R = 10000). 

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) =707 (31) [M]+, 688.8 (100). 

λmax (DCM) = 267 and 316 nm. 
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2,2-Diphenyl-1,3-bis(4,4,5,5-tetrametyhl-1,3,2-dioxaborolan-2-yl)-4,5,6,7-

tetrahydro-2H-benzo[c]stannole (49) 

 

In a glovebox, a solution of 1,8-bis(4,4,5,5-tetramethyl-1,3,2-dioxaborolan-2-yl)octa-1,7-

diyne (M2-10b) (363 mg 1.01 mmol) and Cp2Zr(pyr)(Me3SiCCSiMe3) (M2-9) (488 mg, 

1.03 mmol) in toluene (10 mL) was stirred for 2h at 20 °C. After a color change to dark red, 

Ph2SnCl2 (348 mg, 1.01 mmol), CuCl (10.0 mg, 101 µmol, 10 mol%) and THF (5 mL) were 

added to the solution. The mixture was stirred for 6 h at 20 °C until the mixture turned to 

red-brown color. 

Outside the glovebox, the reaction was quenched with water (50 mL) and the aqueous layer 

was extracted with chloroform (3 x 50 mL). The combined organic layers were dried over 

MgSO4. After filtration, the solvent was removed in vacuo and the residue filtered over a 

short plug of deactivated silica (n-hexane/ TEA 10%) using n-pentane as eluent. The solvent 

was removed in vacuo, diethyl ether (10 mL) was added and the mixture was centrifuged. 

The soluble organic phase was concentrated, and the crude solid was crystallized in 

cyclohexane to afford a colorless solid in a yield of 264 mg (41%, 418µmol). Single crystals 

were obtained from a saturated of cyclohexane solution. 

M.p.: 165 °C. 

1H NMR (500.1 MHz, C6D6): δ= 8.11 - 8.08 (m, 4H, f), 7.31 - 7.23 (m, 6H, g), 

3.19 - 3.14 (m, 4H, c), 1.60 - 1.56 (m, 4H, d), 1.07 (s, 24H, i) ppm. 

13C{1H} NMR (126 MHz, C6D6):4 δ= 171.0 (b), 141.2 (e), 137.9 (f), 128.7 (g), 82.9 (h), 

33.6 (c), 25.0 (d), 23.2 (i) ppm.  

119Sn{1H} NMR (187 MHz, CDCl3): δ -34,67 ppm. 

11B{1H} NMR (160 MHz, C6D6): δ= 22.4 ppm.  

IR (ATR): ṽ= 2975 (w), 2923 (w), 1577 (w), 1430 (m), 1369 (m), 1316 (s), 1265 (m), 

1138 (s), 1074 (w), 966 (w), 847 (s), 727 (s), 696 (s), 672 (m) cm-1. 

HR-MS (ESI, positive, MeOH, [M+H]+, C32H42
11B2O4

120Sn) m/z : calcd for 633.23639 Found 

633.23770.  

 

4 The carbon a was not possible to identify, because the quadrupole moment of the adjacent boron atom. 

 

Experimental Section 351



 

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 632 (12) [M]+., 355(100) 

[M-C18H18BO2]+. 

λmax (DCM) = 270 nm. 

 

1,8-bis(5-Bromo-4-hexylthiophen-2-yl)octa-1,7-diyne (73)[78] 

 

In a glovebox, in a Schlenk flask, a solution of P1-1 (5.40 g, 14.5 mmol), [Pd(Ph3)4] 

(347 mg, 300 µmol, 4 mol%) CuI (57 mg, 299 µmol, 4 mol%) and TEA (6 mL) in DMF 

(12 mL) was stirred at 20 °C. After the addition of 1,7-octadiyne (769 mg, 7.25 mmol), the 

yellow-brown suspension was stirred under a nitrogen atmosphere at 55 °C for 21 h. 

Outside the glovebox, the reaction mixture was quenched with a saturated solution of NH4Cl 

(100 mL) and extracted with diethyl ether (4 x 60 mL). The organic layers were dried over 

MgSO4, filtered and concentrated in vacuo. The crude product was purified via flash 

chromatography (silica gel, n-hexane; Rf = 0.37) to afford a yellow oil on a yield of 3.81 g 

(88%, 6.41 mmol). 

1H NMR (500 MHz, CDCl3)  6.81 (s, 2H, c), 2.52 - 2.47 (m, 4H, i), 2.47 - 2.44 (m, 4H, g), 

1.76 - 1.70 (m, 4H, h), 1.63 - 1.47 (m, 4H, j)*, 1.36 - 1.24 (m, 12H, k/l/m), 0.88 (dd, 3J= 

9.2, 4.6 Hz, 6H, n) ppm. 

* overlapping with the water signal. 

13C{1H} NMR (126 MHz, CDCl3)142.1 (b), 132.2 (c), 123.9 (d), 108.5 (a), 94.8 (f), 73.9 

(e), 31.7, 29.7, 22.7 (k/l/m), 29.5 (i), 29.0 (j), 27.7 (h), 19.4 (g), 14.2 (n) ppm.  

IR (ATR): ṽ = 2925 (s), 2856 (s), 1547 (w), 1441 (m), 1324 (m), 1196 (m), 1006 (w), 

834 (s), 733 (w), 661 (w), 581 (w), 534 (m) cm-1. 

HR-MS (ESI, [M-H]+, C28H36
79Br2S2) m/z : calcd. 594.0625, found 594.0620 (R = 10000). 

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 594 (26) [M]+, 84 (100).  

