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Introduction and objectives 

Siloles are silicon-containing analogues of cyclopentadiene, which, owing to their unique 

properties, can be applied in numerous fields (Figure 1). 

 

Figure 1 Selected potential new research directions in silole chemistry. 

The electronic structure of siloles is governed by the interaction between the π* orbitals 

of the butadiene framework and the exocyclic σ* orbitals of silicon, resulting in a low-lying 

LUMO that facilitates electron uptake and determines their photophysical properties. 

Accordingly, siloles are capable of forming stable reduced species, such as silolide dianions, 

the formation of which strongly depends on the reducing agent used (alkali metal), the solvent, 

the reaction conditions, and the substituents present on the silole ring. The coordination 

flexibility of silicon also enables the stabilization of higher coordination number derivatives, 

which can further modulate their properties. Fine-tuning of the π-conjugated system can be 

achieved by incorporating phosphanyl groups, which influence the structure of the silole ring 

and the LUMO energy level through their electronic and steric effects. 

Research on fluorescent compounds has become a key area of materials science in recent 

decades, particularly for systems capable of efficient solid state emission, such as silole or 

carborane compounds. When both carborane and silole units are present within a single 

molecule, it becomes possible to explore how these two distinct systems contribute to the 

photophysical properties observed in the solid state. 

During my doctoral work, I investigated the chemistry of silole compounds. My objective 

was to understand the structure–property relationships present in various silole-containing 

derivatives, ranging from reduced silolide dianions through high-coordinated silole complexes 

and heteroatom-substituted systems to hybrid AIE/CIE-active molecules, which, in addition to 

the silole unit, also incorporate carborane moieties. 
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Literature background 

Silolide anions 

The low-lying LUMO of siloles facilitates electron uptake, thus, upon reaction of 1,1-

diamino-2,5-bis(trimethylsilyl)silole (1a) with alkali metals (M: lithium, sodium, potassium), a 

stable 2,5-carbodianion (1b) can be obtained (Figure 2).1 If a good leaving group, such as 

chlorine, is present on the silicon atom (2), the Si–Cl bond can be readily cleaved under these 

conditions, leading to the formation of a radical intermediate. This radical, similarly to the 

parent silole, is a good electron acceptor and is reduced by a second equivalent of alkali metal 

(M) to form an anion (3), which forms an ion pair with an M⁺ cation.2 If a second chlorine 

substituent is also present on the silicon (4), the process can be repeated, and by applying at 

least four equivalents of reducing agent, a silolide dianion (5, with two M⁺ counterions) can be 

obtained (Figure 2). The aforementioned radical may also dimerize to form a bis(silole), which 

is likewise a good electron acceptor. Thus, starting from dichlorosiloles (4), the reduction 

procedure can be repeated at the remaining Si–Cl bond of the bis(silole), and in the presence of 

three equivalents of alkali metal (M), a bis(silolide) dianion (6) can be prepared. 

The presence of such dianions has previously been demonstrated,3 for example, in the 

reaction of 1,1-dichloro-tetraphenylsilole with three equivalents of lithium, where a mixture of 

the silolide dianion (5c) and the bis(silolide) dianion (6c) is formed. In these studies, 

substitution patterns such as 2,3,4,5-tetraphenyl and 2,3,4,5-tetramethyl were predominant, 

whereas more recently 2,5-bis(trialkylsilyl)-3,4-diphenyl-substituted systems have also been 

investigated.3 At our department, a planar silolide monoanion (3d) bearing a mesityl substituent 

 
1 Han, Z.; Li, J.; Hu, H.; Zhang, J.; Cui, C.: Isolable 1,1-disubstituted silole dianion: a homogeneous two-electron-

transfer reducing reagent, Inorganic Chemistry, 2014, 53 (12), 5890–5892. https://doi.org/10.1021/ic500820v 
2 Sohn, H.; Powell, D. R.; West, R.; Hong, J.-H.; Joo, W.-C.: Dimerization of the silole anion [C4Ph4SiMe]- to a 

tricyclic diallylic dianion, Organometallics, 1997, 16 (13), 2770–2772. https://doi.org/10.1021/om970177a; Sohn, 

H.: Reduction of 1-chloro-1,2,3,4,5-pentaphenylsilole: formation of silole monoanion and dianion, Journal of 

Organometallic Chemistry, 2004, 689 (1), 134–138. https://doi.org/10.1016/j.jorganchem.2003.09.040; Fekete, 

C.; Kovács, I.; Nyulászi, L.; Holczbauer, T.: Planar lithium silolide: aromaticity, with significant contribution of 

non-classical resonance structures, Chemical Communications, 2017, 53, 11064–11067. 

