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Tuning the Optoelectronic Properties of Stannoles by the Judicious Choice of the Organic Substituents

Stannoles are organometallic rings in which the heteroatom is involved in a form of conjugation that involves excited states (σ*-π*-conjugation). Only little is known about how the substituents on the tin atom or substituents on the stannole ring determine the optoelectronic properties of these heterocycles. In this work, this has been studied experimentally and theoretically. Calculations of optimized equilibrium geometries, energy gaps between the HOMOs and LUMOs, and of the absorption spectra of a wide range of compounds were performed. The computational data showed that the substituents on the tin atom influence the optoelectronic properties to a lower extent than the substituents in the 2-and 5-positions of the ring. These substituents in the plane of the stannole ring can also have a strong influence on the overall planarity of the structure, in which mesomeric effects can play a substantial role only if the structure is planar. Thus, only structures with a planar backbone are of interest in the context of tuning optoelectronic properties. These were selected for the experimental studies. Based on this information, a series of six novel stannoles was synthesized by formation of a zirconium intermediate and subsequent transmetalation to obtain the tin compound. The calculated electronic HOMO-LUMO gaps varied between 2.94 eV and 2.68 eV.

The measured absorption maxima were located between 415 nm and 448 nm as compared to theoretically calculated values ranging from 447 nm (2.77 eV) to 482 nm (2.57 eV). In addition to these optical measurements, cyclic voltammetry data could be obtained, which show two reversible oxidation processes for three of six stannoles. With this study, it could be demonstrated how the judicious choice of substituents can lead to large and predictable bathochromic shifts in the absorption spectra.

INTRODUCTION

2

Heterocycles with a conjugated π-system that contain a tin atom in the ring are of substantial fundamental interest because the tin atom changes the electronic structure of the overall system substantially. Although there are examples of systems where the tin atom is involved in a classic aromatic system that obeys the Hückel rule, a different, non-aromatic form of conjugation, the σ*π*-conjugation plays a more dominant role. [START_REF] Saito | Challenge to expand the concept of aromaticity to tin-and lead-containing carbocyclic compounds: Synthesis, structures and reactions of dilithiostannoles and dilithioplumbole[END_REF][2][3][START_REF] Urrego-Riveros | Syntheses and Properties of Tin-Containing Conjugated Heterocycles[END_REF][5] In the context of attempts of lowering the HOMO-LUMO gaps in materials, bathochromic shifts often are achieved by creating push-pull systems (acceptor-donor-systems) by introducing electron donating and accepting groups on opposite ends of the molecule. [START_REF] Heinrich | Dual Selectivity: Electrophile and Nucleophile Selective Cross-Coupling Reactions on a Single Aromatic Substrate[END_REF][START_REF] Linshoeft | Chemoselective Cross-Coupling Reactions with Differentiation between Two Nucleophilic Sites on a Single Aromatic Substrate[END_REF][8] In semiconducting polymers, often two different heterocycles, one electron rich and one electron deficient are coupled. [9][START_REF] Bundgaard | Low band gap polymers for organic photovoltaics[END_REF][START_REF] Ajayaghosh | Donor-acceptor type low band gap polymers: polysquaraines and related systems[END_REF][START_REF] Perepichka | Molecules with Exceptionally Small HOMO-LUMO Gaps[END_REF] When other main group elements are introduced, the range of possibilities to lower this gap becomes larger: Strategies involve formally antiaromatic compounds such as boroles, [START_REF] Braunschweig | Structural Evidence for Antiaromaticity in Free Boroles[END_REF] or phosphole oxides. [START_REF] Hay | Phosphole-Containing π-Conjugated Systems: From Model Molecules to Polymer Films on Electrodes[END_REF][START_REF] Duffy | small pi]-Conjugated phospholes and their incorporation into devices: components with a great deal of potential[END_REF] BN-substitution of (poly)aromatic rings [START_REF] Thiedemann | High molecular weight poly(N-methyl-B-vinylazaborine) -a semi-inorganic B-N polystyrene analogue[END_REF][START_REF] Baggett | Regioregular Synthesis of Azaborine Oligomers and a Polymer with a syn Conformation Stabilized by N-H⋅⋅⋅π Interactions[END_REF] results in compounds that are formally aromatic but whose charge delocalization around the ring is severely impeded by the very polar BN-substitution, which may aide long range delocalization of electrons.

However, using σ*-π*-conjugation as a means for lowering the HOMO-LUMO gap is much less common; this phenomenon can be observed by formally substituting the sp 3 C atom in cyclopentadienes by a heavy group 14 and 15 hetero element. Tin containing metalloles (Figure 1) are part of heavy group 14 (Si, Ge, Sn, Pb) cyclopentadiene analogs and were first synthesized in 1959. [START_REF] Leavitt | Novel Heterocyclopentadienes[END_REF] Figure 1. Cyclopentadienes and the related group 14 metalloles.