The NMR data agree with the data found in the literature.[78] 
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1,8-bis(4-Hexyl-5-iodothiophen-2-yl)octa-1,7-diyne (74)[78] 

 

n-Butyllithium (10.4 mL, 24.9 mmol; 2.5 M in hexanes) was added dropwise within 2 min 

to a solution of 73 (6.75 mg, 11.3 mmol) in THF (100 mL) at -78 °C. The orange suspension 

was stirred for 15 min and iodine (6.90 g, 27.2 mmol) in THF (20 mL) was added within 

5 min. The red solution was allowed to warm to 20 °C after removal of the cooling bath. 

The reaction mixture was then quenched with a saturated solution of Na2S2O3 (13 mL). The 

aqueous layer was extracted with diethyl ether (3 x 50 mL) and the combined organic layers 

were dried with MgSO4. After filtration, the volatiles were removed in vacuo. The crude 

product was purified by column chromatography (silica gel, n-hexane; Rf = 0.21) to afford 

a pale-yellow oil in a yield of 7.20 g (92 %, 10.4 mmol). 

1H NMR (500 MHz, CDCl3)  6.75 (s, 2H, c), 2.50 - 2.44 (m, 8 H, g/i), 1.76 - 1.69 (m, 4H, 

h), 1.57 - 1.47 (m, 4H, j)*, 1.37 - 1.28 (m, 12H, k/l/m), 0.91 - 0.85 (m, 6H, n) ppm. 

* overlapping with the water signal. 

13C{1H} NMR (126 MHz, CDCl3)  147.3 (b), 131.8 (c), 128.9 (d), 95.7 (f), 74.2, 74.0 (a/e), 

32.4, 29.0, 22.7 (k/l/m), 31.8, 19.4 (g/i), 30.0 (j), 27.7 (h). 14.1 (l) ppm. 

IR (ATR): ṽ = 2924 (s), 2854 (s), 1704 (w), 1538 (w), 1457 (m), 1362 (m), 1324 (m), 

1263(w), 1194(m), 835 (s),738 (s),658 (w), 560 (w), 533 (m) cm-1. 

HR-MS (ESI, C28H36I2S2) m/z: calcd. 690.03480 , found 691.03711 (R= 10000).  

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 690 (100) [M]+, 662 

(6) [M-C2H4]+. 

The NMR data agree with the data found in the literature.[78] 

 

Zirconacyclopentadiene (75)  

 

In a glovebox, 74 (100 mg, 145 µmol) and Cp2Zr(pyr)(Me3SiCCSiMe3) (68 mg, 0.14 mmol) 

were dissolved in toluene (5 mL) and the solution was stirred for 2 h at 20 °C. Over this 

time the mixture turned to bright orange.The volatiles were removed in vacuo to afford a 

yellow oil in a yield of 124 mg (90 %, 136 µmol).  
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1H NMR (500.1 MHz, C6D6): δ = 5.992 (s, 2H, c), 5.988 (s, 10H, Cp), 2.63 - 2.57 (m, 4H, 

g), 2.56 (d, 3J = 7.6 Hz, 4H, i), 1.64 - 1.56 (m, 4H, j), 1.56 - 1.49 (m, 2H, h), 1.35 – 1.30 

(m, 4H, k), 1.29 – 1.22 (m, 8H, l/m), 0.88 (m, 6H, n) ppm. 

13C{1H} NMR (126 MHz, C6D6): δ = 177.5 (e), 155.1 (f), 147.4 (b), 142.8 (d), 122.3 (c), 

112.4 (Cp), 71.6 (a), 32.9 (c), 32.9 (i), 32.1, 23.1 (l/m), 30.6 (j), 30.1 (g), 29.3 (k), 23.9 

(h), 14.3 (n) ppm.  

 

1,3-bis(4-Hexyl-5-iodothiophen-2-yl)-2,2-diphenyl-4,5,6,7-tetrahydro-2H-

benzo[c]stannole (70) 

 

 

In a glovebox, a solution of 71 (490 mg, 710 µmol) and Cp2Zr(pyr)(Me3SiCCSiMe3) 

(380 mg, 810 µmol) in toluene (10 mL) was stirred for 18 h at 20 °C. Ph2SnCl2 (245 mg, 

710 µmol), CuCl (12 mg, 12 µmol, 17 mol%) and toluene (2 mL) were added to the dark 

mixture. The reaction mixture was stirred at 20 °C for 3 h and over this time the mixture 

turned to bright orange in color. The reaction was quenched with water (50 mL) and the 

aqueous layer was extracted with diethyl ether (3 x 100 mL). The combined organic layers 

were dried over MgSO4. After filtration, the volatiles were removed in vacuo, the residue 

was filtered over a short plug of silica using DCM as eluent. The crude product was 

crystallized using n-pentane to afford yellow crystals in a yield of 359 mg (51%, 393 µmol).  

M.p.: 96.1 °C. 

1H NMR (500.1 MHz, CDCl3): δ  = 7.74 - 7.52 (m, 4H, j), 7.46 - 7.28 (m, 6H, k), 6.60 - 6.58 

(m, 2H, c), 2.83 - 2.75 (m, 4H, g), 2.45 - 2.38 (m, 4H, l), 1.81 - 1.74 (m, 4 H, h), 

1.46 - 1.38 (m, 4 H, m), 1.24 - 1.19 (m,12 H, n/o/p), 0.88-0.80 (m,6 H, q) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ = 150.1 (f), 149.8 (d), 146.9 (b), 137.9 (i), 137.2 (j), 

130.5 (e), 130.0 (c), 129.7, 129.1 (k), 76.0 (a), 32.2 (l), 31.9 (g), 31.8, 28.8, 22.6 (n/o/p) 

, 29.9 (m), 23.9 (h), 14.2 (q) ppm.  

