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I Introduction 

Natural bismuth was long considered the heaviest stable element. A low radioactivity of 209Bi was 

only detected in 2003. However, the half-life of the α-emitter amounts to 1.9 · 1019 a, which clearly 

exceeds the estimated age of the universe (13.8 · 109 a), thus practical significance can be ruled 

out.[1] In fact, bismuth and its compounds are associated with lower toxicities than its neighboring 

elements such as tin, tellurium, antimony, lead, and polonium.[2] 

Group 15 elements in their +III oxidation state bear a lone pair of electrons, which shows an 

increasing s-orbital character with an increasing atomic number of the pnictogen. This results in 

a predominant 6s-orbital character for the lone pair of bismuth as the heaviest group 15 element. 

These electrons are in principle available for bonding,[3–7] but they are energetically low-lying due 

to relativistic effects and the inert-pair effect.[8,9] Thus, the Lewis basic properties of Bi(III) species 

are strongly reduced, when compared to their lighter congeners.[10–13] 

In contrast to analog compounds of the lighter pnictogens, bismuth(III) species show a 

pronounced Lewis acidic character, particularly when electronegative groups are the bonding 

partners for the central bismuth atom.[14–18] The Lewis acidic character of bismuth compounds is 

ascribed to the presence of vacant σ*-Bi–X molecular orbitals, which become energetically 

accessible for Lewis basic bonding partners, when the electronegativity of the substituent(s) X is 

high enough. Consequently, the Lewis acidity of bismuth compounds increases with increasing 

electronegativity of these substituents.[18] In addition, the enhancement of Lewis acidic properties 

by cationization of neutral parent compounds is a commonly used tool in main group chemistry. 

The synthesis of bismuth(III) cations is frequently achieved by salt elimination, halide 

abstraction,[19] or protonolysis.[20–22] The synthesis of bismuth(III) cations can also be achieved by 

addition of neutral donor ligands to a bismuth compound with at least one halide ligand,[23–25] as 

recently shown for Ph2Bi+, which was obtained by reaction of [Ph2BiCl]2 with a carbene to yield 

the corresponding carbene-stabilized cation.[26] The enhanced Lewis acidity of bismuth cations 

R2Bi+ (R = aryl, allyl, amide) originates from the vacant p-orbital at the bismuth center. However, 

such species in their isolable forms are either stabilized by intra- or intermolecular coordination 

of neutral donor ligands, or by interactions between (weakly) coordinating anions and the 

bismuth center.[19,23,27,28]  

The higher Lewis acidity of bismuth cations in comparison with their neutral parent compounds 

results in drastically changed reactivity patterns, so that unusual reaction pathways become 

accessible, such as controlled radical polymerization[22] and C–H bond activation.[21] In addition to 

differences in reactivity, the coordination chemistry, e.g. the coordination number, coordination 

geometry and degree of aggregation, of cationic species are affected by the enhanced Lewis acidity 

of such species.[20,22,26,29,30] Several different methods have been introduced for the quantification 
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of Lewis acidity, e.g. the Child’s method,[31] fluoride ion affinity[32] or the Gutmann-Beckett 

method.[33,34] The latter is frequently applied and is based on the addition of (defined amounts of) 

OPEt3 as a Lewis base to a solution (of non or weakly coordinating solvents) and the subsequent 

31P NMR spectroscopic investigation of the resulting solution. The chemical shift of the 31P NMR 

spectroscopic resonance is transformed into an acceptor number (AN) by applying equation (1).  

𝐴𝑁 = 2.21 × (𝛿(31P NMR)Sample
𝑝𝑝𝑚⁄ − 41.0) (eq. 1) 

Only a limited number of AN for bismuth(III) cations have been reported to date. VENUGOPAL and 

co-workers demonstrated a dependency of the acceptor number on the bite angle α of the ligand, 

with higher acceptor numbers resulting from smaller bite angles (Figure 1).[35] The acceptor 

number quantified by the Gutmann-Beckett method for the dicationic bismuth species III 

demonstrates an increase in Lewis acidity with increasing positive charge on the central atom, so 

that its Lewis acidity becomes similar to species such as B(C6F5)3, commonly classified as a strong 

Lewis acid.[36,37]  

 

Figure 1. Bite angle dependent acceptor numbers of monocationic bismuth species I and II, as well 
as dicationic III, showing an even higher acceptor number. 

