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Abstract 

In the framework of my Ph.D. thesis, the polynuclear bismuth chemistry has been investigated from different 

perspectives with the main focus on four types of the chemical bonding. Thus, the section of bismuth–bismuth 

bonding affects redox/metathesis reactions of BiBr3 with bulky lithium silanide Li(thf)3SiPh2tBu in three different 

ratios, leading to the formation of a Bi–Bi bonded compound, (tBuPh2Si)4Bi2 as one of the reaction products. The 

quantum chemical study has been mainly performed to shed light on the processes of oligomerisation of R2Bi
·
 

radicals and bismuth dimers. That is a major challenge in the context of ''thermochromicity'' and ''closed-shell 

interactions'' in inorganic chemistry of organobismuth compounds with homonuclear Bi–Bi bonds. The section 

of bismuth–transition-metal bonding gives a deep insight into the structures, the chemical bonding and the 

electronic behavior of heteronuclear bulky Bi–Fe cage-like clusters, cubic [Bi4Fe8(CO)28]
4–

 and seven-vertex 

[Bi4Fe3(CO)9], on the experimental and theoretical level. The section of bonding in bismuth–cyclopentadienyl 

compounds represents a detailed theoretical and experimental study of molecular systems based on 

cyclopentadienyl bismuth units such as (C5R5)Bi
2+

, [(C5R5)Bi]n and (C5R5)BiX2 (R = H, Me; X = F, Cl, Br, I; n = 

1−4) in order to develop an effective adjustment of their electronic and bonding behavior and then, to be able to 

manipulate highly fluxional Bi–C5R5 bonds. The experimental part of this section emphasizes the theoretical 

results by observation of the unprecedented nanoscopic supramolecular architecture 

[{(C5Me5)5Bi5Br9}{(CH2Cl2)(BiBr4)}]2, cationic molecule [(C5Me5)5Bi6Cl12]
+ 

and zig-zag polymer chains 

[(C5Me5)BiX2]∞ (X = Br, I). The section of icosahedral and macroicosahedral bismuthanediide oligomers is a 

conceptual approach to understand the structures and the electronic properties of highly symmetric molecules 

such as [RnBinM2n–4]
4– 

(n = 12, 32, …) on the theoretical level. The obtained results open the way to their 

endohedral chemistry. To sum up, unique structural and bonding features of the molecular assemblies based on 

C5Me5-substituted bismuth halides, as well as the observed Bi−arene π-complexations and inverted sandwich 

behavior found in the crystal cell of a Bi–Fe cluster, are an important step in the development of supramolecular 

chemistry and crystal engineering of the compounds of the heavy group 15 elements. Furthermore, the bismuth 

cage and cluster chemistry has taken one step forward. The largest cluster of the bismuth–iron family (Bi4Fe8) 

and the spherical aromaticity of seven-vertex Bi4Fe3 structure have been observed. The new examples of a Bi4 

tetrahedron, stabilized by transition-metal groups, as well as bismuth’s square pyramidal (Bi5) nido-polyhedron-

like and octahedral (Bi6) deltahedron-like cages, stabilized by C5Me5 and halo ligands, have been discovered. A 

new chapter in the theoretical chemistry of highly symmetric bismuth cage molecules (Bi12, Bi32) has been 

opened.  
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Results 

Aim of my Ph.D. thesis “Experimental and Theoretical Study of the Polynuclear Bismuth Compounds 

– Dimers, Clusters, Molecular Self-Assemblies and Polyhedral Cage Molecules” were the experimental 

and theoretical investigations of novel polynuclear bismuth compounds displaying unusual structures 

and exhibiting interesting chemical bonding and electronic behavior as well as new connectivities. 

Sterically demanding silyl and cyclopentadienyl ligands as well as transition metal carbonyls and alkali 

metals were regarded as stabilizing and protecting agents at the bismuth atoms. The X-ray diffraction 

as well as spectroscopic and spectrometric methods was used for the characterization of new observed 

compounds. Quantum chemical calculations were applied to study the experimentally observed 

bismuth molecular systems and their computational models on the theoretical level using different 

methods and approaches. Molecular, supramolecular and cluster chemistry and mainly molecular 

systems, where bismuth forms polyhedral cages, are subject of my Ph.D. thesis. 