119Sn{1H} NMR (187 MHz, CDCl3): δ = -79.8 ppm. 

IR (ATR): ṽ = 2921 (m), 2853 (m), 1519 (w), 1467 (w), 1428 (m), 1362 (m), 1225 (m), 

1072 (m), 997 (w), 808 (m),794 (m),725 (s), 725 (s), 465 (m) cm-1. 

HR-MS (ESI, C40H46I2S2
120Sn) m/z : calcd. 964.0152, found 964.0159.  

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 964.1 (100) for [M]+. 
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λmax (DCM) = 440 nm. 

 

1,3-bis(4-Hexyl-5-(trimethylstannyl)thiophen-2-yl)-2,2-diphenyl-4,5,6,7-

tetrahydro-2H-benzo[c]stannole (76) 

 

In a glovebox, a mixture of 70 (504 mg, 523 µmol), [Pd(Ph3)4] (60 mg, 52 µmol, 10 mol% 

) and (SnMe3)2 (343 mg, 1.04 mol) in toluene (4 mL) was prepared in a microwave vial. 

The mixture was heated to 120 °C in a microwave apparatus for 30 min. The volatiles were 

removed in vacuo and the crude product was filtrated using deactivated silica (n-hexane : 

TEA 5%) and n-hexane as eluent (Rf = 0.48). The crude product was crystallized using a 

mixture cyclohexane/DCM to afford a bright yellow solid in a yield of 359 mg (66%, 

345 µmol). 

M.p.: 131 °C. 

1H NMR (500.1 MHz, C6D6): δ= 7.67 – 7.62 (m, 4H, j), 7.35 (dd, 3J = 6.3, 3.5 Hz, 6H, k), 

6.93 (s, 2H,c), 2.91 - 2.85 (m, 4H, g), 2.49 - 2.41 (m, 4H, l), 1.82 - 1.76 (m, 4H, h), 

1.48 – 1.39 (m, 4H, m), 1.28 – 1.18 (m, 12H, n/o/p), 0.91 - 0.79 (m, 6H, q), 0.43 - 0.26 

(m, 18H, r, 2J(119Sn-1H)= 28 Hz) ppm. 

13C{1H} NMR (126 MHz, C6D6): δ =150.9 (d), 150.3 (b), 149.2 (f), 137.2 (i), 137.2 (j), 

133.7 (a), 132.3 (c), 129.0 (e), 128.6 (k), 31.7 (g), 32.4 (l), 31.6, 29.0, 31.7 (n/o/p) 22.4 

(h), 14.0 (q), -7.9 (r) ppm.  

119Sn{1H} NMR: δ = -37.72, -83.5 ppm.  

IR (ATR): ṽ = 2924(s), 2853 (m), 2365 (w), 1429 (m), 1329 (m), 1141 (m), 1023 (m), 852 

(w), 812 (m), 724 (s), 695 (s) cm-1. 

HR-MS (ESI, C46H64S2
119Sn3) m/z : calc. 1036.15184, found 1036.15130.  

MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 1040 (100)M+. 

λmax (DCM) = 437 nm. 
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2,5-bis(Trimethylstannyl)thiophene (71)[95] 

 

n-Butyllithium (8 mL, 20 mmol, 2.5 M in hexanes) was added dropwise within 10 min to a 

solution of thiophene (841 mg, 10.0 mmol) and TMEDA (2.22 g, 19.0 mmol) in n-hexane 

(13 mL) at 0 °C under a nitrogen atmosphere. The reaction mixture was heated to reflux 

for 45 min. The suspension was cooled to 0 °C and a solution of Me3SnCl (3.98 g, 

20.0 mmol) in THF (7.5 mL) was added. After removal of the cooling bath, the reaction 

mixture was stirred at 24 °C for 15 h and then quenched with a saturated solution of NH4Cl 

(40 mL). The aqueous layer was extracted with diethyl ether (3 x 40 mL) and the combined 

organic layers were washed with brine (2 x 20 mL). The organic layers were dried over 

MgSO4, filtered and the volatiles were removed in vacuo. The side products were removed 

partly by sublimation (40 °C, 2 x 10-1 mbar) and the residue was sublimed (80 °C, 9 x 10-

2 mbar) to afford a white solid in a yield of 1.97 g (48%,4.78 mmol, Lit. yield 51%).  

m.p.: 95.5 °C.   

1H NMR (500.1 MHz, CDCl3): δ = 7.40-7.33 (m, 2H, b), 0.43-0.30 (m, 18 H, c; 2J(119Sn-

1H)= 29 Hz) ppm. 

13C{1H} NMR (126 MHz, CDCl3): δ = 143.18 (a) , 135.96 (b), -8.04 (c; 1J(119Sn-13C)= 185 

Hz) ppm. 

119Sn{1H} NMR (187 MHz, CDCl3): δ = -28.14 ppm.  

IR (ATR): ṽ =3057 (w), 2982 (w), 2913 (w), 1564 (w), 1477 (w), 1390 (w), 1199 (w), 

1255 (w), 1187 (w), 953 (m), 921 (w), 797 (s), 761 (s), 734 (s), 531 (s), 515 (s) cm-1. 

HR-MS (EI, C10H20SSn2) m/z : calcd. 407.93204, 409.93216, 411.93280, found 407.93146, 

409.93214, 411.93241 (R= 10000).  