Since then, investigations of different synthetic routes [START_REF] Ashe | Synthesis of 2,2,',5,5'-tetramethylbibismole. A thermochromic dibismuthine[END_REF][START_REF] Katkevics | From Tellurophenes to Siloles. Synthesis, Structures, and Photophysical Properties of 3,4-Unsubstituted 2,5-Diarylsiloles[END_REF][START_REF] Wrackmeyer | Routes to Stannoles, Stannolenes and 1-Stanna-4-bora-2,5-cyclohexadienes -Crystal Structure of a Triorganotin Cation Stabilized by π1-Coordination[END_REF] and studies of the (opto-) electronic properties, [START_REF] Yamaguchi | Group 14 Metalloles with Thienyl Groups on 2,5-Positions: Effects of Group 14 Elements on Their π-Electronic Structures[END_REF][START_REF] Deng | Electronic Structures and Spectroscopic Properties of Group-14 Metalloles MPh6 (M=Si, Ge, Sn)[END_REF] aromaticity [START_REF] Jorner | Impact of Ground-and Excited-State Aromaticity on Cyclopentadiene and Silole Excitation Energies and Excited-State Polarities[END_REF] and reactivity were conducted for the related siloles, [START_REF] Chen | Silole-Containing Polymers: Chemistry and Optoelectronic Properties[END_REF][START_REF] Guo | Bithiopheneimide-Dithienosilole/Dithienogermole Copolymers for Efficient Solar Cells: Information from Structure-Property-Device Performance Correlations and Comparison to Thieno[3,4-c]pyrrole-4,6-dione Analogues[END_REF][START_REF] Denisova | A Computational Investigation of the Substituent Effects on Geometric, Electronic, and Optical Properties of Siloles and 1,4-Disilacyclohexa-2,5-dienes[END_REF] but germoles, [START_REF] Lucht | Poly(2,5-diphenylgermole): Incorporation of a Germole Ring into a Conjugated Polymer[END_REF][START_REF] Wrackmeyer | Novel Germoles and Stannoles With Unexpected Properties[END_REF] stannoles [START_REF] Haga | Synthesis and Reactions of Stannole Anions[END_REF] and plumboles [START_REF] Saito | Dilithioplumbole: A Lead-Bearing Aromatic Cyclopentadienyl Analog[END_REF][START_REF] Wrackmeyer | Plumboles bearing organometallic substituents. Their synthesis and reaction mechanism, as studied by multinuclear magnetic resonance spectroscopy[END_REF] are much less well investigated. [START_REF] Hissler | Linear organic π-conjugated systems featuring the heavy Group 14 and 15 elements[END_REF] However, the study of such heterocycles is of great interest, since they themselves or their ring fused analogs [START_REF] Zhang | Synthesis and Properties of Benzofuran-Fused Silole and Germole Derivatives: Reversible Dimerization and Crystal Structures of Monomers and Dimers[END_REF][START_REF] Murakami | Synthesis, Properties, and Polymerization of Spiro[(dipyridinogermole)(dithienogermole)[END_REF][START_REF] Ohshita | Effects of Conjugated Substituents on the Optical, Electrochemical, and Electron-Transporting Properties of Dithienosiloles[END_REF][START_REF] Van Beelen | Some spectroscopic properties of cyclic organolead compounds I[END_REF][START_REF] Geramita | 2,7-Substituted Hexafluoroheterofluorenes as Potential Building Blocks for Electron Transporting Materials[END_REF][START_REF] Nagao | 9-Stannafluorenes: 1,4-Dimetal Equivalents for Aromatic Annulation by Double Cross-Coupling[END_REF][START_REF] Saito | Synthesis and structures of heterasumanenes having different heteroatom functionalities[END_REF] show great potential in organic electronic devices. [START_REF] Zhao | Aggregation-induced emission of siloles[END_REF][START_REF] Hou | Synthesis, Characterization, and Photovoltaic Properties of a Low Band Gap Polymer Based on Silole-Containing Polythiophenes and 2,1,3-Benzothiadiazole[END_REF][START_REF] Amb | Dithienogermole As a Fused Electron Donor in Bulk Heterojunction Solar Cells[END_REF][START_REF] Usta | Dithienosilole-and Dibenzosilole-Thiophene Copolymers as Semiconductors for Organic Thin-Film Transistors[END_REF][START_REF] Scharber | Influence of the Bridging Atom on the Performance of a Low-Bandgap Bulk Heterojunction Solar Cell[END_REF][START_REF] Lu | Synthesis, Characterization, and Transistor Response of Semiconducting Silole Polymers with Substantial Hole Mobility and Air Stability. Experiment and Theory[END_REF] The formal replacement of the methylene-C by Si, Ge, Sn or Pb in cyclopentadiene and its derivatives leads to unique opto-electronic properties in comparison to their carbon analogs. These heteroles show smaller energy gaps between the highest occupied molecular orbital (HOMO) and the lowest unoccupied molecular orbital (LUMO) and a broad bathochromically shifted absorption maximum. Therefore, they are promising building blocks for the development of semiconducting polymers used in organic electronics. [START_REF] Linshoeft | Highly Tin-Selective Stille Coupling: Synthesis of a Polymer Containing a Stannole in the Main Chain[END_REF][START_REF] Linshoeft | Hoch Zinnselektive Stille-Kupplung: Polymersynthese mit einem Stannol in der Hauptkette[END_REF] The origin of these interesting properties has been well studied by Tamao and co-workers in 1996 and 1998, respectively. [START_REF] Yamaguchi | Group 14 Metalloles with Thienyl Groups on 2,5-Positions: Effects of Group 14 Elements on Their π-Electronic Structures[END_REF][START_REF] Yamaguchi | Theoretical Study of the Electronic Structure of 2,2′-Bisilole in Comparison with 1,1′-Bi-1,3-cyclopentadiene: σ*-π* Conjugation and a Low-Lying LUMO as the Origin of the Unusual Optical Properties of 3,3′,4,4′-Tetraphenyl-2,2′-bisilole[END_REF] Based on quantum chemical calculations, they showed that the replacement of the carbon of the methylene group in cyclopentadiene by E = Si, Ge or Sn lowers the energy of the σ*-orbital of the two exocyclic E-R bonds. This observation results in efficient interactions of the σ*-orbital and the π*-orbital of the butadiene moiety (strong σ*-π*-conjugation) compared to the negligibly small σ*-π*-conjugation in cyclopentadiene. This strong σ*-π*-conjugation leads to a remarkable lowering of the LUMO level. [START_REF] Yamaguchi | Group 14 Metalloles with Thienyl Groups on 2,5-Positions: Effects of Group 14 Elements on Their π-Electronic Structures[END_REF][START_REF] Mullin | Aggregation-Induced Emission in Group 14 Metalloles (Siloles, Germoles, and Stannoles): Spectroscopic Considerations, Substituent Effects, and Applications[END_REF] A complementary electronic analysis has been provided by Ottosson and co-workers on the related siloles. [START_REF] Jorner | Impact of Ground-and Excited-State Aromaticity on Cyclopentadiene and Silole Excitation Energies and Excited-State Polarities[END_REF] In this view, the group 14 heteroles can be depicted in several mesomeric forms including ionic forms where the substituent on the tin atom can be anionic or cationic combined with a cationic or anionic heterole counterpart.

Depending on the electron withdrawing or donating nature of the substituents on the group 14 heteroatom these mesomeric forms have a higher or lower contribution to the overall energy leading to a bathochromic shift compared to electronically neutral substituents.

Until today, only comparisons of the optoelectronic characteristics of tailored siloles, germoles and their carbon analogs have been reported, but systematic studies of the effects of changing the substituents on stannoles on their optoelectronic properties do not exist. [START_REF] Yamaguchi | Group 14 Metalloles with Thienyl Groups on 2,5-Positions: Effects of Group 14 Elements on Their π-Electronic Structures[END_REF][START_REF] Deng | Electronic Structures and Spectroscopic Properties of Group-14 Metalloles MPh6 (M=Si, Ge, Sn)[END_REF] However, such a study is needed, because it could already be demonstrated that stannoles can serve as monomers for conjugated polymers with a strong bathochromic shift as compared to polythiophenes. [START_REF] Linshoeft | Highly Tin-Selective Stille Coupling: Synthesis of a Polymer Containing a Stannole in the Main Chain[END_REF][START_REF] Linshoeft | Hoch Zinnselektive Stille-Kupplung: Polymersynthese mit einem Stannol in der Hauptkette[END_REF] With a thorough understanding of the electronic characteristics of stannoles, even better optimized desired characteristics may be achievable. In this work, optimized equilibrium geometries of stannoles with different substituents R 1 and R 2 (Figure 2), their synthesis and comparison of theoretical and experimental absorption maxima is reported. In addition, the electrochemical behavior of six stannoles was analyzed by cyclic voltammetry measurements. Based on these results, the change in the optoelectronic properties by changing the substituents on the tin or the periphery of the molecule can be predicted.

RESULTS AND DISCUSSION

Initially, a wide range of stannoles was studied theoretically to gain insight into the influence of the different substituents on the tin and in the periphery on the optoelectronic properties (Figure 2). All of those stannoles were substituted with aromatic groups on the tin atom. To draw valid comparisons with the cyclopentadiene analogs, two further stannoles and analogous cyclopentadienes were calculated (Figure 3); in those cases, the substituents on the sp 3 atom in the ring were methyl groups, because aromatic groups were sterically too large for the cyclopentadienes. Based on these results, a set of six stannoles was selected and synthesized showing that the theoretical calculations were indeed predictive for the experiments. 

Optimization of the Selected Structures

The investigated stannoles fall into two categories: Those with a thiophene derivate in 2-and 5position and those with a six-membered aromatic ring in 2-and 5-position (for two representative structures see Figure 4; for all other structures see the SI). We found that the stannoles with thiophenyl derivatives in the 2-and 5-positions have an overall planar backbone (anti-coplanar arrangement of the thiophenes with respect to the stannole ring), whereas the stannoles with 6membered rings in that position display a twisted backbone (Figure 4). The calculated torsion angle between the thiophene and stannole ring is only -174.0° for compound 1, whereas in the twisted compound 10, the torsion angle between the fluorinated phenyl group and the stannole is -123°. The stannole ring is planar in all cases and the substituents on the tin atom are twisted from this plane so that the tin atom has a distorted tetrahedral arrangement. As the electronic influence for a π-conjugated system must be much larger for planar backbones than for twisted species, we turned the focus on those stannoles that contain a (substituted) thiophene in the 2-and 5-position.