https://doi.org/10.1039/C7CC07004G 
3 Joo, W.-C.; Hong, J.-H.; Choi, S.-B.; Son, H.-E.; Kim, C. H.: Synthesis and reactivity of 1,1-disodio-2,3,4,5-

tetraphenyl-1-silacyclopentadiene, Journal of Organometallic Chemistry, 1990, 391 (1), 27–36. 

https://doi.org/10.1016/0022-328X(90)80153-Q; Hong, J.-H.; Boudjouk, P.; Castellino, S.: Synthesis and 

characterization of two aromatic silicon-containing dianions: the 2,3,4,5-tetraphenylsilole dianion and the 1,1’-

Disila-2,2',3,3',4,4',5,5'-octaphenylfulvalene dianion, Organometallics, 1994, 13 (9), 3387–3389. 

https://doi.org/10.1021/om00021a005; West, R.; Sohn, H.; Bankwitz, U.; Calabrese, J.; Apeloig, Y.; Müller, T.: 

Dilithium derivative of tetraphenylsilole: an η1 – η5 dilithium structure, Journal of the American Chemical Society, 

1995, 117 (46), 11608–11609. https://doi.org/10.1021/ja00151a038; Liu, Y.; Stringfellow, T. C.; Ballweg, D.; 

Guzei, I. A.; West, R.: Structure and chemistry of 1-silafluorenyl dianion, its derivatives, and an organosilicon 

diradical dianion, Journal of the American Chemical Society, 2002, 124 (1), 49–57. 
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was isolated,4 and the 2,5-bis(trimethylsilyl)-substituted silolide dianion (5d) was also prepared 

by reduction of 1,1-dichlorosilole (4d) with an excess of sodium or potassium (Na25d, K25d).5 

Müller and co-workers carried out the same transformation with potassium in THF and obtained 

single crystals (K25d), in which a coordination polymer is formed featuring η1- and η5-

coordination modes.6 

 

Figure 2 Reactions of various silole derivatives with alkali metals. 

Interestingly, no reaction was observed upon reduction of 4d with lithium, although in the 

case of tetraphenylsilole (4c), lithium is sufficiently strong to induce the formation of the 

dianion (5c). While for tetraphenyl derivatives the bis(silolide) dianion (6c) is always formed 

together with 5c, the exclusive formation of 6d has recently been observed from the 1,1-

dibromo derivative using sodium in DME, which was attributed to the higher reducibility of the 

bromine derivative.7 

The results described above demonstrate that the structures of the products formed in the 

reduction of 1,1-dihalosiloles with alkali metals strongly depend on the nature of the alkali 

metal (lithium, sodium, potassium), the solvent (THF, DME, dioxane, diethyl ether), the 

 
https://doi.org/10.1021/ja011821m; Freeman, W. P.; Tilley, T. D.; Yap, G. P. A.; Rheingold, A. L.: Silolyl anions 

and silole dianions: structure of [K([18]crown-6)+]2[C4Me4Si2
−], Angewandte Chemie International Edition in 

English, 1996, 35 (8), 882–884. https://doi.org/10.1002/anie.199608821 
4 Fekete, C.; Kovács, I.; Nyulászi, L.; Holczbauer, T.: Planar lithium silolide: aromaticity, with significant 

contribution of non-classical resonance structures, Chemical Communications, 2017, 53, 11064–11067. 

https://doi.org/10.1039/C7CC07004G 
5 Fekete, C.; Nyulászi, L.; Kovács, I.: Synthesis and NMR characterization of 2,5-bis(trimethylsilyl)-3,4-diphenyl-

1-silacyclopentadienyl dianion, Phosphorus, Sulfur, and Silicon and the Related Elements, 2014, 189 (7-8), 1076–

1083. https://doi.org/10.1080/10426507.2014.905574 
6 Dong, Z.; Reinhold, C. R. W.; Schmidtmann, M.; Müller, T.: Trialkylsilyl-substituted silole and germole 

dianions, Organometallics, 2018, 37 (24), 4736–4743. https://doi.org/10.1021/acs.organomet.8b00744 
7 Han, Z.; Xie, K.; Ma, X.; Lu, X.: Synthesis and characterization of a 2,5-bis(trimethylsilyl)-substituted bis(1,1′-

silolide) dianion, Phosphorus, Sulfur, and Silicon and the Related Elements, 2018, 193 (8), 488–492. 

https://doi.org/10.1080/10426507.2018.1452231 
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reaction conditions, and the substitution pattern, particularly the silyl substitution of the ring in 

α-position. 