MS (EI, 70 eV, direct inlet, 200 °C): m/z (%) = 411 (8) [M]+, 395 (100) [M-CH3]+, 365 (6) 

[M-C3H9]+. 
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Polymer Containing Thiophene and Thionyl Moieties with a Ratio of 3 : 1 (72)  

 

 

An orange-red solution of 70 (144 mg, 150 µmol), [Pd(PPh3)4] (8.7 mg, 7.5 µmol, 5 mol% 

) and 2,5-bis(trimethylstannyl)thiophene (71) (61.4 mg, 150 µmol) in toluene (5 mL) was 

prepared in a glovebox in a microwave vial. The mixture was heated in a microwave 

apparatus for 2 h at 120 °C. Then, the volatiles were removed in vacuo and the crude 

product was purified by Soxhlet extraction, first with methanol (200 mL) heating the system 

at 100 °C for 10 h. After oligomers and small molecules were removed, the solvent was 

changed to DCM and the system has heated at 80 °C for 6 h. The volatiles were removed 

in vacuo to afford a purple solid in a yield of 21.3 mg (18%).  

1H NMR (500.1 MHz, C6D6): δ= 7.75 – 7.61 (m, 4H, t), 7.44 – 7.33 (m, 6H, u), 7.07 

(d, J = 18.3 Hz, 2H, c/b), 6.82 (broad, 2H, g), 2.90 (s, 2H, q), 2.77 – 2.62 (m, 2H, i), 

1.83 (broad, 2H, r), 1.66 – 1.47 (m, 2H, j), 1.40 – 1.07 (m, 6H, k/l/m), 0.87 (broad, 3H, 

n) ppm. 

13C{1H} NMR (126 MHz, C6D6): δ= 146.0 (p), 143.6 (h), 139.5 (o), 138.7 (f), 137.6 (t), 136.5 

(a), 135.1 (s), 133.7 (g), 130.7 (e), 129.8 (d), 129.3 (u), 125.8 (c/b), 32.2 (q), 30.6 (j), 29.7 (i), 

23.6 (r), 32.1, 29.5. 22.93 (k/l/m), 14.52 (n) ppm. 

IR (ATR): ṽ = 2919 (m), 2848 (m), 1426 (m), 1071 (w), 992 (w), 787 (m), 715 (s),           

685 cm-1.  

λmax (CHCl3) = 530 nm. 

Mn (GPC, conventional method, CHCl3) = 3.94 kDa.  

Đ = 1.72. 
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Variation of the Ratio between the Monomers 67 and 68 and the Type of Catalyst 

for the Formation of the Polymer 72.  

 

General procedure for mixtures of 70:71 in molar ratios of 1.00: 1.00, 1.05:1.00, 1.10 : 

1.00 and 1.15: 1.00.  

A solution of 70 and 2,5-bis(trimethylstannyl)thiophene (71) in a defined molar ratio was 

prepared with 5 mol% of catalyst, either [Pd(PPh3)4] or [Pd(tBu3P)2] in toluene in a screw-

septum vial. The mixture was heated in screw-septum vial for 15 h at 120 °C in the 

glovebox. Then, the volatiles were removed in vacuo. The crude product was washed 

several times with methanol, then dissolved in DCM and filtrated over a small plug of celite. 

The results were summarized in the Table 4 and Figure 35 in the section 3.2.3.  

Solutions of 70 (0.05 M), 71 (0.04 M), [Pd(PPh3)4] (2.2 x 10-3 M) and [Pd(tBu3P)2] (2.1 x 

10-3 M) were prepared in toluene. The volume of each component used for each mixture 

were taken with a 1 mL syringe. The quantities used of each component for the mixture 

with different ratio and type of catalyst are summarized in the Table 7.  

 

Entrance Ratio 

70:71 

V 70 (mL) 

/ µmol 

V 71 (mL) 

/ µmol 

V [Pd(PPh3)4] 

(mL) 

V [Pd(tBu3P)2] 

(mL) 

1 1.00:1.00 0.8 / 42 1.1/ 42 1.0 1.1 

2 1.05:1.00 0.8 / 42 1.0 / 40 0.9 1.1 

3 1.10:1.00 0.8 / 42 1.0 / 38 1.0 1.0 

4 1.15:1.00 0.8 / 42 1.0 / 36 1.0 1.0 

Table 7. Quantities used in mL of solutions of each component of the mixture of 51 and 52 in different 
ratio using as catalyst either [Pd(Ph3)4] or [Pd(tBu3P)2]. 
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Polymer Containing Thiophene and Thionyl Moieties with a Ratio of 2 : 1 (77) 

 

An orange-red solution of 70 (48.2 mg, 50 µmol), [Pd(P(t-Bu)3)2] (0.5 mg, 1 µmol,2 mol% 

) and 76 (43.3 mg, 50 µmol) in toluene (3 mL) was prepared in the glovebox and heated 

at 100 °C for 6 h. The reaction mixture was quenched with water (10 mL) and the aqueous 

layer was extracted with chloroform (3 x 5 mL). The combined organic phases were dried 

over MgSO4 and after filtration the volatiles were removed in vacuo. The crude product was 

purified by Soxhlet extraction, first with methanol (200 mL), heating the system at 100 °C 

for 10 h. After oligomers and small molecules were removed, the solvent was changed to 

chloroform and the system has heated at 80 °C for 6 h. The volatiles were removed in vacuo 

to afford a brown dark solid in a yield of 34 mg (95%, 47.7 µmol). 

 

1H NMR (500 MHz, CDCl3) 7.65 (s, 4H, e), 7.36 (s, 6H, f), 6.83 (s, 2H, g), 2.85 (s, 4H, h), 2.45 

(s, 4H, i), 1.78 (s, 4H, j), 1.30 – 1.05 (m, 8H, k/l), 0.99 – 0.69 (m, 6H, m) ppm. 

IR (ATR): ṽ = 2358 (m), 1275 (m), 1261 (m), 1099 (br), 799 (w), 764 (s), 750 (s) cm-1.  