As mentioned above, the Lewis acidic character of bismuth species often results in the formation 

of intra- and intermolecular Lewis acid/base adducts, yielding a broad coordination chemistry of 

bismuth(III) species with a broad variety of different coordination numbers and geometries, 

however, with a coordination number of four being most common. Cationic bismuth species with 

a formal coordination number of two are discussed in the literature, but such cations are either 

stabilized by (weak) cation-anion interactions,[19,28] or intramolecular electrostatic and London 

dispersion interactions as described for the heavy carbene analog (2,6-Mes2C6H3)2Bi+ 

(Mes = 1,3,5-trimethylphenyl).[38] The introduction of weakly coordinating anions into the 

chemistry of main group element cations led to the generation of compounds with significantly 

increased Lewis acidity due to reduced cation⋯anion interactions.[39] This is made feasible by 

distributing as little (negative) charge as possible over a large molecule, resulting in low 

polarizability and nucleophilicity, as was achieved, for example, for anions such as B(RF)4
–, SbF6

– 

or Al(ORF)4
– (RF = (per)fluorinated aryl/alkyl groups).[40–42]  



I INTRODUCTION 

3 

Due to their Lewis acidity, good accessibility and high functional group tolerance, simple bismuth 

salts of type BiX3 (X = OTf, Cl) are frequently applied as Lewis acid catalysts in organic 

transformations such as hydroamination,[43] hydrosilylation, and Diels-Alder reactions,[44] 

respectively (OTf = trifluoromethanesulfonate).[45,46] In recent years, cationic bismuth organyls 

have also been used as Lewis acid catalysts in organic transformations. Based on the ligand in IV 

and closely related species V, a family of bismuth cations was prepared, which were applied as 

diastereoselective Lewis acid catalysts in organic transformations such as crossed-condensations 

of aldehydes and ketones, and Mannich reactions (Figure 2).[47–51]  

 

Figure 2. Bismuth cations which were successfully applied in Lewis acid catalysis. 

More recently, bismuth dications such as III, a species with multiple electrophilic sites, have been 

applied as efficient and highly selective catalysts in the hydrosilylation of olefins, aldehydes and 

ketones.[36,52] 

Interest in the catalytic activity of bismuth compounds is not limited to species with the pnictogen 

atom in the oxidation state of +III, but also expands to bismuth compounds with the central atom 

in low oxidation states. A limited number of bismuth(II) radicals, which are difficult to 

characterize or to isolate, have been studied spectroscopically to date. While VIII is a persistent 

radical species, VI and VII are the first examples of isolabe Bi(II)-radicals (Figure 3).[53–56] The 

bismuth radicals VI–VIII are highly reactive species, which have been generated by homolysis of 

a Bi–Bi single bond, or through reduction of a bismuth(III) halide, and are kinetically stabilized by 

the introduction of sterically demanding substituents.  

 

Figure 3. Isolable and persistent bismuth(II) radicals. Dip = 2,6-di-iso-propylphenyl. 

The EPR spectroscopic characterization of such species can be hampered due to fast relaxation as 

a result of large spin-orbit coupling, and enhanced complexity of the resonances, which were (so 

far) only detectable at very low temperatures (21.5 K).[53–55,57] 
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COLES and co-workers were able to use the isolable bismuth radical VI[54] as catalyst in the 

oxidative coupling of phenylsilane with TEMPO (TEMPO = (2,2,6,6-tetramethylpiperidin-1-

yl)oxyl), in which the Bi(II)-radical and a (putative) Bi(III)-hydride species are involved in the 

catalytic cycle.[58] Even under harsh reaction conditions only low catalytic activities were 

obtained, but these reactions exemplify the first applications of a well-defined bismuth radical in 

catalysis.  

Lowering the oxidation state of the bismuth atom by one yields Bi(I)R species, so-called 

"bismuthinidenes" (R = monoanionic ligand). Bismuthinidenes are highly reactive, electron-

deficient species, which are in principle able to adopt a singlet or triplet electronic ground state. 

Especially for the heavier elements of group 15 (As, Sb, Bi), the synthesis of species ER is 

challenging, since compounds of this type increasingly undergo degradation reactions, such as 

oligomerization, disproportionation, and bond activation. To date, only inorganic 

bismuthinidenes of type BiX (X = H, F, Cl, Br, I, AlCl4) without further Lewis base stabilization are 

accessible by comproportionation reactions, or by reaction of Bi(0) with reactive species such as 

Cl2 in the gas phase.[59–63] The synthesis, characterization and electronic situation of 

organometallic, Lewis-base-free, bismuthinidenes has not been reported, yet. Instead, the 

isolation of organometallic bismuthinidenes was accomplished as Lewis base adducts, which 

show unexceptional singlet electronic ground states (Figure 4a).[64–66] The first example of a 

cationic bismuthinidene species synthesized by a one-pot reduction of BiCl3 in the presence of a 

carbene and LiOTf was demonstrated (Figure 4).[67] 

 

Figure 4. Known organometallic, Lewis-base-stabilized bismuthinidenes. 