Molecular Orbital Calculations

For the theoretical studies of the electronic properties, the orbital energies of the HOMO and LUMO and the resulting energy gaps can be compared (Table 1). 1 Geometry relaxation calculation did not converge so that no minimum geometry could be obtained.

If we take the unsubstituted stannole 38 as a point of reference, the energy gap between HOMO and LUMO is much larger than for any of the peripherally substituted stannoles. This gives a first indication that the extension of the conjugated dienyl moiety plays an important role in stannoles.

If R 1 is changed to a thienyl group (compound 1), the HOMO increases but the LUMO decreases which results in an overall reduction of the HOMO-LUMO gap by 1.66 eV.

A decrease of the HOMO-LUMO gap with an extension of a π-system is very typical and warrants little discussion. However, the modulation of this effect by the attached sp 3 tin atom with its different substituents is interesting and insightful.

For example, in the series 2-1-3 where the substituent on the tin atom becomes increasingly electron deficient with the same substituent in the periphery, both HOMO and LUMO are affected.

The energy levels of HOMO and LUMO decrease by ca. 0.5 eV, because electron withdrawing groups stabilize the HOMO and LUMO. The same trend can be observed for the series 5-4-6 where the energy levels of HOMO and LUMO decrease also by ca. 0.5 eV.

The HOMO-LUMO gap for compounds 1-6 is the lowest in compound 6, where the butadienyl system is particularly electron rich because of the attached TphOMe groups and the R 2 on the tin particularly electron deficient, creating a push-pull system that operates across the sp 3 tin atom.

Although the influence of the substituents on the tin on the overall system is smaller than the πsystem going through the dienyl part of the stannole, the substituents on the tin modulate both HOMO and LUMO. The energy of the HOMO level decreases when there are electronwithdrawing substituents on the tin atom (e.g. perfluorinated phenyl rings, stannoles 3 and 6), but the HOMO level decreases to a higher extent if the electron-withdrawing group is in the periphery (perfluorinated phenyl ring or nitro group at the thiophene, stannoles 7 and 10).

The isosurface representations of the frontier molecular orbitals show that the HOMO and the LUMO are delocalized over the whole backbone (For representative examples see Figure 5a). The substituents on the tin atom are not involved in the HOMO and only marginally involved in the LUMO. If there are perfluorinated rings on the tin atom as in 3 and 6, the substituents on the Sn are more involved in the LUMO (see SI). The shapes of the isosurfaces of the HOMO and LUMO orbitals for the compounds 1-3 on the one hand and 4-6 on the other hand are similar (see Figure 5a and SI). If there are 6-membered aromatic rings in the 2-and 5-position, the distribution of the HOMO is much more concentrated on the stannole; the peripheral rings play a smaller role for efficient π-conjugation as compared to the thiophene rings, because of the ring tilt (Figure 5a).

Despite this, electron-withdrawing 6-membered rings do contribute substantially to decreasing the HOMO and LUMO energy presumably mainly by inductive effects. However, a surprising degree of delocalization is found. Because the HOMO is decreased much more than the LUMO (compared to 1), the energy gap between the frontier molecular orbitals is large. If there is a 6-membered ring with electron-donating group in the periphery, for example 16, the HOMO level is increased slightly, but the LUMO level is increased much more strongly. In general, the HOMO-LUMO gaps for the compounds with 6-membered rings in the 2-and 5-position are strongly increased in comparison to these compounds with thiophenes in the 2-and 5-position, but still smaller than for the unsubstituted stannole 38 (Table1). The origin of this observation is likely to be that these substituents are tilted because of steric hindrance with respect to the plane of the stannole (Figure 4). There was one type of stannole in our study where the tin atom was not at all involved in the LUMO: The stannoles 7-9 with a nitro group attached to the thiophenyl group in the periphery have the narrowest HOMO-LUMO energy gap. A closer inspection of the electronic structure revealed that these systems have a different electronic structure in comparison to stannoles 1-6. In the case of compounds 7-9, the LUMO orbital coefficients are nearly zero on the tin atom, which appears not to be involved in the LUMO (Figure 5a). This means there is no longer the characteristic lobe on the tin, which is responsible for any σ*-π*-conjugation and thus lowering of the LUMO; 49 therefore, there should be no difference in the HOMO-LUMO gap between the stannole and its carbon analog. To confirm this hypothesis, we also performed calculations for simplified stannoles 19, 21 and carbon analogs 20, 22 (Table 1, Figure 3). The simplification of using a methyl group instead of a phenyl group on Sn or C was necessary, because C in such cyclopentadienes is too small to accommodate phenyl groups. For Sn-compound 19, the isosurface representation of the LUMO confirms that the tin is no longer involved when there is a nitro group in the 5-position of the thiophene (Figure 5b) and the electronic structure is changed. Sn-compound 21 that contains peripheral thiophenyl groups clearly shows a lobe on the tin and therefore an involvement of the tin atom in the LUMO.

In addition, the energy levels of HOMO and LUMO of these nitro-thiophenyl substituted compounds 19 (Sn-compound) and 20 (C-compound) are almost the same, confirming that the sp 3 element in the ring is not part of the π-system (Table 1). When there are thiophenyl groups in the periphery, the LUMO is lowered in energy for the stannole because of the strong, effective σ*-π*conjugation resulting in a lower HOMO-LUMO energy gap. The C-analog has no lobe on the sp 3 carbon and therefore only a negligibly small σ*-π*-conjugation (Figure 6). The energy levels of the frontier orbitals +/-1 allow for additional low-energy electronic excitations if they are energetically close to the HOMO/LUMO levels.

However, according to our calculations (Table 1), these levels contribute only to a minor extent to the intensities of the electronic spectra of the stannoles discussed.

To summarize, the HOMO-LUMO energy gaps appear to be dominated by the substituents in the periphery through π-conjugation; however, inductive effects play a very important role, which are again higher for the substituents in the periphery. The electronic properties of the molecule may then be fine-tuned by the substituents on the tin atom. It could also be demonstrated for the stannoles that the tin is involved in the LUMO and the origin of the lowered energy level of the LUMO. For these general findings, there was a notable exception: compounds 7-9, which have a different electronic structure.

Nucleus-Independent Chemical-Shifts (NICS)

In stannoles, σ*-π*-conjugation is known; and although Ottosson [START_REF] Jorner | Impact of Ground-and Excited-State Aromaticity on Cyclopentadiene and Silole Excitation Energies and Excited-State Polarities[END_REF] describes the possibility of some aromatic resonance structures, stannoles are not considered aromatic compounds. The calculated NICS(1) values of the stannoles ranged from -2.74 for compound 2 to -3.25 for molecule

4.

For comparison the NICS(1) value for benzene was determined with the same computational method and was found to be -11.26. Therefore, the stannoles 1-6 only display weak to no aromaticity. Furthermore, only a slight dependence of the NICS(1) values on the substitution pattern of the stannole was observed, which fits with the other experiments reported herein. For a list of all values refer to the SI.