MALDI (CICCA): m/z = 777.5. 

GPC (conventional calibration, CHCl3) = 1.303 kDa. 

Đ = 1.43. 

λmax (DCM) = 436 nm. 

 

1,8-Diiodoocta-1,7-diyne (77)  

 

 

 

This synthetic route was adapted from a similar procedure in literature. [89]  

A solution of AgNO3 (4.05 g, 23.8 mmol), NIS (4.96 g, 22.0 mmol) and 1,7-octadiyne 

(1.06 g, 10.0 mmol) in DCM (88 mL) was prepared. [96] The mixture was stirred at 20 °C 

for 4 h, afterwards the mixture was filtered through a pad of celite, and the solvent was 

removed in vacuo. The impurities of the product were removed by column chromatography 

(silica gel, 9:1 n-pentane/ Et2OAc; Rf = 0.20). The crude product was crystallized with n-

pentane to afford light yellow crystals in a yield of 2.04 g (57%, 5.69 mmol).  
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M.p.: 79.6 °C.   

1H NMR (500.1 MHz, CDCl3): δ = 2.45 – 2.36 (m, 4H, c), 1.69 1.58 (m, 4H, d) ppm.  

13C{H} NMR (126 MHz, CDCl3): δ= 94.21 (b), 27.32 (d), 20.18 (c) ppm.5 

IR (ATR): ṽ = 2935.1 (s), 2857.3 (w), 1459.4 (s), 1422.9 (m), 1342.7 (s), 1220.6 (m), 

104.5 (w), 952.9 (m), 733.0 (s) cm-1.  

HR-MS (EI, C8H8I2) m/z : calcd. 357.8716, found. 357.8700.   

 

5 The carbon a was not possible to identify  
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NMR Spectra 

2,2-Diphenyl-1,3-bis(trimethylstannyl)-4,5,6,7-tetrahydro-2H-

benzo[c]stannole (48) in C6D6 

 

Figure 56. 1H NMR (600 MHz) spectrum of 48 in C6D6.  

 

Figure 57. 13C{1H} NMR (126 MHz) spectrum of 48 in C6D6.  
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Figure 58. 119Sn{1H} NMR (160 MHz) spectrum of 48 in C6D6. 
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2,2-Diphenyl-1,3-bis(4,4,5,5-tetrametyhl-1,3,2-dioxaborolan-2-yl)-4,5,6,7-

tetrahydro-2H-benzo[c]stannole (49) in C6D6 

 

Figure 59. 1H NMR (600 MHz) spectrum of 49 in C6D66.  

 

Figure 60. 13C{1H} NMR (126 MHz) spectrum of 49 in C6D6. 
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Figure 61. 11B{1H} NMR (160 MHz) spectrum of 49 in C6D6. 

 

Figure 62. 119Sn{1H} NMR (160 MHz) spectrum of 49 in C6D6. 
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1,8-bis(5-Bromo-4-hexylthiophen-2-yl)octa-1,7-diyne (73) in CDCl3[78] 

 

Figure 63. 1H NMR (600 MHz) spectrum of 73 in CDCl3.  

 

Figure 64. 13C{1H} NMR (126 MHz) spectrum of 73 in CDCl3.  
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1,8-bis(4-Hexyl-5-iodothiophen-2-yl)octa-1,7-diyne (74) in CDCl3[78] 

 

Figure 65. 1H NMR (600 MHz) spectrum of 74 in CDCl3.  

 

Figure 66. 13C{1H} NMR (126 MHz) spectrum of 74 in CDCl3.  
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Zirconacyclopentadiene (75) in C6D6 

 

 

Figure 67. 1H NMR (600 MHz) spectrum of 75 in C6D6.  

 

Figure 68. 13C{1H} NMR (126 MHz) spectrum of 75 in C6D6. 
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1,3-bis(4-Hexyl-5-iodothiophen-2-yl)-2,2-diphenyl-4,5,6,7-tetrahydro-2H-

benzo[c]stannole (70) in CDCl3 

 

Figure 69. 1H NMR (600 MHz) spectrum of 70 in CDCl3.  

 

Figure 70. 13C{1H} NMR (126 MHz) spectrum of 70 in CDCl3. 
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Figure 71. 119Sn{1H} NMR (160 MHz) spectrum of 70 in C6D6. 
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1,3-bis(4-Hexyl-5-(trimethylstannyl)thiophen-2-yl)-2,2-diphenyl-4,5,6,7-

tetrahydro-2H-benzo[c]stannole (76) in CDCl3 

 

Figure 72. 1H NMR (600 MHz) spectrum of 76 in CDCl3. 

 

Figure 73. 13C{1H} NMR (126 MHz) spectrum of 76 in CDCl3. 
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Figure 74. 119Sn{1H} NMR (160 MHz) spectrum of 76 in C6D6. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental Section 371



 

2,5-bis(Trimethylstannyl)thiophene (71) in CDCl3
[95] 

 

Figure 75. 1H NMR (600 MHz) spectrum of 71 in CDCl3. 

 

Figure 76. 13C{1H} NMR (126 MHz) spectrum of 71 in CDCl3. 
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Figure 77. 119Sn{1H} NMR (160 MHz) spectrum of 71 in C6D6. 
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Polymer Containing Thiophene and Thionyl Moieties with a Ratio of 3 : 1 (72)  

 

Figure 78. 1H NMR (600 MHz) spectrum of 72 in CDCl3. 

 

Figure 79. 13C{1H} NMR (600 MHz) spectrum of 72 in CDCl3. 
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Polymer Containing Thiophene and Thionyl Moieties with a Ratio of 2 : 1 (77) 

 

Figure 80. 1H NMR (600 MHz) spectrum of 77 in CDCl3. 