Recently, it has also been shown that the well-defined, Lewis-base-stabilized bismuthinidene IX 

(R = tBu) catalyzes the transfer-hydrogenation of azoarenes and nitroarenes.[68] During the 

catalytic cycle, IX is oxidized by (formal) addition of H2, which is released from ammonia borane, 

so that the formation of a dihydride bismuth(III) species may be suggested. Formal transfer of H2 

to a hydrogen acceptor such as an azoarene regenerates IX in a formal reductive elimination. 

Consequently, the redox couple Bi(I)/Bi(III) has been suggested to be operative in the catalytic 

cycle (Scheme 1).  
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Scheme 1. Suggested catalytic cycle for the transfer-hydrogenation of 1,2-diphenyldiazene. 

Although rarely described, bismuth species can also serve as redox catalysts with the redox couple 

Bi(III)/Bi(V), which is part of the catalytic cleavage of α-glycol,[69,70] as well as the fluorination of 

arylboronic esters, in which a bismuth(III) species is first fluorinated, followed by reductive 

elimination of a C–F bond.[71]  

Research on molecular bismuth compounds has gained in popularity in recent years, probably 

also because it represents a non-toxic metal, and suitable starting materials are readily accessible 

and comparatively inexpensive. Nevertheless, essential questions on well-defined, molecular 

bismuth compounds regarding their Lewis acidity, catalytic activity in radical reactions and 

properties as ligands remain unresolved, to date.
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When this thesis was submitted to the university of Würzburg, the manuscript was just accepted 

for publication in Dalton Transactions. 
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III Bismuth Compounds in Radical Catalysis: Transition Metal 

Bismuthanes Facilitate Thermally Induced Cyclo-Isomerizations 

This chapter was published in: Jacqueline Ramler, Ivo Krummenacher, Crispin Lichtenberg, 

Angew. Chem. Int. Ed. 2019, 58, 12924–12929. Reprinted from ref. 72 with permission from 2019 

WILEY‐VCH Verlag GmbH. 
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IV Well-defined, Molecular Bismuth Compounds: Catalysts in 

Photochemically-Induced Radical Dehydrocoupling Reactions 

This chapter was published in: Jacqueline Ramler, Ivo Krummenacher, Crispin Lichtenberg, Chem. 

Eur. J. 2020, 26, 14551–14555. Reprinted from ref. 77 with permission from 2020 WILEY‐VCH 

Verlag GmbH. 
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V  Transition Metal Bismuthanes 

1 Homolytic Bismuth–Transition Metal Bond Cleavage 

In 2019, our group demonstrated the catalytic activity of transition metal bismuthanes 

(i.e. compounds with a Bi–TM bond, TM = transition metal) in the cyclo-isomerization of δ-iodo-

olefins (see Chapter III). In the course of this work, further results addressing homolytic Bi–TM 

bond cleavage were obtained and are presented in this chapter. 

1.1 Cyclo-Isomerization: Catalyst Loading-dependent Formation of Cyclopentane 

or Cyclohexane Derivatives 

Transition metal bismuthane [Ph2Bi{Mn(CO)5}] (1) catalyzes the cyclo-isomerization of 2-iodo-2-

methyl-6-heptene to give 2-(iodomethyl)-1,1-dimethylcyclopentane in 90% yield.[72] A catalyst 

loading of 10 mol% was used for this reaction. If only 1 mol% of the catalyst is used, the reaction 

time increases from 5 h to 2 d and, more importantly, the main product obtained isn’t                                      

2-(iodomethyl)-1,1-dimethylcyclopentane, but rather the 6-membered ring, 3-iodo-1,1-

dimethylcyclohexane according to 1H and 13C NMR spectroscopy (Scheme 2). 

 

Scheme 2. Catalyst loading-dependent cyclo-isomerization of 2-iodo-2-methyl-6-heptene to give 
either the five-membered or the six-membered ring as the main product. 