Syntheses

For the experimental studies, we decided to synthesize the stannoles that have the narrowest HOMO-LUMO gaps and planar backbones, because these are beneficial properties for further potential applications in semi-conducting polymers. Although the stannoles 7-9 also exhibit these characteristics, they were not of our interest for this particular study since the tin atom appears to be not involved in the electronic structure (Figure 5a,b).

The overall synthetic strategy for the stannoles was to form an intermediary zirconium precursor from an adequately substituted octadiyne, followed by transmetalation by a diaryl dichlorostannane.

Different thiophene-flanked octadiynes functioned as precursors for these zirconacyclopentadienes. Electrophilic aromatic substitution of 2-methoxy-thiophene led to compound 25. [START_REF] Grolleau | Clean and Efficient Iodination of Thiophene Derivatives[END_REF][START_REF] Fadhel | Tunable Organophosphorus Dopants for Bright White Organic Light-Emitting Diodes with Simple Structures[END_REF] Twofold Sonogashira cross couplings of 2-iodothiophene or 2-iodo-5methoxythiophene with 1,7-octadiyne gave compounds 26 and 27 with yields of 65% and 37% respectively (Scheme 1).

Scheme 1.

Synthesis of thiophene-flanked octadiynes; *dppf: 1,1′bis(diphenylphosphino)ferrocene.

Diphenyltin dichloride was obtained commercially, but the diaryltin dichlorides 32 and 33 had to be synthesized. Lithiation of pentafluorobenzene (PFB) or 4-bromoanisole (Br-A) and transmetalation to the tin using tin(IV) chloride gave the tetraarylstannanes 30 and 31 in yields of 85% and 97%, respectively. 5,[START_REF] Miles | Wurtz Coupling of Perfluorinated Dichlorostannanes[END_REF] A synproportionation reaction of the tetraarylstannanes 30 or 31 at 220-250 °C for 1-7 days with tin(IV) chloride led to compounds 32 (44%) and 33 (38%) (Scheme 2). [START_REF] Miles | Wurtz Coupling of Perfluorinated Dichlorostannanes[END_REF][START_REF] Vedejs | Cyclic organotin Lewis acids[END_REF] Scheme 2. Synthesis of diaryltin dichlorides.

The formation of the zirconium-intermediates was carried out by the reaction of the precursors 26 or 27 with Rosenthal´s zirconocene 34 [START_REF] Rosenthal | Struktur, Eigenschaften und NMR-spektroskopische Charakterisierung von Cp2Zr(Pyridin)(Me3SiC=CSiMe3)[END_REF][56] in toluene at 20 °C for 18 h (Scheme 3). [START_REF] Nitschke | New Zirconocene-Coupling Route to Large, Functionalized Macrocycles[END_REF] Full conversion was proven by [START_REF] Saito | Challenge to expand the concept of aromaticity to tin-and lead-containing carbocyclic compounds: Synthesis, structures and reactions of dilithiostannoles and dilithioplumbole[END_REF] H NMR spectroscopy under inert conditions. The zirconoceneintermediate was directly transformed into the stannole by a consecutive Zr-Cu-Sn exchange reaction with copper (I) chloride as a catalyst and the diaryltin dichlorides 32, 33 or diphenyltin dichloride as reagents within 3 to 6 hours (Scheme 3). In total, six novel stannoles could be provided for the experimental analyses of the theoretical predictions. The stannoles all showed 119 Sn NMR signals in the range of -82.4 ppm to -152.7 ppm.

Scheme 3. Synthesis of different stannoles via a zirconocene intermediate.

Crystal Structures

The molecular structures of 1, 4 and 5 are shown in Figure 8 and confirm the identity of the compounds. Compounds 2, 3 and 6 were oily products and therefore no crystal structures could be obtained.

The reaction to form stannole 2 led not only to the desired product, but also to a by-product 37, which we could isolate by crystallization. It was identified as a stannole with a spiro-Sn center (Figure 7). The amount in which this by-product was formed was very low (< 2%) and it is not 

Theoretical and Experimental Absorption Spectra

Computational information on the absorption spectrum was obtained for an isolated molecule in the gas phase, while the experimental absorption spectra were measured in chloroform (for calculated and measured spectra of stannoles 1-3 and 4-6 see Figure 9). In general, all theoretical absorption spectra are slightly bathochromically shifted compared to the experimental ones by about Δλmax = 26 nm to Δλmax = 32 nm (Table 3). The shape of the experimental absorption maxima is different from the theoretical ones; the experimental spectra display a shoulder on each side of the maximum. This difference most likely arises because the TD-DFT calculations do not consider vibrational fine structures but only pure electronic transitions. However, the vibrational transitions will also play a role for the characteristic form of absorption bands. Both experimental and theoretical data show the same tendency for λmax. The change of the substituent on the tin atom of the stannole (Figure 1) leads only to a relatively small effect. λmax is slightly bathochromically shifted by about 8 nm to 12 nm. When the thiophene substituent in the 2-and 5-position (Figure 1) is 5-methoxy-thiophenyl instead of thiophenyl, λmax is stronger bathochromically shifted by about 21 nm to 25 nm. The experimentally measured molar extinction coefficients decreases for both 1-3 and 4-6 with the substituents R 2 : A > Ph > PFB. All the optical characteristics are consistent with the information of the molecular orbital calculations (Table 1). a) These molecules were not prepared and only analyzed theoretically.

The absorption spectra for the peripherally nitro-thiophenyl substituted compound 7 and the peripherally pentafluorophenyl substituted stannole 10 were also calculated for comparative purposes, as their electronic structure (Figure 5) and the HOMO-LUMO gaps (Table 1) were significantly different from all other stannoles under investigation. Stannole 7 has a theoretical λmax of 544 nm, which is the strongest bathochromically shifted peak in the series; while 10 has a theoretical λmax of 337 nm, which is remarkably hypsochromically-shifted in comparison to the other stannoles. This confirms that the substituents in the 2-and 5-position have a much stronger influence on the electronic structure of the molecule than the substituents on the tin atom both on the HOMO-LUMO gap and the absorption maxima, certainly for large substituents.

Electrochemical Data

The electrochemical behavior of the synthesized stannoles was studied by cyclic voltammetry (CV) measurements (Table 4, Figure 10). a) All scan rates were 0.1 V/s .The HOMO energy was calculated using the Eonset for the first oxidation with the equation: LUMO = -(4.4 + Eonset ox) eV. [START_REF] Bredas | Chain-length dependence of electronic and electrochemical properties of conjugated systems: polyacetylene, polyphenylene, polythiophene, and polypyrrole[END_REF] The oxidation processes for compounds 4, 5 and 6 on the other hand are reversible; in this case, the flanking thienyl groups all bear a methoxy group. This suggests that in the case of 1-3, this position might be involved in oxidation reactions. Stannoles 4 and 5 exhibit two reversible oxidation processes. At first glance, compound 6 only seemed to show one reversible oxidation process (Table 5). However, looking at the data very closely, a shoulder could be seen in the oxidation and reduction peaks. This suggests that both oxidation events are almost independent of one another in compound 6, whereas in compounds 4 and 5, the electrons are removed from the same delocalized system, making the second removal energetically less favorable, hence leading to a larger gap between the two oxidation events. For stannoles 4, 5 and 6 also the adiabatic ionization energies were calculated (Table 5). From the DFT calculations, compound 5 should be first oxidized, then compound 4 and at the highest oxidation potential stannole 6 (Table 5, column 5). However, the CV measurements show the order of an oxidation of 4 before 5 and 6 with rising potential for the first oxidation. The differences however are very small and may result from interactions of the molecule with the solvent and the electrodes. We could also observe experimentally that the electrodes were quickly contaminated by the substances.