1,8-diiodoocta-1,7-diyne (80) in CDCl3 

 

Figure 81. 1H NMR (600 MHz) spectrum of 80 in CDCl3. 
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Figure 82. 13C{1H} NMR (126 MHz) spectrum of 80 in CDCl3.  
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Single Crystal Data  

2,2-Diphenyl-1,3-bis(trimethylstannyl)-4,5,6,7-tetrahydro-2H-

benzo[c]stannole (48)  

 

The crystallographic details for the stannole 48 are summarized in Table 8. Some important bond 

distances and angles are given in Table 8. The bond distances and angles are given in the Table 

9 and Table 10 respectively. The intra and intermolecular contacts are listed in the Table 11 Table 

12. 

 

CCDC Number  

Empirical Formula C26H36Sn3 

Formula Weight 704.62 

Crystal System Orthorhombic 

Space Group P c a 21 

Temperature (K) 100(2) 

Wavelength (Å) 0.71073 

a(Å) 34.7102(16) 

b(Å) 13.4063(6) 

c(Å) 17.6034(8) 

Volume (Å3) 8191.5(6) 

Z 12 

Dcalc(gcm-3) 1.714 

Abs Coeff. (mm-1) 2.732 

F(000) 4104 

Crystal Size (mm3) 0.1 x 0.1 x 0.05 

-range 2.241-31.496 
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Reflections collected 233292 

Uniques reflections 27262 

Rint 0.0382 

R_obs[I>2(I)] 0.0262 

Rw(all data) 0.0292 

Goodness of fit on F2 1.081 

max,min (eÅ-3) 1.811/-0.772 

Table 8. Crystallographic details. 

 

 Bond Distance(Å)  Bond Distance(Å) 

Sn1−C1 2.137(5) Sn2−C8 2.140(5) 

Sn1−C8 2.132(5) Sn2−C9 2.145(5) 

Sn1−C15 2.151(5) Sn2−C10 2.150(7) 

Sn1−C21 2.143(5) Sn2−C11 2.151(5) 

Sn3−C1 2.135(5) Sn3−C12 2.133(7) 

Sn3−C13 2.141(7) Sn3−C14 2.144(7) 

Sn7−C53 2.142(5) Sn7−C60 2.134(5) 

Sn7−C67 2.133(4) Sn7−C73 2.146(5) 

Sn8−C53 2.130(5) Sn9−C60 2.133(5) 

Sn4−C27 2.149(5) Sn4−C34 2.145(5) 

Sn4−C41 2.154(5) Sn4−C47 2.143(5) 

Sn5−C34 2.120(5)   Sn6−C27 2.123(5) 

C1−C2 1.355(7) C2−C7 1.533(7) 

C7−C8 1.346(7) C27−C28 1.348(6) 

Table 9. Bond distances for 48. 

 

 Bond angle()  Bond angle() 

C1−Sn1−C8 85.19(19) C1−Sn1−C15 117.3(2) 

C8−Sn1−C15 116.2(2) C8−Sn1−C21 115.6(2) 

C27−Sn4−C34 85.07(18) C27−Sn4−C41 115.16(18) 

C34−Sn5−C38 111.1(2) C34−Sn5−C39 102.7(2) 

C41−Sn4−C47 106.33(18) C34−Sn5−C40 114.5(2) 

Table 10. Bond angles for 48. 
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X−HCg HCg (Å)  X−HCg () XCg (Å) X-H, Pi() Symmetry 

C10−H10BCg4 2.97 164 3.917(7) 73 3/2-x,y,-1/2+z 

C63−H63BCg10 2.99 160 3.932(6) 70 3/2-x,y,1/2+z 

C70−H70Cg11 2.96 127 3.612(6) 38 x,y,z 

Table 11. Intra and intermolecular C−H contacts of 48.  

Cg4 is the centroid of the phenyl ring, C67−C68−C69−C70−C71−C72 ; Cg10 is the centroid of the 

phenyl ring, C21−C22−C23−C24−C25−C26  ; Cg11 is the centroid of stannole, Sn4−C27− C28− 

C33−C34.  

 

 Bond Distance(Å)  Bond Distance(Å) 

Sn4H39C 3.3037(1) Sn5H32B 3.0529(1) 

Sn6H29B 3.0599(1) Sn3H3A 3.0477(1) 

Table 12. Short Intramolecular contacts, (C−HSn type of interactions) of 48. 

 

 

 

 

 

 

 

 

 

 

 

 

 

Experimental Section 379



 

2,2-Diphenyl-1,3-bis(4,4,5,5-tetrametyhl-1,3,2-dioxaborolan-2-yl)-4,5,6,7-

tetrahydro-2H-benzo[c]stannole (49) 

 

The crystallographic details for the stannole 49 are summarized in Table 13. Some important bond 

distances and angles are given in Table 14. Bond distances involving Sn and B atoms with directly 

connected covalent bonds. The bond distances and angles are given in the Table 14 and Table 

15 respectively. The intra and intermolecular contacts are listed in the Table 16, Table 17 and 

Table 18. 

CCDC Number  

Empirical Formula C32 H42 B2 O4 Sn 

Formula Weight 630.96 

Crystal System Monoclinic 

Space Group P 21/c 

Temperature (K) 100(2) 

Wavelength (Å) 0.71073 

a(Å) 9.7318(2) 

b(Å) 11.4264(3) 

c(Å) 28.1426(7) 

() 96.7990(10) 

Volume (Å3) 3107.43(13) 

Z 4 

Dcalc(gcm-3) 1.349 

Abs Coeff. (mm-1) 0.856 

F(000) 1304 

Crystal Size (mm3) 0.125 x 0.1 x 0.075 

-range 2.417- 30.603 

Reflections collected 109766 
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Uniques reflections 9546 

Rint 0.0315 

R_obs[I>2(I)] 0.0194 

Rw(all data) 0.0237 

Goodness of fit on F2 1.108 

max,min (eÅ-3) 0.438/-0.423 

Table 13. Crystallographic Table for stannole 49.  