Hypercoordinated silole compounds 

Silicon is capable of forming more than four covalent bonds, therefore, in the presence of 

suitable donor species (molecules or ions), silicon compounds with five-, six-, or even seven-

coordinated geometries can be formed.8 Although the chemistry of siloles is well established,9 

their complexation properties have received considerably less attention. The few known 

pentacoordinated silicon-containing silole complexes (Figure 3) have been prepared by adding 

strong bases to silafluorene or spirosilafluorene derivatives. 

In 2020, Driess and Hermannsdorfer synthesized the first hexacoordinated silole 

complex, which is a cationic species (Figure 3).10 To the best of our knowledge, no neutral 

penta- or hexacoordinated silole derivatives have been reported to date, despite the large 

number of known penta- and hexacoordinated silicon compounds in the literature. 

 

Figure 3 Reported hypercoordinate silole compounds to date. 

 
8 Tandura, S. N.; Voronkov, M. G.; Alekseev, N. V.: Molecular and electronic structure of penta- and 

hexacoordinate silicon compounds. In: Structural Chemistry of Boron and Silicon; Springer: Berlin, Heidelberg, 

1986; pp 99–189. https://doi.org/10.1007/3-540-15811-1_3; Kameo, H.; Kawamoto, T.; Sakaki, S.; Bourissou, D.; 

Nakazawa, H.: Synthesis, geometry, and bonding nature of heptacoordinate compounds of silicon and germanium 

featuring three phosphine donors, Organometallics, 2014, 33 (22), 6557–6567. 

https://doi.org/10.1021/om500906f; Suman, P.; Lone, M. Y.; Janardan, S.; Jha, P. C.; Sivaramakrishna, A.; 

Clayton, H. S.: Studies on stability and structural aspects of hydrazide-based hypercoordinate silicon(IV) 

complexes, Journal of Coordination Chemistry, 2020, 73 (6), 917–933. 

https://doi.org/10.1080/00958972.2020.1753714 
9 Santra, S.: Synthesis and application of siloles: from the past to present, ChemistrySelect, 2020, 5 (29), 9034–

9058. https://doi.org/10.1002/slct.202001673 
10 Hermannsdorfer, A.; Driess, M.: Isolable silicon-based polycations with lewis superacidity, Angewandte Chemie 

International Edition, 2020, 59 (51), 23132–23136. https://doi.org/10.1002/anie.202011696 
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Phosphanyl-substituted siloles 

The introduction of phosphorus-containing groups into π-conjugated systems is a highly 

effective strategy for tuning optical, electronic, and redox properties. Phosphorus atoms can 

participate in conjugation and also enable further functionalization. Braddock-Wilking and co-

workers first reported the synthesis of phosphanyl-substituted silole compounds in 2010,11 and 

subsequently, additional derivatives were prepared within our department, where their UV–Vis 

absorption properties were investigated (Figure 4).12 In addition to the synthesis of novel 2,5-

bis(diisopropylphosphanyl)silole derivatives, the electronic effects of phosphanyl substituents 

were also studied in detail. It was demonstrated that modification of the phosphorus center 

significantly influences both the optical and electrochemical properties of the system, and that 

2,5-bis(phosphanyl)siloles can serve as versatile precursors for further functional 

transformations. These examples clearly show that the synthesis, structure, and properties of 

phosphanyl-functionalized siloles have so far been relatively underexplored. 

 

Figure 4 Previously synthesized phosphanyl-substituted siloles. 

Photophysical properties of siloles and carboranes: aggregation-induced 

emission (AIE) 

In general, the excitation and emission of fluorescent molecules are closely related to the 

energy gap between the HOMO and LUMO orbitals, which determines the energy of absorbed 

and emitted light. Quantum chemical studies indicate that siloles differ significantly from other 

heterocycles (such as pyrrole, furan, thiophene, or pyridine) in this regard, as they exhibit a 

small HOMO–LUMO energy gap. This is primarily due to the significantly lower energy level 

of the LUMO orbital, while the HOMO energy level remains largely comparable to that of 

analogous heterocycles.13 The photophysical behavior of siloles, particularly fluorescent 

properties such as absorption, excitation, and emission maxima, as well as quantum yields, is 

 
11 Braddock-Wilking, J.; Gao, L.; Rath, N. P.: Preparation and photophysical properties of phosphino- and 

phosphine oxide-linked siloles, Organometallics, 2010, 29 (7), 1612–1621. https://doi.org/10.1021/om900956u 
12 Mokrai, R.; Holczbauer, T.; Fekete, C.; Volk, B.; Dorcet, V.; Bouit, P.; Nyulászi, L.; Hissler, M.; Kovács, I.; 

Benkő, Z.: Phosphanyl-substituted siloles: synthesis, optical and electrochemical studies and computations, 

European Journal of Inorganic Chemistry, 2020, 2020 (18), 1794–1802. https://doi.org/10.1002/ejic.202000163 
13 Yamaguchi, S.; Tamao, K.: Silole-containing σ- and π-conjugated compounds, Journal of the Chemical Society, 

Dalton Transactions, 1998, 3693–3702. https://doi.org/10.1039/A804491K 
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strongly influenced by the nature and electronic effects of substituents attached to the silicon 

atom and the ring system. 