The electrochemical behavior of stannole 4 and 5 is very similar which is in accordance with the findings from the calculations and the absorption spectra. Whether the substituent on the tin is phenyl or the much electron-richer anisole-motif, only leads to a small shift in the first oxidation wave (ΔEp = 0.077 V) between 4 and 5 and the second oxidation wave (ΔEp = 0.09 V) between 4 and 5. The calculations of the SOMOs (Singly Occupied Molecular Orbitals, see SI) of the monooxidized species showed qualitatively very similar electronic structures and offered no further explanations of why the cyclovoltammogram of 6 looked somewhat different from those of 4 and

5.

Figure 10. Reversible redox-processes of stannoles 4 (5.2 mg/mL), 5 (5.5 mg/mL) and 6

(5.6 mg/mL), conducting salt: 0.1 M Bu4NPF6 in dichloromethane.

CONCLUSIONS

Calculations of geometries, energy gaps between HOMO and LUMO and absorption spectra of a wide range of stannoles were performed to understand the factors that govern the opto-electronic properties of these materials. Out of those, the most interesting compounds were selected for synthesis: a series of stannoles with different substituents in the periphery and on the tin atom. The influence of these substituents on the optical properties and electrochemical behavior was studied experimentally. Crystal structures of individual products were measured and torsion angles were compared to those obtained for the optimized geometries. These proved that the extended π-system comprised of the stannole and flanked by different thienyl groups is planar. This π-system has a larger influence on HOMO-LUMO gaps than the substituents on the tin atom; however it is clear that the absolute energy of the HOMO and LUMO levels is substantially influenced by the substituents on the tin even though the influence on the overall band gap is somewhat smaller.

Therefore, the absorption maxima are only little affected; however the stability towards oxidation processes can be increased by introducing electron withdrawing groups on the tin atom. Because of the dominance of the conjugated π-system, any peripheral π-aromatic group whose plain is tilted 27 against the dienyl-system of the stannole has a reduced effect. Therefore, five-membered heterocycles are preferable compared to six membered heterocycles.

Because of their small HOMO-LUMO gaps and the broad long-wavelength absorption spectra, stannoles with substituted thiophenes in the periphery or electron-withdrawing groups on the tin atom are promising building blocks in polymers for electronical devices like solar cells, provided they show reversible redox-processes. From the cyclic voltammetry studies we can assume that the molecules may have to be protected in the periphery of the thiophenes if electropolymerization processes are not desired. We are currently conducting research in our laboratories to elucidate the potential of stannoles for electropolymerization.

EXPERIMENTAL SECTION Computational Details. The calculations were performed with the Gaussian 09 package. 61 The optimized geometries of the stannoles (Figure 2) for the ground state, the adiabatic ionization energies and the SOMOs were calculated on B3LYP/LanL2DZ level of theory. [START_REF] Dunning | Modern Theoretical Chemistry[END_REF][START_REF] Hay | Ab initio effective core potentials for molecular calculationspotentials for the transition-metal atoms Sc to Hg[END_REF][START_REF] Hay | Ab initio effective core potentials for molecular calculationspotentials for K to Au including the outermost core orbitals[END_REF][START_REF] Wadt | Ab initio effective core potentials for molecular calculationspotentials for main group elements Na to Bi[END_REF] This level of theory has been used for organotin compounds as reported in literature because the LanL2DZ basis includes both definitions for heavy metals like Sn (effective core potential and double zeta (DZ) quality valence basis set) as well as for light elements (all-electron basis set D95V for H-Ne). [START_REF] Davies | Tin Chemistry; Fundamentals, Frontiers, and Applications[END_REF] Frequency analyses were performed in all cases to confirm the absence of imaginary frequencies and thus prove that the obtained geometries corresponded to minimum on the potential energy surface. The Cartesian coordinates of each geometry and the respective energies are listed as part of the supporting information (SI). The absorption spectra were calculated based on the electronic structure information using time-dependent density functional theory (TD-DFT) with the B3LYP functional and LanL2DZ as basis set. [61][START_REF] Dunning | Modern Theoretical Chemistry[END_REF][START_REF] Hay | Ab initio effective core potentials for molecular calculationspotentials for the transition-metal atoms Sc to Hg[END_REF][START_REF] Hay | Ab initio effective core potentials for molecular calculationspotentials for K to Au including the outermost core orbitals[END_REF][START_REF] Wadt | Ab initio effective core potentials for molecular calculationspotentials for main group elements Na to Bi[END_REF] Both singlet and triplet states were considered. NICS calculations (CSGT-B3LYP/LanL2DZ) [START_REF] Dunning | Modern Theoretical Chemistry[END_REF][START_REF] Hay | Ab initio effective core potentials for molecular calculationspotentials for the transition-metal atoms Sc to Hg[END_REF][START_REF] Hay | Ab initio effective core potentials for molecular calculationspotentials for K to Au including the outermost core orbitals[END_REF][START_REF] Wadt | Ab initio effective core potentials for molecular calculationspotentials for main group elements Na to Bi[END_REF] were performed, whereby the NICS values were determined 1 Å above the geometric center of the respective ring. [START_REF] Schleyer | Nucleus-Independent Chemical Shifts: A Simple and Efficient Aromaticity Probe[END_REF][START_REF] Von Ragué Schleyer | Dissected Nucleus-Independent Chemical Shift Analysis of π-Aromaticity and Antiaromaticity[END_REF][START_REF] Goldfuss | Aromaticity in Group 14 Metalloles: Structural, Energetic, and Magnetic Criteria[END_REF] Materials and Methods.

All reactions were carried out using standard Schlenk techniques under a dry, inert nitrogen atmosphere or inside a nitrogen filled glovebox from Inert, Innovative Technology, Inc. Company ( < 0.1 ppm O2 and < 0.1 ppm H2O) unless noted otherwise. All dry solvents were taken from the solvent purification system (SPS), degassed by three freeze-pump-thaw cycles and stored under a nitrogen atmosphere unless noted otherwise. Copper and palladium catalysts were stored in the glove box. All chemicals were commercially available and were used without further purification unless noted otherwise.

1 H NMR, [START_REF] Braunschweig | Structural Evidence for Antiaromaticity in Free Boroles[END_REF] C NMR, [START_REF] Ashe | Synthesis of 2,2,',5,5'-tetramethylbibismole. A thermochromic dibismuthine[END_REF] F NMR and 119 Sn NMR spectra were recorded on a Bruker DRX 500 at 300 K. All 1 H NMR and [START_REF] Braunschweig | Structural Evidence for Antiaromaticity in Free Boroles[END_REF] C NMR were referenced against the solvent residual proton signals ( 1 H), or the solvent itself ( 13 C). 119 Sn NMR spectra were calculated based on the 1 H NMR spectrum of tetramethylsilane. [START_REF] Ashe | Synthesis of 2,2,',5,5'-tetramethylbibismole. A thermochromic dibismuthine[END_REF] F NMR spectra were referenced against BF3•Et2O. All chemical δ shifts are given in parts per million (ppm) and all coupling constants J in Hz.

Column chromatography was carried out by using the column machine PuriFlash 4250 from Interchim. Silica gel columns of the type PF (PuriFlash) -15 (µm grain size) SiHP (Silica gel High Performance) -F0012 (gram), PF-15SiHP-F0025, PF-50SiHP-JP-F0080, PF-50SiHP-JP-F0120, and PF-50SiHP-JP-F0220 were used. The sample was applied using a dry load method. The column material of the dry load was Celite 503 from Macherey-Nagel.