 

Table 14. Bond distances involving Sn and B atoms with directly connected covalent bonds. 

 

Table 15. Bond angles involving Sn and B atoms with directly connected covalent bonds. 

 

Table 16. Intra and intermolecular contacts; C−HO 

 

 Bond Distance(Å)  Bond Distance(Å) 

B2−O3A 1.3727(18) Sn1−C1 2.1361(11) 

B2−O4A 1.368(2) Sn1−C8 2.1327(12) 

B2−C8 1.5420(16) Sn1−C21 2.1322(12) 

O1−B1 1.3756(14) Sn1−C27 2.1370(12)   

O2−B1 1.3746(14) B1−C1 1.5450(16) 

 Bond angle()  Bond angle() 

C1−Sn1−C8 84.27(4) C1−Sn1−C21 119.81(4) 

C8−Sn1−C21 109.03(5) C8−Sn1−C27 120.49(4) 

C1−Sn1−C27 110.01(4 C21−Sn1−C27 110.01(4) 

O1−B1−O2 112.65(10) Sn1−C27 2.1370(12)   

O1−B1−C1 126.74(10) O2−B1−C1 120.56(9) 

O3A−B2−O4A 113.17(12) O3A−B2−C8 126.50(11) 

O4A−B2−C8 120.20(11) C9−O1−B1 107.27(9) 

D−HA D−H (Å) DA (Å) HA (Å) D−HA Symmetry 

C6−H6BO3B 0.990 3.065(0) 2.382(0) 125.50(0) x, y, z 

C18A−H18CO2 0.980 3.565(0) 2.745(0) 141.52(0) x+1, +y, +z 

C11−H11BO3B 0.980 3.597(0) 2.717(0) 149.64(0) x-1,+y,+z 
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Cg7 is the centroid of the phenyl ring    C(27)−C(28) −C(29) −C(30) −C(31) −C(32); Cg6 is the centroid of the 
phenyl ring    C(21) −C(22) −C(23) −C(24) −C(25) −C(26). 

Table 17. X-H...Cg (Pi-Ring) Interactions 

 

Table 18. Short intra and intermolecular distances. 

 

X−HCg 

 

HCg (Å)  X−HCg () XCg (Å) X-H,Pi() Symmetry 

C12−H12ACg7 2.93 151 3.8179(14) 61 -x,-1/2+y,1/2-z 

C20B−H20DCg6 2.86 178 3.844(12) 74 1+x,y,z 

 Bond Distance (Å)  Bond Distance (Å) 

Sn1O2 3.5166(8) B1C3 3.0766(16) 

Sn1O4A 3.4598(16) B2C6 3.1178(17) 

Sn1O4B 3.510(11) B2H6B 2.79 

B1H3B 2.82 Sn1H22 3.06 
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6. Appendix 

Glossary  

The following terms were used in the thesis : 

 

Band Gap  

In organic semiconductors, there are three types of band gaps defined, which represent 

different properties of the materials (Figure 83). The transport gap or fundamental (ΔEfund) 

is the difference between the energy of ionization potential (IP) or HOMO and the electron 

affinity energy (EA) or LUMO. The optical band gap (ΔEopt) is refers to the difference 

between the ground state So and the first excited state S1.[22b] 

The difference between the transport or fundamental gap with the optical gap is called 

binding energy (Eb), which is referred to the binding energy between holes and electrons in 

the excited state.[21a, 97] Eb= IP-EA-ΔEopt 

Finally, the last energy gap is obtained by the difference between the Kohn-Sahn (KS) 

eigenvalues from the HOMO and LUMO, and it is calculated using KS-DFT calculations. It 

differs from the fundamental gap by a theoretical derivative discontinuity (ΔXC). 

 

 

Figure 83. Comparison of the three different energy gaps.  

 

Determination of band gap 

Transport or fundamental gap  

Method 1: The fundamental gap can be calculated using the combination of direct Valence Band 

Photomission Spectroscopy (VB-PES) and inverse photoemission spectroscopy (IPES).[98]With the 

VB-PES technique it is possible to measure the energy of electrons emitted after the incidence of 

383



 

 

a photon with a synchrotron radiation between 80-150 meV on a material. Under such irradiation, 

the occupied electronic states of the material bellow the Fermi energy level (EF) can be studied 

(energy level diagram on the top left of the Figure 84). With the VB-PES spectra (left- blue 

spectrum in Figure 84), the energy from the HOMO (EHOMO) can be calculated and corresponds to 

the low binding energy under the Fermi level. The position of the vacuum level (EVA) of the sample 

it is defined as the low kinetic energy edge of the secondary electron peak when a bias of -10 V is 

applied on the sample. With this technique it is possible as well to calculate the ionization potential 

defined as IP= EVA-EHOMO. 

The IPES technique measures the photons emitted after an electron with well-defined energy (Ei 

< 20 eV) couples with states above the vacuum level of the sample from a sample and decay 

radiatively to lower lying unoccupied electronic with energy Ef (energy level diagram on the top 

right from Figure 84). The Ef can be calculated following the conservation of energy: Ei= Ef+hν. 

The IPES technique is complementary to the VB-PES, therefore study unoccupied electronic states. 