On reaction of BiBr3 with Li(thf)3SiPh2tBu (1) in the corresponding ratios redox/metathesis reactions 

were observed, yielding dibismuthane 

(tBuPh2Si)4Bi2 (2) and disilylbismuth 

halide (tBuPh2Si)2BiBr (3). The latter is a 

reaction intermediate in the formation of 

the dark-red 2. The X-ray crystal 

structures of 1 – 3 were determined by 

low-temperature X-ray diffraction. The 

Si2Bi–BiSi2 core of 2 is in the semi-eclipsed conformation. No oligomerization of ''nonthermochromic'' 

2 was observed. Compound 3 is a mixed substituted monomer with a pyramidal environment around 

the bismuth center. On the basis of quantum chemical calculations, the formation of tertiary bismuthane 

(tBuPh2Si)3Bi is not expected for steric reasons. 

According to DFT-optimized geometries of the simplified model systems n[(H3Si)2Bi]2 (n = 1–3), the 

closed-shell attraction between intermolecular Bi centers in the chain provides a moderate elongation of 

the intramolecular Bi–Bi bond in the dibismuthane unit and a shortening of the intermolecular Bi···Bi 

contacts. According to the MP4(SDQ) computations, such oligomerization is carried out by 

intermolecular interaction of s lone pairs that are bound together and p-type orbitals of the Bi–Bi bonds 

in the bismuth chain. An increase in the number of [(H3Si)2Bi]2 molecules per chain results in a 

decrease in the HOMO–LUMO gap and leads to a bathochromic shift. TD-PBE0 computations suggest 

that the lowest energy electron transition in 2 is metal-metal charge transfer. In addition, the attractive 

contributions in the chain [(H3A)2Bi]2···[Bi(AH3)2]2 with silyl groups (A = Si) outweigh the repulsion 
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of the Bi···Bi centers, whereas for the alkyl-substituted bismuth chain (A = C) the repulsive van der 

Waals force dominates. This fact makes the rectangle oligomerization model more preferred for 

n[(H3A)2Bi]2 (A = C; n = 2), while for A = Si chain formation is favored in the gas phase. 

Reaction of cyclo-Bi4[Si(SiMe3)3]4 (1) with Na2[Fe(CO)4] in the presence of nBu4NCl leads to the 

formation of the cage compound [nBu4N]4[Bi4Fe8(CO)28] (2). According to X-ray single-crystal 

structure analysis the faces of the tetrahedral Bi4 core are capped by Fe(CO)3 moieties in a μ3 fashion to 

give a cubanoid Bi4Fe4 framework. 

The four Fe(CO)4 fragments are μ1-

coordinated to bismuth, each. With 12 

skeletal electron pairs the 

[Bi4Fe8(CO)28]
4–

 anion (2a) is a Bi4Fe4 

cubane. The negative charge is 

localized within cluster 2a according 

to the NBO analysis of its derivates. 

The strength of metal-ligand interactions Bi–μ3-Fe(CO)3 is responsible for the size of the clusterʼs 

cubic core. NICS computations at the cage centers of considered molecules show that 2a has paratropic 

character, whereas removal of four μ1-Fe(CO)4 fragments from latter causes spherical aromaticity of the 

modified clusters [Bi4Fe4(CO)12]
4–

 (2aa) and [Bi4Fe4(CO)12]
2+

 (arachno-2ab), mediated by a Bi4 

cluster π orbital. 

The reactions of BiBr3 and (C5Me5)BiI2 with Na2[Fe(CO)4] lead to the formation of the cluster 

[Bi4Fe3(CO)9] (1). According to X-ray single-crystal structure analysis, three of the four faces of the 

tetrahedral Bi4 core in 1 are capped by 

Fe(CO)3 moieties in a μ3 fashion; the 

fourth is left bare. Bismuth−arene π-

complexations (dBi···Arene = 324.8 and 

342.6 pm), where two toluene 

molecules are attached to two Bi’s tops 

of Bi4 via η
6
(π) coordination mode 

[1·2(C6H5Me)],  and inverted sandwich 

behavior in the crystal cell of latter 

were observed. As a result, it is one of 

few examples of weak intermolecular 

interactions of bismuth with the aromatic hydrocarbon established for its cluster compounds in the solid 
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state. With 9 skeletal electrons pairs the cluster 1 corresponds to a nido-polyhedral cluster and, as 

consequence, displays the seven-vertex nido-structure derived from a disphenoid. NICS computation at 

the cage center of 1 shows that the cluster provides spherical aromaticity, mediated by a Bi4 cluster π 

orbital. This aromaticity slightly decreases upon coordination of two C6H5Me molecules.  