Cyclic voltammetry measurements were carried out with the potentiostat Autolab PGSTAT101

Metrohm. The material of the working electrode and the counter electrode was platinum. The material of the reference electrode was silver; all spectra were referenced against ferrocene. 
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 2 Figure 2. Stannoles with different substituents R 1 and R 2 that were investigated by quantum
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 3 Figure 3. Stannoles and the corresponding cyclopentadiene derivatives with methyl substituents on the sp 3 atom of the ring.
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 4 Figure 4. Optimized geometries of 1 and 10.

Figure 5 .

 5 Figure 5. a) Isosurface representations of the HOMOs and LUMOs for the stannoles 1, 4, 7 and
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 6 Figure 6. Comparison of the energy levels of HOMO and LUMO between the cyclopentadiene-
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 59737 Figure 7. Stannole 37.
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 8 Figure 8. ORTEP drawings of the molecular structures of 1, 4, 5 and 37 showing 50% probability
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Figure 9 .

 9 Figure 9. a) Calculated absorption spectra of stannoles 1-3; b) calculated absorption spectra of

13 C{ 1 Stannole 5 :Stannole 6 :

 13156 H}NMR (126 MHz, CDCl3) 11 : δ 166.8 (C-9), 146.3 (C-3), 138.6 (C-12), 137.3 (C-13, C-13´)*, 132.6 (C-6)*, 130.1 (C-2)*, 129.4 (C-15)*, 128.9 (C-14, C-14´)*, 127.0 (C-7), 104.1 (C-8), 60.0 (C-11), 31.6 (C-4), 23.5 (C-5) ppm; 119 Sn{ 1 H}NMR (187 MHz, CDCl3): δ -78.3 ppm; IR (ATR): 𝜈 = 3742 (w), 2439 (w), 2323 (w), 2220 (w), 2118 (w), 1985 (w), 1952 (w), 1245 (w), 1177 (w), 1076 (w), 994 (w), 978 (w), 949 (w), 806 (w), 790 (w), 762 (w), 692 (w), 673 (m) cm - 1 . HR-MS (EI, C30H28O2S2 116 Sn) calcd 600.05426, found 600.05402 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 604 (40) [M] +. , 315 (100) [M-(C6H5)2Sn-CH3] + ; λmax (chloroform, ε = 2815.6 cm 2 /mmol) = 440 nm. di-(p-methoxyphenyl)dichlorostannane (182 mg, 450 µmol) was used to give the product as an orange solid (89 mg, 30%); Rf = 0.21; M.p.: 160 °C; 1 H NMR (500 MHz, CDCl3) 12 : δ 7.53 (d, 3 J = 8.6 Hz, 2H, H-13, H-13´)*, 6.93 (d, 3 J = 8.6 Hz, 2H, H-14, H-14´), 6.57 (d, 3 J = 4.0 Hz, 1H, H-7), 6.06 (d, 3 J = 4.0 Hz, 1H, H-8), 3.86 (s, 3H, H-11), 3.79 (s, 3H, H-16), 2.80 (m, 2H, H-4), 1.77 (m, 2H, H-5) ppm; 13 C{ 1 H}NMR (126 MHz, CDCl3) 13 : δ 166.7 (C-9), 160.77 (C-15), 146.1 (C-3), 138.5 (C-13, C-13´)*, 132.8 (C-12)*, 130.3 (C-6)*, 129.0 (C-2)*, 126.9 (C-7), 114.8 (C-14, C-14´)*, 104.1 (C-8), 60.0 (C-11), 55.1 (C-16), 31.6 (C-4), 23.5 (C-5) ppm; 119 Sn{ 1 H}NMR (187 MHz, CDCl3): δ -71.2 ppm; IR (ATR): 𝜈 = 3878 (w), 3851 (w), 3748 (w), 34 2584 (w), 2543 (w), 2472 (w), 2440 (w), 2323 (w), 2224 (w), 2120 (w), 1989 (w), 1947 (w), 1877 (w), 1843 (w), 1757 (w), 1251 (w), 1161 (w), 1123 (w), 1011 (w), 995 (w), 978 (w), 917 (w), 885 (w), 774 (w), 765 (w) cm -1 . HR-MS (EI, C32H32O4S2 116 Sn) calcd 660.07539, found 660.07426 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 664 (36) [M] +. , 315 (100) [M-(C7H7O)2Sn-CH3] + ; λmax (chloroform, ε = 2659.0 cm 2 /mmol) = 440 nm. di-(pentafluorophenyl)dichlorostannane (236 mg, 450 mmol) was used to give the product as an orange oil (27 mg, 8%); Rf = 0.10; 1 H NMR (500 MHz, CDCl3): 6.56 (d, 3 J = 4.0 Hz, 1H, H-7), 6.11 (d, 3 J = 4.0 Hz, 3 J = 4.0 Hz, 1H, H-8), 3.88 (s, 3H, H-11), 2.81 (m, 2H, H-4), 1.77 (m, 2H, H-5) ppm; 13 C{ 1 H}NMR 14 (126 MHz, CDCl3): δ 167.5 (C-9), 145.5 (C-3), 130.0 (C-6), 127.5 (C-7), 125.9 (C-2), 104.0 (C-8), 59.9 (C-10), 31.2 (C-4), 22.9 (C-5) ppm; 119 Sn{ 1 H}NMR (187 MHz, CDCl3): δ -145.1 ppm; 19 F NMR (188 MHz, CDCl3): -159.6 (m, 2F, F-14, F-14´), -150.0 (t, 3 J = 19.7 Hz, 1F, F-15), -120.2 (d, 3 J = 15.8 Hz, 2F, F-13, F-13´) ppm; IR (ATR): 𝜈 = 2928 (w), 2825 (w), 1716 (w), 1626 (w), 1469 (w), 1416 (m), 1313 (w), 1274 (w), 1230 (w), 1200 (m), 1149 (w), 1088 (w), 1039 (w), 989 (m), 875 (w), 765 (m), 713 (w), 694 (w), cm -1 ; HR-MS (EI, C30H18F10O2S2 120 Sn) calcd 783.96050, found 783.96077 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 784 (95) [M] +. , 315 (100) [M-(C6F5)2Sn-CH3] + ; λmax (chloroform, ε = 708.1 cm 2 /mmol) = 448 nm.

Table 1 .