In addition, an unexpected fluorescent behaviour has been observed in siloles, the 

aggregation-induced emission.14 Most fluorescent compounds exhibit high quantum yields in 

dilute solution, while their emission may significantly decrease or even be completely quenched 

at higher concentrations. This phenomenon is known as aggregation-caused quenching (ACQ). 

However, there are systems that behave in the opposite manner: they show weak or no 

fluorescence in dilute solution, while exhibiting strong emission in the aggregated or solid state. 

This behaviour is referred to as aggregation-induced emission (AIE). When emission is 

triggered by aggregation, it is termed aggregation-induced emission (AIE), whereas emission 

induced by crystallization is referred to as crystallization-induced emission (CIE). In some 

cases, measurable emission is already present in solution, however, both the emission intensity 

and quantum yield increase significantly upon aggregation or crystallization. These processes 

are referred to as aggregation-induced emission enhancement (AIEE) and crystallization-

induced emission enhancement (CIEE), respectively (Figure 5).15 

 

Figure 5 Fundamental processes of aggregation-caused quenching (ACQ) and aggregation- or 

crystallization-induced emission (AIE/CIE) and emission enhancement (AIEE/CIEE). 

In addition to silole-based systems, numerous other compounds may also exhibit 

aggregation-induced emission. Among them, carborane-based fluorescent compounds have 

 
14 Luo, J.; Xie, Z.; Lam, J. W. Y.; Cheng, L.; Chen, H.; Qiu, C.; Kwok, H. S.; Zhan, X.; Liu, Y.; Zhu, D.; Tang, B. 

Z.: Aggregation-induced emission of 1-methyl-1,2,3,4,5-pentaphenylsilole, Chemical Communications, 2001, 

1740–1741. https://doi.org/10.1039/B105159H; Tang, B. Z.; Zhan, X.; Yu, G.; Sze Lee, P. P.; Liu, Y.; Zhu, D.: 

Efficient blue emission from siloles, Journal of Materials Chemistry, 2001, 11, 2974–2978. 

https://doi.org/10.1039/B102221K 
15 Mei, J.; Leung, N. L. C.; Kwok, R. T. K.; Lam, J. W. Y.; Tang, B. Z.: Aggregation-induced emission: together 

we shine, united we soar!, Chemical Reviews, 2015, 115 (21), 11718–11940. 

https://doi.org/10.1021/acs.chemrev.5b00263 
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recently gained significant attention,16 becoming important building blocks in light-emitting 

materials.17 Carboranes are defined as three-dimensional cluster compounds composed of 

carbon, hydrogen, and boron atoms, in which significant delocalization is observed (Figure 6). 

 

Figure 6 Dicarba-closo-dodecaborane isomers and cluster numbering. 

Carboranes have become key structural units in the design of fluorescent materials with 

tunable photophysical and electronic properties, particularly in systems exhibiting aggregation- 

and crystallization-induced emission (AIE/CIE).18 Incorporation of these units into 

fluorophores increases molecular rigidity and suppresses π–π interactions. At the same time, 

carboranes, especially o-carboranes, do not merely act as bulky substituents but can actively 

contribute to the development of fluorescent properties. 

  

 
16 Núñez, R.; Tarrés, M.; Ferrer-Ugalde, A.; de Biani, F. F.; Teixidor, F.: Electrochemistry and photoluminescence 

of icosahedral carboranes, boranes, metallacarboranes, and their derivatives, Chemical Reviews, 2016, 116 (23), 

14307–14378. https://doi.org/10.1021/acs.chemrev.6b00198 
17 Gon, M.; Tanaka, K.; Chujo, Y.: Recent progress in the development of advanced element-block materials, 

Polymer Journal, 2018, 50 (1), 109–126. https://doi.org/10.1038/pj.2017.56 
18 Liu, Q.; Zhang, B.; Sheng, H.; Qiao, S.; Wang, Z.; Chen, X.: Visible-light-induced photoreduction of carborane 

phosphonium salts: efficient synthesis of carborane-oxindole-pharmaceutical hybrids, Angewandte Chemie 