The reaction of 2-iodo-2-methyl-6-heptene with 1 mol% of 1 was monitored by 1H NMR 

spectroscopy. Complete conversion of the starting material was observed after two days at 

ambient temperature, whereby the obtained 1H and 13C NMR spectroscopic data indicate the 

formation of 3-iodo-1,1-dimethylcyclohexane as the main product. The formation of the 5-

membered ring as a by-product is also observed, with a product ratio of 9:1 (Figure 5). A complete 

separation of the two compounds by column chromatography (eluent: n-pentane), as well as a full 

characterization of the main product, could not be achieved, yet.  
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Figure 5. Aliphatic region of the 1H NMR spectrum of the catalytic cyclo-isomerization of 2-iodo-
2-methyl-6-heptene with a catalyst loading of 1 mol%. Black, hexagonal stars: 6-membered 
product. Red pentagonal stars: 5-membered product. The product ratio is 9:1. 

The mechanism of the ring-closure of 5-hexenyl-radicals was investigated in detail in the early 

1980s. The 1,6-ring closure of such radicals is less favored than the 1,5-ring closure, partly due to 

steric effects, which is rationalized by considering the transition states for both ring 

types/geometries (Figure 6).[73–75]  

 

Figure 6. Transition states for the 1,6- and 1,5-ring closure of 5-hexenyl-radicals.  

Thus, formation of the 6-membered ring is very uncommon. In addition, differences in catalyst 

loading normally lead to an increase/decrease in yields and lengthening/shortening of reaction 

times. Excluding heterocatalysis, changes in product distribution remains scarce. A dependence 

of the ring size formed on the catalyst loading has not been described for the cyclo-isomerization 
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of δ-iodo-olefins and might be considered an important tool for the formation of synthetically 

valuable, organic building blocks. 

As part of this work, the isolable antimony radical 2 was also tested as a catalyst in the cyclo-

isomerization of δ-iodo-olefins (Figure 7). The cyclo-isomerization of 6-iodo-1-hexene in benzene 

only reached a low conversion of 16% after 20 h at 60 °C. Due to poor solubility of the catalyst in 

benzene, the solvent was changed to more polar THF, which led to a conversion of 32% after 20 h 

at 60 °C. Using the activated iodo-olefin 2-iodo-2-methyl-6-heptene as a substrate and a 10:1 

benzene/THF mixture as solvent, a conversion of 75% was observed after 1 d at ambient 

temperature and a 2:1 product mixture of the 5- and 6-membered rings, respectively, was 

obtained (catalyst loading: 10 mol%). In conclusion, the use of antimony radical 2 as a catalyst in 

the cyclo-isomerization leads to lower conversion (substrates 6-iodo-1-hexene and 2-iodo-2-

methyl-6-heptene) as well as lower selectivity (2-iodo-2-methyl-6-heptene) compared to 

transition metal bismuthane 1. 

 

Figure 7. Stable antimony radical 2. 

1.2 Reactivity towards Benzoquinones 

The homolytic Bi–Mn bond cleavage in [{(C14H12)S}Bi{Mn(CO)5}] (3) was demonstrated by 

selective reaction with Ph2S2 and CCl4 (see Chapter III). Further results were obtained when 3 was 

reacted with 1,4-benzoquinone derivatives. The reaction of 3 with the parent compound 1,4-

benzoquinone in benzene led to the immediate formation of a dark precipitate. Attempts to 

dissolve the precipitate in polar solvents (pyridine, THF, 1,2-difluorobenzene) in order to carry 

out spectroscopic analyses, as well as attempts to obtain single crystals of the product by layering 

a THF solution of 2 with a THF solution of 1,4-benzoquinone did not succeed. Similar results, 

accompanied by gas evolution, were obtained by the reaction of 3 with 2,3-dichloro-5,6-dicyano-

1,4-benzoquinone (DDQ).  

The reaction of 3 with 2,5-di-tert-butyl-1,4-benzoquinone at 60 °C led to a light orange solution 

and small amounts of a black, insoluble precipitate which was removed by filtration (Scheme 3). 