 1 Molecular orbital energies (HOMO-1, HOMO, LUMO and LUMO+1) and HOMO-LUMO gaps (eV).

	Molecule	E	R 1	R

2 EHOMO-1/ eV EHOMO/ eV ELUMO/ eV ELUMO+1/ eV Egap (HOMO- LUMO)/eV

  

		Sn	Tph	Ph	-6.38	-5.00	-2.07	-0.82	2.93
		Sn	Tph	A	-6.11	-4.93	-2.00	-0.54	2.93
		Sn	Tph	PFB	-6.87	-5.53	-2.64	-2.20	2.89
		Sn	TphOMe	Ph	-5.79	-4.58	-1.78	-0.73	2.80
		Sn	TphOMe	A	-5.74	-4.52	-1.72	-0.46	2.80
		Sn	TphOMe	PFB	-6.21	-5.05	-2.37	-2.09	2.68
		Sn	TphNO2	Ph	-7.45	-6.18	-3.85	-3.17	2.33
		Sn	TphNO2	A	-6.69	-6.10	-3.78	-3.10	2.32
		Sn	TphNO2	PFB	-7.98	-6.67	-4.23	-3.51	2.44
		Sn	PFB	Ph	-7.09	-6.71	-2.54	-1.78	4.17
		Sn	PFB	A	-6.37	-6.37	-2.42	-1.74	3.95
		Sn	PFB	PFB	-7.97	-7.33	-3.19	-2.45	4.14
		Sn	Py	Ph	-6.16	-6.00	-2.15	-0.64	3.85
		Sn	Py	A	-6.24	-5.91	-2.05	-0.89	3.86
	1	Sn	Py	PFB	-	-	-	-	-
		Sn	A	Ph	-5.71	-5.07	-1.44	-0.59	3.63
		Sn	A	A	-5.62	-5.03	-1.36	-0.39	3.66
		Sn	A	PFB	-6.09	-5.63	-2.15	-1.89	3.48
		Sn	TphNO2	Me	-7.60	-6.23	-3.90	-3.23	2.33
		C	TphNO2	Me	-7.71	-6.25	-3.87	-3.24	2.38
		Sn	Tph	Me	-6.38	-4.99	-2.02	-0.55	2.97
		C	Tph	Me	-6.46	-4.94	-1.81	-0.50	3.13
		Sn	H	Ph	-6.62	-5.83	-1.24	-0.59	4.59

Table 2 .

 2 Selected interatomic distances [Å] and angles [°] of 1, 4, 5 and 37 and comparison of torsion angles with the ones of the calculated structures.

	Compound:	1	4	5	37
	Bond lengths (in Å) and angles (in °)			
	Sn(1)-C(1)	2.149(3)	2.130(2)	2.133(2)	2.133(4)
	Sn(1)-C(30)	2.013(3)	2.128(2)	2.123(2)	
	Sn(1)-C(40)	2.217(2)	2.128(2)		
	Sn(1)-C(30a)			2.123(2)	
	C(1)-C(2)	1.314(3)	1.368(3)	1.362(3)	1.366(5)
	C(1)-C(10)	1.498(3)	1.442(3)	1.446(2)	1.441(5)
	C(2)-C(7)	1.561(3)	1.489(3)		1.496(5)

Table 3 .

 3 Theoretical and experimental absorption maxima (molar extinction coefficient).

	Molecule Theory	Experiment
		λmax/nm λmax/nm ε/
				L•mol -1 •cm -1
	1	448	418	20146
	2	447	415	13963
	3	452	427	7296
	4	472	440	28156
	5	470	440	26590
	6	481	448	7081
	7	544	-a	-a
	10	337	-a	-a

Table 4 .

 4 Electrochemical data for stannoles 1-3.

	Molecule Epa/V	Epc/V
		(versus ferrocene)	(versus ferrocene)
	1 a	+0.37	-
	2 b	+0.15	-
	3 a	+1.02	-
	a) Scan rate was 0.1 V/s; b) Scan rate was 0.2 V/s.

The stannoles with unsubstituted thienyl substituents in the periphery display one irreversible oxidation step with no corresponding reduction step (see 1, 2 and 3). It appears that the unsubstituted thienyl groups are reactive under CV conditions.

Table 5 .

 5 Electrochemical data for stannoles 4

-6. Molecule a Ep1/2/V (versus Fc) E ox onset /V Calculated HOMO (CV) a /eV Calculated HOMO (DFT)/eV 1.IE/eV 2.IE/eV

  

	4	-0.22	-0.35	-4.05	-4.58	5.55	8.79
		-0.02					
	5	-0.15	-0.30	-4.10	-4.52	5.47	8.66
		+0.07					
	6	-0.09	-0.30	-4.10	-5.05	6.02	9.21
		-0.09					

  The 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).The crude product was washed with diethyl ether (3 x 5 mL) and was purified by column chromatography (silica gel 15 µm grain size, n-hexane).Stannole 4: diphenyltin dichloride (155 mg, 450 µmol) was used to give the product as an orange-yellow solid (96 mg, 35%); Rf = 0.30; M.p.: 178 °C; 1 H NMR (500 MHz, CDCl 3 ) 10 : δ 7.63 (m, 2H, H-13, H-13´)*, 7.37 (m, 3H, H-14, H-15, H-14´), 6.59 (d, 3 J = 4.0 Hz, 1H, H-7), 6.07 (d, 3 J = 4.0 Hz, 1H, H-8), 3.86 (s, 3H, H-11), 2.78 (m, 2H, H-4), 1.77 (m, 2H, H-5) ppm;