International Edition, 2023, 62 (31), e202305088. https://doi.org/10.1002/anie.202305088; Guo, W.; Yang, Z.; 

Shu, L.; Cai, H.; Wei, Z.: The first discovery of spherical carborane molecular ferroelectric crystals, Angewandte 

Chemie International Edition, 2024, 63 (36), e202407934. https://doi.org/10.1002/anie.202407934; Roshanzadeh, 

A.; Medeiros, H. C. D.; Herrera, C. K.; Malhado, C.; Tomich, A. W.; Fisher, S. P.; Lovera, S. O.; Bates, M.; 

Lavallo, V.; Lunt, R. R.; Lunt, S. Y.: Next-generation photosensitizers: cyanine-carborane salts for superior 

photodynamic therapy of metastatic cancer, Angewandte Chemie International Edition, 2025, 64 (9), e202419759. 

https://doi.org/10.1002/anie.202419759; Vonnemann, C. J.; Engelage, E.; Ward, J. S.; Rissanen, K.; Keller, S.; 

Huber, S. M.: ortho-Carborane-derived halogen bonding organocatalysts, Angewandte Chemie International 

Edition, 2025, 64 (17), e202424072. https://doi.org/10.1002/anie.202424072 
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Experimental and computational methods 

During the syntheses, with the exception of the processing of carborane–silole conjugates 

and subsequent steps, standard Schlenk techniques were applied. All reactions were carried out 

in dried glassware under an inert atmosphere (argon or nitrogen). Solvents were dried and 

distilled according to literature procedures, and HPLC-grade solvents were used for 

photophysical measurements. Starting silole and silane derivatives, as well as halophosphines, 

were prepared according to literature methods, in some cases using slightly modified 

procedures. Detailed descriptions of these syntheses can be found in the publications forming 

the basis of this dissertation. 

The structures of the synthesized compounds were determined using single-crystal X-ray 

diffraction, 1H, 13C{1H}, 31P{1H}, 11B, 11B{1H}, 29Si{1H} and 7Li NMR spectroscopy, DEPT 

and two-dimensional NMR techniques (HSQC, HMBC, COSY), as well as variable-

temperature NMR spectroscopy. High-resolution mass spectrometry (HRMS), elemental 

analysis, and FT-IR spectroscopy were also employed. The photophysical properties of selected 

compounds were investigated using UV–Vis absorption spectroscopy, fluorescence emission 

and excitation spectroscopy, as well as fluorescence lifetime measurements in solution, 

aggregated, and solid states. Absolute quantum yields were determined using an integrating 

sphere. 

Single-crystal X-ray diffraction measurements were performed by Dr. Tamás Holczbauer, 

Dr. Antal Udvardy, and Dr. Clemens Bruhn, however, structural interpretation and discussion 

were carried out by myself. Solid state photophysical measurements were conducted with the 

assistance of Dr. Dóra Hessz and Dr. Dániel Zámbó. 

Quantum chemical calculations were performed using the Gaussian09, Gaussian16, and 

MRCC program packages. Molecular geometries were optimized using density-functional 

theory (DFT) methods (M06-2X/def2-TZVP, ωB97X-D/cc-pVDZ, or M06-2X/6-31G*), 

followed by frequency calculations on fully optimized structures to confirm the nature of 

stationary points. Gibbs free energies were determined at atmospheric pressure and 298.15 K 

using computed harmonic frequencies. The choice of computational level for different 

compound classes was based on literature precedents and method validation studies. Molecular 

structures and orbitals were visualized using Molden, IQmol 2.15.3, GaussSum 3.0, as well as 

additional visualization tools (Multiwfn, VMD).  
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Results 

Preparation of silolide dianions via reduction of dichlorosiloles 

I demonstrated that 1,1-dichloro-2,5-bis(trimethylsilyl)-3,4-diphenylsilole (4d) can be 

efficiently reduced with lithium metal in 1,2-dimethoxyethane (DME). According to NMR 

measurements, the reaction proceeded to full conversion within 24 hours and was accompanied 

by similar color changes as previously observed for reactions performed in THF.19 

To gain a deeper understanding of the effect of the reducing agent, the reaction was also 

carried out in the presence of sodium metal. When compound 4d was treated with five 

equivalents (25% excess) of sodium in THF at room temperature, the 1,1-disodium silolide 

dianion (Na25d) was formed (Figure 7). 

 

Figure 7 Synthesis of the Na25d silolide dianion and Na26d bis(silolide) dianion. 