Due to signal broadening and signal overlap in the 1H NMR spectrum of the reaction mixture in 

C6D6, the consumption of starting material could not be quantified. Single-crystals of the product 

4 suitable for single-crystal X-ray diffraction analysis were obtained by filtration, layering the 

filtrate with n-pentane and storage of the (initially) biphasic system at ambient temperature.  
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Scheme 3. a) Reaction of 3 with 2,5-di-tert-butyl-1,4-benzoquinone. b) Molecular structure of 4 in 
the solid state. Displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms 
are omitted for clarity. Selected bond lengths (Å) and angles (°): Bi–C, 2.269(7)–2.299(7); Bi–O, 
2.159(4), Bi–S, 3.012(3); C–Bi–C, 95.1(3), C–Bi–O, 81.1(2)–93.1(2); S–Bi–C, 73.16(19)–73.89(19); 
S–Bi–O, 154.90(13).  

The solid-state structure of 4 revealed the formation of two Bi–O bonds and is centrosymmetric 

(monoclinic space group P21/c with Z = 2, Scheme 3). The bismuth center adopts a bisphenoidal 

coordination geometry with the sulfur and oxygen atoms in axial positions and angles of 

154.90(13)° for S–Bi–O and 73.16(19)–73.89(19)° for C–Bi–S. The Bi–O bond in 4 (2.159(5) Å) is 

significantly shorter than the corresponding Bi–O bonds in the salts [{(C6H4)2S}Bi][ONO2] 

(2.431(9) Å) and [{(C6H4)2S}Bi][OSO2CF3] (2.571(5) Å)[76] and in the same range as in 

[{(C6H4)2S}Bi{OTEMP}] (2.184(5) Å, TEMP = NC9H18).[77] In combination with the elongated Bi–S 

bond in 4 (3.012(3) Å) compared to the above-mentioned salts ([{(C6H4)2S}Bi][ONO2]: 2.764(3) Å; 

[{(C6H4)2S}Bi][OSO2CF3]: 2.6741(17) Å) this is indicative for a lower ionic character of the Bi–O 

bond in 4 and a bonding situation similar to [{(C6H4)2S}Bi{OTEMP}] (Bi–S: 2.936(2) Å). The 

difference in polarity of the (non- or weakly polar) Bi–Mn bond in 3 versus the more polar                    

Biδ+–Oδ– bond in 4 leads to the additional coordination of the sulfur atom from the ligand backbone 

to the bismuth center in 4, which is expected for a sufficiently electronegative substituent X, as in 
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{(C6H4)2S}BiX.[72,76] The electron donation from the sulfur to the bismuth atom is owed to the 

increased electropositivity of the metal center in 4 as opposed to 3. In order to balance the 

reaction shown in Scheme 3, it is conceivable that two Mn(CO)5
• radicals recombine to give 

Mn2(CO)10. To verify this, an IR spectrum of the reaction mixture was recorded. CO stretching 

frequencies were observed at 𝜈CO = 2089, 2066, 2029m 1972 and 1944 cm–1, which are similar, 

but not equal to the values for Mn2(CO)10 found in the literature (𝜈CO = 2046, 2014, 1988 cm–1).[78] 

Furthermore, the presence of five instead of three carbonyl stretching frequencies for Mn2(CO)10 

indicates the formation of by-products. Due to the small amount of isolated substance, the yield of 

4 and possible manganese-containing by-products could not be determined, hence the exact 

course of the reaction of 4 with 2,5-di-tert-butyl-1,4-benzoquinone could not be clarified. 

1.3 Reactivity towards Tetraphenyl Dibismuthane 

As described above, the non-polar Bi–TM bond enables homolytic bond dissociation under mild 

conditions. A [R2Bi]• radical generated this way could react with dibismuthanes,[79] i.e. compounds 

of the general formula R’2Bi–BiR’2, in order to form hitherto unknown unsymmetrically 

substituted dibismuthanes R2Bi–BiR’2. The corresponding transition metal bismuthane                      

R’2Bi–[TM] would be expected as a by-product of this reaction ([TM] = transition metal complex 

fragment). In order to test this hypothesis, the manganese bismuthane 3 was combined with 

stoichiometric amounts of tetraphenyl dibismuthane in benzene solution (Scheme 4). A 1H NMR 

spectroscopic analysis of the reaction mixture revealed the formation of [Ph2Bi{Mn(CO)5}] (1)[72] 

and one set of signals for an unknown {(C6H4)2S}Bi species in a 1:0.5 ratio. In addition, traces of 

other species bearing phenyl and thioether groups were observed. Filtration of the reaction 

mixture and layering the orange filtrate with n-pentane yielded small amounts of a red, crystalline 

solid suitable for single-crystal X-ray diffraction analysis. The resulting solid-state structure 

revealed the formation of dibismuthane 5 (Scheme 4). Dibismuthane 5 had also been obtained 

from the reaction of [{(C6H4)2S}Bi{OTEMP}] with PhSiH3, and fully characterized (see Chapter IV 

for a detailed analysis of 5). While the reaction did not yield the expected unsymmetrical 

dibismuthane, it provides a synthetic pathway to a dibismuthane, which had otherwise proved 

inaccessible by standard reduction attempts of the chloro-precursor 6 in earlier studies 