The correlations between structural and electronic properties of the bismuth cyclopentadienyl 

complexes of the types 

[(C5R5)nBin]
q+

 (where R = H, 

Me; n = 1, q = 2; n = 1−4, q 

= 0) and (C5R5)BiX2 (where 

R = H, Me; X = Cl, Br, I) 

were studied with quantum 

chemical calculations. The 

electronic ligand effects, 

significant variations in the 

Bi−C bond lengths, haptotropic shifts providing distortion of the C5R5 rings, Jahn−Teller splitting, 

interstabilization effects, and the role of the lone pairs on ''p-block element−unalkylated or peralkylated 

cyclopentadienyl ring'' interactions were examined to obtain qualitative and quantitative pictures of the 

intramolecular C5R5−Bi interactions and the intramolecular packing effects. The theoretical 

investigations of monovalent and trivalent bismuth cyclopentadienyl complexes give an insight into the 

geometric and electronic structures, the relative stabilities and further behavior of this kind of 

compounds. 

A series of pentamethyl-

cylcopentadienyl-substituted 

bismuth halide complexes was 

prepared by the reactions of 

bismuth(III) halides BiX3 (X = 

Cl, Br, I) with Li(C5Me5) in a 

1:1 ratio. The observed X-ray 

crystal structures of the reaction 

products amaze by their 

structural diversity and shapes. 

The cation portions of 

[(C5Me5)5Bi6Cl12][(thf)2Bi2Cl7] (1) and [{(C5Me5)5Bi5Br9}{Bi2Br8}0.5] (3) compounds display 
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polyhedral-like bismuth cages capped by halo ligands and η
5
-Cp* groups. The distorted octahedral Bi6 

and square pyramidal Bi5 structural shapes were found there, respectively. The solid-state molecular 

structure of 3 shows an unprecedented nanoscopic supramolecular architecture 

[{(C5Me5)5Bi5Br9}{(CH2Cl2)(BiBr4)}]2. Along with 1 and 3 complexes, zig-zag polymers 

[(C5Me5)BiBr2]∞ (2) and [(C5Me5)BiI2]∞ (4) were observed in the crystal state. The C5Me5−BiX2 bond 

hapticity changes were established in solutions (on the basis of 
1
H and 

13
C NMR spectra), in the solid 

states (on the basis of X-ray diffraction) and in the gas phases (on the basis of quantum chemical 

calculations). The weak hydrogen bonds were observed for compounds containing bromine.  

A theoretical analysis of structure and electronic properties of the unique icosahedral and 

macroicosahedral bismuthanediides [RnBinM2n–4]
4–

 (n = 12, 32; R = H; M = Li) and their family of the 

polyhedral bismuth polycations was performed. Thus, a rule «nx+1 = 3nx – 4» providing a determination 

and a finding of Ih symmetrical bismuthanediides was discovered. The structural and electronic 

relationships between highly symmetric bismuth deltahedra with Ih point symmetry and borane 

deltahedra as well as the fullerene polyhedra were established on the basis of Wade’s electron count 

rules and principles of isolobality and isoelectronicity. According to DFT geometry optimizations, the 

bismuthanediides display sphere-like 

structures (Ih) and can be regarded as 

nanoscopic intermediates between 

molecular clusters and solid-state 

compounds. On the basis of the large 

polarizabilities of the icosahedral and 

macroicosahedral bismuthanediides, 

these were tested regarding their capability to trap atoms and small molecules such as H2, C3H8, Li
+
 and 

LinO (n = 2, 4, 6) to generate endohedral complexes. The obtained theoretical results are a good starting 

point to inspire the realization of such compounds experimentally and through further computational 

studies.  
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