Based on single-crystal X-ray diffraction analysis of crystals grown from THF, Na25d forms 

a dimeric structure in which one silolide dianion coordinates to three sodium cations: two in an 

η5-mode and one in an η1-mode. Two types of chemical environments are observed for the 

sodium ions. One sodium ion is coordinated to a silole ring in an η5-fashion together with two 

THF molecules, whereas the second sodium ion is coordinated to two different silole rings in 

η5- and η5-modes and one THF molecule. These results indicate that the coordination 

environment of the counterions is strongly influenced by the coordinating solvent. 

 
19 Fekete, C.: Szilolid aniont tartalmazó vaskomplexek előállítása és vizsgálata (PhD thesis), Budapesti Műszaki 

és Gazdaságtudományi Egyetem, Szervetlen és Analitikai Kémia Tanszék, 2013 
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When the reduction of 4d was carried out with sodium in DME, exclusive formation of the 

1,1’-disodium-bis(silolide) (Na26d) was observed within one day. Since dichlorosilole (4d) was 

used in this reaction, the exclusive formation of Na26d indicates that the presence of an Si–Br 

bond is not required, contrary to the assumption proposed by Han and co-workers. 

Upon further stirring of the reaction mixture for 24 hours at room temperature, formation of 

Na25d was observed, while signals corresponding to Na26d were still present in the 29Si{1H} 

NMR spectrum (Figure 8). After five days under identical conditions, all signals corresponding 

to Na26d disappeared and only Na25d was detected by 29Si{1H} and 13C{1H} NMR 

spectroscopy. These results suggest that in DME the second reduction step is slower than in 

THF, which enables the isolation of Na26d. In contrast, reduction with lithium in both THF and 

DME yields exclusively the dilithium silolide (Li25d), and the corresponding dilithium-

bis(silolide) could not be detected. 

 

Figure 8 Time-dependent 29Si{1H} NMR spectra of the reaction of 4d with five equivalents of 

sodium in DME. 

Investigation of silole complexation using diketone ligands 

I demonstrated that reaction of 1,1-dichloro-2,3,4,5-tetraphenylsilole with acetylacetone or 

dibenzoylmethane in the presence of triethylamine (acid scavenger) affords neutral 

hexacoordinated silicon complexes (7, 8). This confirms that substituents at the positions 2 and 

5 of the silole ring play a decisive role in determining the structure of the resulting complexes. 

In previously studied systems based on 1,1-dichloro-2,5-bis(trimethylsilyl)-3,4-diphenylsilole 

(4d), reaction with acetylacetone yielded exclusively tetracoordinated complexes (9), whereas 

dibenzoylmethane led to the formation of both tetra- and hexacoordinated silicon complexes 

(10, 11). 
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Figure 9 General reaction scheme for compounds 7–11. 

I also investigated the interconversion between compounds 10 and 11. In solution, 

compound 11 converts only very slowly to 10 (less than 1% after one week). It is proposed that 

this transformation involves E–Z isomerization of the ligand. The process likely proceeds via a 

high activation barrier but may be catalysed by a base. In this mechanism, deprotonation at an 

allylic position generates an allylic anion, which, upon reprotonation, enables E–Z 

isomerisation (Figure 11). 

 

Figure 11 Base-mediated conversion of compound 11 to 10. 

To verify this hypothesis, the strong base DABCO (1,4-diazabicyclo[2.2.2]octane) was 

added to a solution of 11. A slow but visually observable color change was detected at room 

temperature, corresponding to 2% conversion after 7 days, 8% after 21 days, and 18% after 35 

days based on 1H NMR spectroscopy. This slow transformation indicates that the ratio of 

compounds 10 and 11 is determined during the initial synthesis from the corresponding 

dichlorosilole precursor rather than via a post-synthetic equilibrium. Importantly, no evidence 

for a pentacoordinated intermediate could be detected. 

Synthesis and structural investigation of phosphanyl-substituted siloles 

Using a methodology analogous to previously reported phosphanyl-substituted compounds, 

six new derivatives were synthesized (Figure 13). 
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Figure 13 General synthetic scheme for compounds 12–17. 

Using the conventional addition order (addition of phosphine reagent to the dilithium 

intermediate), formation of only the monosubstituted product (12) was observed in the 31P{1H} 

NMR spectrum in the case of tBu2PCl, while the desired disubstituted product could not be 

obtained. Reversing the addition order, by adding the THF solution of the dilithium 

intermediate to the phosphine reagent, ensured that the reagent remained in excess throughout 

the reaction. Under these conditions, the disubstituted product (13) was successfully obtained. 