(Scheme 4).[80,81]  
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Scheme 4. Reaction of manganese bismuthane 3 with tetraphenyl dibismuthane to give 5. The 
synthesis of 5 by reduction of precursor 6 was not successful.[80] 

2 Dibenzobismepine as a Hemilabile Ligand: Photochemically-Induced CO-

Elimination 

Recently, our group described the synthesis of the halo-dibenzobismepine species 8-X (X = Cl, Br, 

I) from dinuclear bismepine 7 (Scheme 5, for details see Chapter VI, for attempts to synthesize         

7 in other ways than described in Chapter VI, see Table 6 in Experimental Part).[82]  

 

Scheme 5. Synthesis of halobismepines 8-X starting from dinuclear bismepine 7. 

In the following, the properties of a dibenzobismepinyl group as ligand in transition metal 

complexes are examined. One focus of these investigations was to verify whether the olefin 

functionality of the dibenzobismepinyl ligand can participate in a chelating interaction with 

transition metal centers. The synthesis of transition metal bismuthanes takes place via various 

synthetic routes: a) The reaction of a triorganobismuthane with a transition metal hydride 

complex under elimination of RH; b) the reaction of a dibismuthane with dinuclear transition 

metal complexes to form two equivalents of the transition metal bismuthane; c) invers salt 

elimination with an alkali metal bismuthide (formed in situ) and a transition metal complex 
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bearing at least one halogen ligand; d) salt elimination of a diorganobismuth halide with a 

transition metallate; and e) reaction of a bismuth halide with dinuclear transition metal 

complexes to eliminate transition metal halides (Scheme 6, for further synthetic routes see 

Chapter II).[83–86]  

 

Scheme 6. Synthetic routes frequently used to access transition metal bismuthanes. 
[TM] = transition metal complex fragment. 

Besides other transition metals, manganese, iron and cobalt complexes were the main precursors 

investigated (for results with other bismepine precursors and/or transition metals see Table 7 in 

Experimental Part). The initial approach was to react the dinuclear transition metal complexes 

[Mn(CO)5]2, [Fe(CO)2Cp]2 and [Co(CO)4]2 with chlorobismepine 8-Cl. However, these reactions led 

either to i) decomposition with formation of phenanthrene, ii) formation of dinuclear bismepine 

7, iii) generation of [Bi{TM}3], or iv) no conversion under several conditions.[87] In contrast, the 

salt elimination of chlorobismepine 8-Cl with sodium metallates (Scheme 6d) proved to be a 

powerful tool for the generation of transition metal bismuthanes. The complexes synthesized 

through this way are discussed in more detail below. 

2.1 Synthesis and Characterization of Manganese and Iron Complexes 

Chlorobismepine 8-Cl was reacted with Na(thf)3[Mn(CO)5] in a mixture of benzene and THF at 

ambient temperature. [(C14H10)Bi{Fe(CO)2Cp}] (10) was synthesized in a similar manner at                    

–78 °C (Scheme 7). 1H NMR spectroscopic analysis of the reaction mixtures showed full 

conversion of the starting materials in both cases. 
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Scheme 7. Synthesis of transition metal bismuthanes 9 and 10 via salt elimination; 
Na(thf)x[TM] = Na(thf)3[Mn(CO)5], Na(thf)[Fe(CO)2Cp]; Cp = cyclopentadienyl. 

In the case of [{C14H10)Bi{Mn(CO)5}] (9) full characterization of the product was not possible due 

to decomposition in the solid state as well as in benzene solution. [Bi{Mn(CO)5}3] and [Mn(CO)5]2 

were identified as decomposition products by single-crystal X-ray diffraction analysis in several 

samples.[88,89] The decomposition of 9 was also monitored by 1H NMR spectroscopy, revealing 

dinuclear bismepine 7 as a further decomposition product. The decomposition of 9 can be 

expressed as three equivalents of 9 reacting to one equivalent of 7 and one equivalent of 

[Bi{Mn(CO)5}3]. The additional formation of [Mn(CO)5]2 can be explained by the fact that 

[Bi{Mn(CO)5}3] decomposes further, whereby low-valent bismuth species could be formed. 