	(w), 1134 (w), 1074 (m), 1059 (m), 1020 (w), 996 (w), 966 (w), 924 (w), 848 (m), 801 (m), 781 2.94 (m, 2H, H-4), 1.86 (m, 2H, H-5) ppm; 13 C{ 1 H}NMR 8 (126 MHz, CDCl3) 9 : δ 148.5 (C-3)*,
	(w), 723 (m), 686 (s) cm -1 . HR-MS (EI, C28H24S2 116 Sn) calcd 540.03314, found 540.03303 (R = 144.8 (C-6), 129.7 (C-2)*, 128.9 (C-9), 127.0 (C-8), 125.9 (C-7), 31.5 (C-4), 23.1 (C-5) ppm;
	Synthesis of Thiophenyl-Flanked Stannoles 1, 2, 3. General procedure for the synthesis of the 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 544 (63) [M] +. , 270 (100) 119 Sn{ 1 H}NMR (187 MHz, CDCl3): δ -152.7 ppm; 19 F NMR (188 MHz, CDCl3): -158.2 (dd, 3 J =
	thiophenyl-flanked stannoles: 1,8-Bis(thiophen-2-yl)octa-1,7-diyne (150 mg, 550 µmol) and [M-(C6H5)2Sn] +. ; λmax (chloroform, ε = 2014.6 cm 2 /mmol) = 418 nm. 19.3 Hz, 3 J = 16.7 Hz, 2F, F-13, F-13´´), -147.0 (t, 3 J = 19.3 Hz, 1F, F-14), -122.3 (d, 3 J = 16.7 Hz,
	Rosenthal´s zirconocene (259 mg, 550 µmol) were dissolved in toluene (8 mL). The dark red Stannole 2: di-(p-methoxyphenyl)dichlorostannane (222 mg, 550 µmol) was used to give 2F, F-12, F-12´) ppm; IR (ATR): 𝜈 = 3889 (w), 3850 (w), 3742 (w), 3695 (w), 2442 (w), 2325
	solution was stirred for 18 h at 20 °C under a nitrogen atmosphere. The diaryl dichlorostannanes the product as a yellow oil (109 mg, 33%); Rf = 0.16; 1 H NMR (500 MHz, CDCl3) 5 : δ 7.53 (m, (w), 2226 (w), 2164 (w), 2124 (w), 1997 (w), 1951 (w), 975 (w) cm -1 ; HR-MS (EI,
	and copper (I) chloride (5.4 mg, 60 µmol) in toluene (2 mL) were added to the dark solution. The 2H, H-12, H-12´´)*, 7.24 (m, 1H, H-9) 6 , 6.94 (m, 4H, H-13, H-13´, H-7, H-8)*, 3.79 (s, 3H, H-C28H14F10S2 116 Sn) calcd 719.93892, found 719.93844 (R = 10000); MS (EI, 70 eV, direct inlet,
	reaction mixture was stirred at 20 °C for further 6 h. The reactions were quenched with water (1 x 15), 2.92 (m, 2H, H-4), 1.83 (m, 2H, H-5) ppm; 13 C{ 1 H}NMR (126 MHz, CDCl3) 7 : δ 160.8 (C-200 °C): m/z (% relative intensity) = 724 (30) [M] +. , 270 (100) [M-(C6F5)2Sn] +. ;
	50 mL) and extracted with dichloromethane (3 x 50 mL). The combined organic layers were dried 14)*, 149.5 (C-3)*, 146.0 (C-6)*, 138.5 (C-12, C-12´)*, 130.4 (C-11), 129.2 (C-2)*, 128.5 (C-9), λmax (chloroform, ε = 729.6 cm 2 /mmol) = 427 nm.
	over magnesium sulfate, filtered and concentrated in vacuo. The crude product was washed with 127.0 (C-8), 125.8 (C-7), 114.9 (C-13, C-13´)*, 55.1 (C-15), 31.9 (C-4), 23.4 (C-5) ppm;
	diethyl ether (3 x 5 mL) and was purified by column chromatography (silica gel 15 µm grain size,
	n-hexane).
	Stannole 1: diphenyltin dichloride (189 mg, 0.55 mmol) was used to give the product as a (m), 1242 (m), 1211 (m), 1176 (m), 1090 (w), 1072 (m), 1025 (m), 924 (w), 901 (w), 851 (m), 807
	yellow solid (95 mg, 32%); Rf = 0.36; M.p.: 156 °C; 1 H NMR (500 MHz, CDCl3) 2 : δ 7.63 (m, 2H, (m), 787 (m), 787 (m), 687 (m) cm -1 . HR-MS (EI, C30H28O2S2 116 Sn) calcd 600.05426, found
	H-12, H-12´)*, 7.37 (m, 3H, H-13, H-14, H-13´), 7.26 (m, 1H, H-9) 3 , 6.95 (m, 2H, H-7, 8), 2.91 600.05475 (R = 10000); MS (EI, 70 eV, direct inlet, 200 °C): m/z (% relative intensity) = 604 (74)
	(m, 2H, H-4), 1.82 (m, 2H, H-5) ppm; 13 C{ 1 H}NMR (126 MHz, CDCl3) 4 : δ 149.7 (C-3)*, 145.9 [M] +. , 270 (100) [M-(C7H7O)2Sn] +. ; λmax (chloroform, ε = 1396.3 cm 2 /mmol) = 415 nm.
	(C-11)*, 138.2 (C-6), 137.4 (C-12, C-12´)*, 130.2 (C-9), 129.5 (C-2)*, 129.3 (C-14)*, 129.0 (C-Stannole 3: di-(pentafluorophenyl)dichlorostannane (282 mg, 550 µmol) was used to give the
	13, C-13´)*, 127.1 (C-8), 125.9 (C-7), 31.9 (C-4), 23.4 (C-5) ppm; 119 Sn{ 1 H}NMR (187 MHz, product as an orange-yellow oil (23 mg, 6%); Rf = 0.13; 1 H NMR (500 MHz, CDCl3): 7.21 (d, 3 J
	CDCl3): δ -82.4 ppm; IR (ATR): 𝜈 = 3060 (w), 2935 (w), 2359 (w), 1633 (w), 1515 (w), 1493 (w), = 5.1 Hz, 1H, H-9), 6.88 (dd, 3 J = 5.1 Hz, 3 J = 3.7 Hz, 1H, H-7), 6.82(d, 3 J = 3.7 Hz, 1H H-8),
	1478 (m), 1428 (m), 1411 (w), 1381 (w), 1348 (w), 1329 (w), 1283 (w), 1250 (w), 1211 (m), 1189
	32

119 Sn{ 1 H}NMR (187 MHz, CDCl3): δ -74.8 ppm; IR (ATR): 𝜈 = 2925 (w), 2858 (w), 2832 (w), 1584 (m), 1563 (m), 1492 (m), 1455 (m), 1438 (w), 1411 (w), 1394 (w), 1347 (w), 1309 (w), 1278 Synthesis of Methoxy-Thiophenyl-Flanked Stannoles 4, 5 and 6. General procedure for the synthesis of the methoxy-thiophenyl-flanked stannoles: 1,8-Bis(5-methoxy-thiophen-2-yl)octa-1,7-diyne (150 mg, 450 µmol) and Rosenthal´s zirconocene (211 mg, 450 µmol) were dissolved in toluene (8 mL). The dark red solution was stirred for 18 h at 20 °C under a nitrogen atmosphere.

The diaryl dichlorostannanes and copper (I) chloride (5.0 mg, 50 µmol) in toluene (2 mL) were added to the dark solution. The reaction mixture was stirred at 20 °C for further 6 h. The reactions were quenched with water (1 x 50 mL) and extracted with dichloromethane (3 x 50 mL). The combined organic layers were dried over magnesium sulfate, filtered and concentrated in vacuo.

Signals that show satellites due to coupling with tin are marked with *.

The integral of that peak is not exact, because the signal is overlapping with the peak of CDCl3.

Signals that show satellites due to coupling with tin are marked with *.

Signals that show satellites due to coupling with tin are marked with *.

The integral of that peak is not exact, because the signal is overlapping with the peak of CDCl3.

Signals that show satellites due to coupling with tin are marked with *.

[START_REF] Braunschweig | Structural Evidence for Antiaromaticity in Free Boroles[END_REF] C {[START_REF] Ashe | Synthesis of 2,2,',5,5'-tetramethylbibismole. A thermochromic dibismuthine[END_REF] F} NMR was not possible to measure; therefore the signal intensity was too low for identification of the carbon atoms attached with fluorine.
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scan rate was 0.1 V/s for stannoles 1, 3, 4, 5, 6 and 0.2 V/s for stannole 2. The solvent was dichloromethane and the conducting salt was tetrabutylammonium hexafluorophosphate (TBA[PF6] 0.1 M).

High resolution (HR) mass spectra were recorded on the double focusing mass spectrometer MAT 95+ 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 or 12000. 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 spectra were recorded with a resolution of 0.1 nm on a UV-2700 spectrometer from Shimadzu with a double monochromator. The solvent was chloroform. All melting points were measured with a melting point apparatus by the company Gallenkamp and are uncorrected.

Crystallography. Intensity data of 1, 4, 5 and 37 were collected on a Bruker Venture D8 diffractometers at 100 K with graphite-monochromated Mo-K (0.7107 Å) radiation. All structures were solved by direct methods and refined based on F2 by use of the SHELX program package as implemented in WinGX. [START_REF] Sheldrick | A short history of SHELX[END_REF][START_REF] Farrugia | WinGX suite for small-molecule single-crystal crystallograph[END_REF] 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 Table S1 (see SI). Figures were created using DIAMOND. [START_REF] Brandenburg | version 3.2i[END_REF] Compounds 1 and 37 comprise 3 and 2 crystallographically independent, yet similar conformers. Disorder was resolved for the atoms S6/S6 and C81/C81 of 37 and refined with split occupancies of 60:40. Crystallographic data (excluding structure factors) for the structural analyses have been deposited with the Cambridge Crystallographic Data Centre. Copies of this information may be obtained free of ASSOCIATED CONTENT
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For Synopsis Only Stannoles are capable of σ*-π*-conjugation. This means that the substituents on the tin atom can also be involved in the electron delocalization of the π-system or extended π-system of the stannole ring. This work analyses the contributions of π-system vs. σ*-π* contributions computationally and experimentally.