For other chlorophosphine reagents (tBuPCl2, PCl3, NEt2PCl2, (NEt2)2PCl), the disubstituted 

products (14–17) could be obtained even with the original addition sequence. 

It is important to note that in compounds 14 and 17, the two phosphorus atoms are 

stereogenic centers. Due to the presence of an internal symmetry plane, two of the four 

theoretically possible stereoisomers are identical (meso form), while the other two constitute 

an enantiomeric pair (racemic mixture). 

For compounds 12 and 16, which contain two tert-butyl or diethylamino substituents, 

respectively, a single signal is observed in the 31P{1H} NMR spectra, as expected. In contrast, 

compound 14, which contains one tert-butyl and one chloro substituent on phosphorus, shows 

splitting into two sets of signals corresponding to meso and racemic forms, separated by 6.5 

Hz, in an approximate 3:1 ratio (Figure 14). 

 

Figure 14 31P{1H} NMR spectrum of compound 14 in C6D6. 
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This ratio is consistent with the natural isotopic abundance of chlorine (35Cl: 76%, 37Cl: 

24%). A similar behavior would be expected for 17, which also contains a P–Cl bond, however, 

in this case only a single broadened singlet is observed. This is attributed to line broadening 

caused by the amino substituent, which masks small isotopic shifts. A related isotopic splitting 

is observed for 15, which contains two chlorine atoms at phosphorus, giving three components 

separated by approximately 4 Hz in a ~10:7:1 ratio, in good agreement with natural isotopic 

distributions (35Cl35Cl: 57%, 35Cl37Cl: 37%, 37Cl37Cl: 6%). 

Overall, these observations suggest that the signal splitting originates from secondary 

isotope effects. Although this phenomenon is well known in NMR spectroscopy,20 to the best 

of our knowledge it has not been reported previously for 31P{1H} spectra at room temperature 

for chlorine isotopes, only one low-temperature study has described similar effects.21 In the 

present phosphanyl-substituted silole systems, the effect is clearly observable at room 

temperature, and the intensity ratios remain constant upon temperature variation. 

Single crystals suitable for X-ray diffraction were obtained for all compounds 12–17. 

Structural analysis revealed that for compounds 12 and 13, which contain tert-butyl and 

diethylamino substituents, the pyramidal character of the phosphorus atom decreases, and the 

palanarity increases, as reflected by bond angle sums of approximately 319–320°. 

  

 
20 Hansen, P. E.: Isotope effects on nuclear shielding. In: Annual reports on NMR spectroscopy; Webb, G. A., Ed.; 

Academic Press: 1984; Vol. 15, pp 105–234. https://doi.org/10.1016/S0066-4103(08)60208-2 
21 Buckingham, M. J.; Hawkes, G. E.; Ismail, I. M.; Sadler, P. J.: The resolution of chlorine and bromine isotope 

shifts in the 31P nuclear magnetic resonance spectra of PCl3 and PBr3, Journal of the Chemical Society, Dalton 

Transactions, 1982, 1167–1168. https://doi.org/10.1039/DT9820001167 
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Synthesis and photophysical investigation of carborane–silole conjugates 

Six new carborane–silole conjugates were synthesized and isolated via reaction of the 

corresponding chlorosilole derivatives with lithiated carboranes, prepared from ortho- and 

meta-carborane using nBuLi in THF (Figure 15). 

 

Figure 15 General synthetic scheme for compounds 18–24. 

Compounds 21–24 are stable in both solution and solid state, enabling full photophysical 

characterization in solution, aggregated, and solid states. 19 could be studied only in the solid 

state, while 18 and 20 undergo decomposition even in the solid state and therefore could not be 

fully characterized. Compounds 19 and 21–24 were investigated using UV–Vis absorption and 

fluorescence spectroscopy in solvents of different polarity (acetonitrile, THF, hexane), as well 

as in THF/water mixtures (1/99, v/v) to induce aggregation, and in the solid state (Table 1 and 

Figure 16). 21–24 exhibit very similar absorption spectra, showing a broad band around 300 

nm assigned to π–π* excitation of the silole unit. Notably, no significant solvent dependence is 

observed, indicating a localized excitation process. In solution, compound 21 shows very weak 

but detectable fluorescence (quantum yield below 1%), whereas compounds 22–24 show no 

measurable emission, indicating highly efficient non-radiative pathways. No solvent 

dependence is observed for the emission of 21 either. Upon aggregation (THF/water 1/99 v/v), 

the solutions become turbid. Absorption spectra remain largely unchanged, with only slight 

broadening typical of aggregated systems. Emission is partially recovered upon aggregation, 

indicating aggregation-induced/enhanced emission behaviour, however, quantum yields remain 

low (<5%) for 21, 23, and 24. 
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Table 1 Absorption/excitation wavelengths, emission wavelengths, and quantum yield values 

of 19 and 21–24 in THF solution, in aggregated state (THF/water v/v = 1/99), and in solid state. 