Nevertheless, complex 9 was characterized in situ by 1H and 13C NMR spectroscopy. The NMR 

spectra of 9 show the expected set of signals for the bismepine unit, with the resonances for the 

olefin unit at δ(1H) = 6.92 ppm and δ(13C) = 134.44 ppm, respectively. This indicates no interaction 

between the manganese center and the olefin backbone, since the resonances for this functionality 

are found at similar values for 8-Cl and other non-coordinating bismepine species (δ(1H) = 6.49–

6.65 ppm and δ(13C) = 131.19–136.07 ppm for 7 and 8-X (X = Cl, Br, I)). The 13C NMR resonance 

for the carbonyl groups is found at δ(13C) = 203.99 ppm showing a significant upfield shift 

compared to the carbonyl resonances in 1 (δ(13C) = 218.96 ppm) and 3 (δ(13C) = 213.73 ppm).[72] 

The differences in the 13C NMR spectroscopic resonances for the carbonyl ligands is accompanied 

by weaker π-backdonation from the metal to the carbonyl in the case of 9. One reason for this 

could be the decrease of electron density at the manganese center due to the introduction of the 

bismepinyl ligand. Such a significant difference in the chemical shifts (13C) for the carbonyls in 

[Ph2Bi{TM}], [(C14H12S)Bi{TM}] and [{C14H10)Bi{TM}] only occurs for the manganese species (see 

below).  

[{C14H10)Bi{Fe(CO)2Cp}] (10) was synthesized according to Scheme 7 at –78 °C in 63% yield. 10 

was analyzed by single-crystal X-ray diffraction and crystallized in the triclinic space group �̅�1 

with Z = 41 (Figure 8).  

                                                        
1 Indications of a higher symmetry of the space group were not found. 
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Figure 8. Molecular structure of 10 in the solid state. Displacement ellipsoids are shown at the 
50% probability level. Hydrogen atoms are omitted for clarity; ctCp represents the centroid of the 
cyclopentadienide ligand. The asymmetric unit contains two chemically identical but 
crystallographically independent formula units of 10, only one of which is discussed because the 
bonding parameters do not differ significantly. Selected bond lengths (Å) and angles (°): Bi1–C1, 
2.6645(14); Bi1–C14, 2.259(8); Bi1–Fe1, 2.6645(14); Fe1–C15, 1.772(10); Fe1–C16, 1.754(11); 
Fe1–ctCp, 1.720; Fe1–Bi1–C1, 105.1(2); Fe1–Bi1–C14, 103.4(2); C1–Bi1–C14, 86.5(3),                              
C16–Fe1–C15, 94.9(4); Bi1–Fe1–ctCp, 117.75; C15–Fe1–ctCp, 127.48; C16–Fe1–ctCp, 127.13. 

The asymmetric unit contains two crystallographically distinct molecules of 10, only one of which 

is discussed herein because the bonding parameters do not differ significantly. The bismuth center 

is found in a trigonal pyramidal coordination geometry with a C–Bi–C angle of 86.5(3)° and                        

C–Bi–Fe angles of 103.4(2)–105.1(2)°, respectively. The iron atom adopts a distorted tetrahedral 

coordination geometry with angles around Fe1 of 94.9(4)–127.13°. The Bi–Fe bond length of 

2.6645(14) Å is in the range of reported bismuth iron bonds.[90–98] The 1H and 13C NMR spectra of 

compound 10 in benzene solution show the expected signal pattern for the bismepine unit and 

the cyclopentadienide ligand. Remarkably, the 1H NMR resonances of the bismepine protons are 

shifted significantly to low field (Δδ = 0.26–0.86 ppm) for complex 10 compared to manganese 

complex 9. The 13C NMR spectroscopic resonance for the carbonyl ligands at δ(13C) = 212.49 ppm 

is very similar to those in [Ph2Bi{Fe(CO)2Cp}] (δ(13C) = 210.11 ppm)[80] and 

[{(C14H12)S}Bi{Fe(CO)2Cp}] (δ(13C) = 212.03 ppm). Compound 10 was also characterized by IR and 

UV-vis spectroscopy. The IR spectrum of 10 shows two CO stretching modes at ν̃CO = 1972 cm–1 

and 1926 cm–1, as expected for tetrahedral iron complexes with Cs symmetry and a non-polar                

Bi–Fe bond. The UV-vis spectrum of 10 shows an absorption maximum at 362 nm.  
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Figure 9. Experimental UV-vis spectrum of 10 (0.34 mM) in THF. 