From the spectrum (Right-red spectrum Figure 84) it is possible calculate the energy from the 

LUMO and corresponding to the low binding energy above the Fermi level. Using the vacuum level 

calculated from the VB-PES spectra, it is possible to calculate the electron affinity as EA= EVA-ELUMO 

 

Figure 84. VB-PES (left-blue) and IPES (right-red) spectra of a thin layer of an organic semiconductor. 
The minimum energy where every spectra cuts represents the HOMO and LUMO energies.[98] Reproduced 
with permission from El Sevier. Copyright El Sevier 2019. 

Method 2: A second way to measure the transport band gap is using electrochemical measurements 

such as cyclic voltammetry. In the cyclovoltagram of a reversible process, the reduction and 

oxidation peaks are related to the electron affinity energy and ionization potential respectively. The 

difference between both peaks represents the ΔEfund.  
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Figure 85. Fundamental band gap calculated from electrochemical measurements. In reversible process 
the onset potentials of reduction and oxidation are related to electron affinity energy and ionization potential 
respectively.[99] 

Optical band gap  

The optical gap can be determined using the optical absorption spectra. For the calculation of the 

optical band gap Eg using equation (14), the wavelength λonset is needed which can be derived from 

the absorption spectra. 

𝐸 =
ℎ𝑐

𝜆
=

4.14𝑥10−15eVs ∗ 3𝑥1017nm/s 

𝜆 (nm)
=

1240 eV ∗ nm

𝜆 (nm)
     (14) 

Like depicted in Figure 86 the edge wavelength is defined as the intersection of the tangent at the 

most red-shifted curve after the maximum and the one at high wavelength limit in the absorption 

spectra curve.[100] 

 

Figure 86. Definition of the edge wavelength for the calculation of Eg. 
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Molecular Photoluminiscence 

The process of emission of light can be illustrated in the Jablonski diagram (Figure 87). The 

ground electronic state (S0), usually is a singlet state (paired electrons). Excited electronic 

states are usually singlet (S1, S2) or triplet (unpaired electrons-T1) states. The absorption of 

light promotes an electron in a time scale of 10-15 s from S0 to S1 or S2. The radiative and 

non-radiative processes, that can occur after light absorption are different.[41] Non-radiative 

processes are: 

• (1) vibrational relaxations are the transitions between higher to lower vibrational 

levels. Time scale of 10-14-10-12 s.  

• (2) Internal conversion is the transition between higher singlet excited state S2 to 

lowest-excited state S1. Time scale 10-12 s. 

• (3) Intersystem crossing is the transition between excited states of different spin 

multiplicity, for example between S1 to T1. These processes are less probable to 

occur than internal conversion processes and they have a time scale of 10-8 s. 

Molecules containing heavy metals and metals ions, also they have a significant spin-

orbital coupling where a change in spin becomes favourable.  

• (4) Non-radiative de-excitation is the transition between excited states to the ground 

state releasing infinitesimal amounts of heat. The quenching of luminescence is the 

experimental evidence of this type of transition. In solution the energy transfer can 

be between the molecule and the solvent or in solid state by crystal vibrations 

(phonons). 

Radiative process in which the emission can occur are:  

• Fluorescence represented the transition from a singlet excited state (S1) to the 

ground state (S0) with a duration of 10-9 – 10-7 s. The energy of this transition is not 

the same as the absorption energy due to the Stokes shift. The Stokes shift is 

calculated from the difference between the energy of the maximum peaks from the 

absorption and emission spectra.  

• Phosphorescence, which consider that after an intersystem crossing transition occurs 

a following transition proceed from the state T1 to the ground state (S0) releasing a 

photon. This transition has a longer duration of 10-6 – 102 s.  

• There is a last and less common process which is the thermally assisted delayed 

fluorescence (TADF). In this process a reverse intersystem crossing can occur by 

virtual thermal excitation from the triplet excited state T1 to the singlet S1. The 

photon is released then by delayed fluorescence from the transition of S1 to So.  
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Figure 87. Jalonski diagram. Radiative and non-radiative processes, with their relevant time scales are 
depicted as solid and dashed lines, respectively.[101] 

 

Quantum yield (φ) 

 

The quantum yield (φ) is defined as the number of emitted photons related to the number of 

absorbed photons of a compound. The comparative method of Williams et al. is used to determine 

the quantum yield.[102] The idea is that when a solution of a standard (ST) and sample (x) with 

similar absorbance are excited at the same wavelength, both absorb the same number of photons. 

If the quantum yield of the standard is known and with a ratio of the fluorescence intensities from 

the sample and standard, the quantum yield of the sample can be calculated.  

Using the area under the curve from the emission spectrum of samples at different concentrations 

and the absorption of each of them, a linear graph can be drawn where the slope is used for the 

calculation. Using the refraction index of the solvents (ηx, ηST), the quantum yield is calculated 

using the equation (15).   

𝜑𝑥 = 𝜑𝑆𝑇 (
𝑠𝑙𝑜𝑝𝑒𝑥

 𝑠𝑙𝑜𝑝𝑒𝑆𝑇
) (

𝜂2
𝑥

 𝜂2
𝑆𝑇

)  (15) 

The absorption value of the concentrated solution from the standard and sample, should not be 

higher than 0.1 a.u. (to avoid quenching), which is the maximum value for a cuvette with a path 

length of 10 mm. As the emission spectra are the result of the transition from the excited state S1 

to the ground state, the excitation wavelength should be suitable for the molecule to reach the 

state S1. Kasha´s rule explains that the emission spectrum is independent of the excitation 

wavelength.[101] That means if the molecules are excited with higher energy, the emission spectrum 

will not change because the internal conversion inside the molecule is a very fast process and 

therefore not detectable. 
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