aRelative quantum yield; reference: quinine sulfate (0.1 M H₂SO₄, ΦF = 0.54) 

bAbsolute quantum yield 

 

Figure 16 Absorption and emission spectra of 19, 21–24 in THF (~10–5 M, left), aggregated 

state in THF/water (1/99 v/v, center), and solid state (right). 

Kohn–Sham molecular orbital analysis shows that the shapes and ordering of the highest 

occupied molecular orbitals (HOMO–1 and HOMO) and the lowest unoccupied molecular 

orbitals are independent of substitution patterns. Importantly, carborane units do not contribute 

to HOMO–1, HOMO, or LUMO orbitals, indicating that they behave as electronically inert 

fragments with respect to the first electronic excitations.  Solid state emission properties of 19 

and 21–24 were also investigated. 19 shows a quantum yield of 53% in the solid state, whereas 

substitution at positions 2 and 5 with a phenyl group (21) reduces the quantum yield to 9%. 22 

also exhibits a high quantum yield (ΦF = 55%), despite retaining a chlorine substituent at 

silicon. 23 and 24 show exceptionally high quantum yields exceeding 85%, with compound 24 

approaching near-unity emission efficiency.  

Compounds 

THF solution Aggregated state Solid state 

λabs 

(nm) 

λem 

(nm) 

ΦF
a 

(%) 

λexc 

(nm) 

λem 

(nm) 

ΦF
a 

(%) 

λexc 

(nm) 

λem 

(nm) 

ΦF
b 

(%) 

19 – – – – – – 377 500 53 

21 311 428 <1 315 442 4 304 412 9 

22 291 – – 302 483 <1 302 449 55 

23 308 – – 300 470 2 309 456 86 

24 302 – – 302 484 2 302 459 100 
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New scientific results 

1. I demonstrated that 1,1-dichloro-2,5-bis(trimethylsilyl)-3,4-diphenylsilole can be 

efficiently reduced to the corresponding silolide derivative using lithium metal already at room 

temperature when 1,2-dimethoxyethane is employed as the solvent. In contrast, when sodium 

is used in 1,2-dimethoxyethane, the first step of the reduction yields the 1,1’-disodium-

bis(silolide), which gradually transforms into the 1,1-disodium silolide over time, whereas in 

tetrahydrofuran the intermediate cannot be detected. [Publication S1.] 

2. I synthesized the first neutral, substituted siloles containing hexacoordinated silicon, 

in which two diketonate ligands coordinated to the silicon atom of the silole ring via two oxygen 

atoms each, and determined their structures by single-crystal X-ray diffraction. Based on NMR 

spectroscopic measurements, I demonstrated that in solution the tetracoordinated silole 

derivative can undergo a deprotonation–protonation process to form the corresponding 

hexacoordinated species. [Publication S2] 

3. I synthesized and fully characterized six new phosphanyl-substituted siloles. I showed 

that even in the presence of sterically demanding tert-butyl substituents at the phosphorus atom, 

no significant interaction occurs between the π-system of the silole ring and the phosphanyl 

substituent. In the case of halogen-substituted phosphanyl groups, a secondary isotope effect 

was observed in the 31P{1H} NMR spectra. [Publication S3] 

4. I synthesized six new carborane–silole conjugates and fully characterized their 

structures. Based on UV–Vis absorption, fluorescence emission and excitation, as well as time-

resolved emission measurements, I demonstrated that the obtained compounds exhibit 

aggregation-induced emission. In addition to experimental studies, quantum chemical 

calculations confirmed that the excitations have a local character and are associated with the 

silole unit. I showed that the new compounds can exhibit significant quantum yields in the solid 

state, reaching up to nearly 100%. [Publication S4]  
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Potential applications 

The synthesized phosphanyl-substituted siloles and carborane–silole conjugates are 

promising candidates for the development of functional materials due to their photophysical 

properties. The incorporation of phosphanyl groups enables tuning of the electronic properties 

of siloles, which may render these compounds suitable for applications in organic 

semiconductor devices, such as OLEDs, OFETs, or photovoltaic systems. Carborane–silole 

conjugates exhibit significant emission and high fluorescence quantum yields in the solid state, 

making them attractive candidates for use as luminescent materials. 
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