Irradiation of 10 for 5 h at a wavelength of 525 nm in benzene solution led to full conversion to a 

new bismepine species as observed by 1H NMR spectroscopy (Scheme 8a). The new species shows 

a 1H NMR spectroscopic signal pattern as expected for a chiral, tetrahedral iron complex: all 

protons of the bismepine group show a single resonance. The resonances for the protons of the 

olefin backbone (δ(1H) = 4.66 and 5.03 ppm) show a strong high-field shift compared to the 

chemical shift of the same protons in 10 (δ(1H) = 6.91 ppm). These results speak for the 

elimination of one carbonyl ligand upon irradiation with simultaneous π-coordination between 

the olefin functionality and the iron center. The iron center would thus bear four different ligands 

and present a stereocenter. Suitable material for single crystal X-ray diffraction of 11 were 

obtained by layering a THF solution of 11 with n-pentane and storage at –30 °C. 11 crystallized in 

the orthorhombic non-centrosymmetric space group P212121 with Z = 4 and one molecule in the 

asymmetric unit (Scheme 8b).  
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Scheme 8. a) Synthesis of 11 by irradiation of 10. b) Molecular structure of 11 in the solid state. 
Displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms and the lattice 
bound THF molecule are omitted for clarity; ctCp represents the centroid of the cyclopentadienide 
ligand. Selected bond lengths (Å) and angles (°): Bi1–C1, 2.271(6); Bi1–C14, 2.258(7); Bi1–Fe1, 
2.6465(10); Fe1–C7, 2.137(7); Fe1–C8, 2.128(7); Fe1–C15, 1.762(8); Fe1–ctCp, 1.728; Fe1–Bi1–C1, 
86.71(17); Fe1–Bi1–C14, 89.23(16); C1–Bi1–C14, 84.0(2); Bi1–Fe1–ctCp, 126.67; C15–Fe1–ctCp, 
120.74. 

Due to the bite angle of the bismepine chelate ligand the iron center adopts a more distorted 

tetrahedral coordination geometry than in starting material 10, with angles around Fe1 of                         

86.71(17)–126.67°. The bismuth atom is found in a trigonal pyramidal coordination geometry 

with a C–Bi–C bond angle of 84.0(2)°. While the central heterocycle of the bismepine framework 

in 10 is still pointing away from the transition metal center, it now points towards the iron atom 

in 11 and the olefin functionality occupies the fourth coordination site with a distance of 

2.013(7) Å between Fe1 and the center of the C7–C8 bond. Concomitantly, the C7–C8 bond in 11 

is significantly longer (1.415(10) Å) than in 10 (1.343(13) Å) and thus in the range of a partial 

double bond.[99] The Bi–Fe bond length (2.6465(19) Å) is similar to that in 10 (2.6645(14) Å). 

Crystallization of 11 resulted in obtaining one enantiomer, however, no bulk analysis of the 

obtained crystalline material was performed. Thus, it cannot be excluded that the other 

enantiomer of 11 was also obtained by crystallization. Hence, whether crystallization can serve 

as a separation method for obtaining enantiomerically pure material has not been conclusively 

clarified.  

The IR spectrum of compound 11 shows one CO stretching mode at ν̃CO = 1930 cm–1. The UV-vis 

spectrum of the dark red solid in THF shows an absorption maximum at 353 nm and a very low 

intensity secondary maximum at 604 nm (Figure 10).  
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Figure 10. Experimental UV-vis spectrum of 11 (0.30 mM) in THF.  

It was also possible to show a partial reversibility of the reaction shown in Scheme 8 by exposing 

a solution of complex 11 to an atmosphere of 0.5 bar CO. 1H NMR spectroscopic analysis showed 

a 1:3 mixture of 10 and 11, respectively (Scheme 9).  

 

Scheme 9. Reversible formation of chelate complex 11. 

Based on the synthesis of the doubly substituted iron complex [(Ph2Bi)2Fe(CO)4],[83] the 

bismepinyl analog 12 was prepared according to Scheme 10 and isolated in 53% yield as a yellow 

solid. 

 

Scheme 10. Synthesis of bis-bismepinyl substituted iron complex 12 (Collman’s reagent washed 
with small amounts of THF and dried in vacuo prior to use to remove decomposition products). 
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The solid-state structure of 12 was determined by X-ray diffraction analysis (triclinic space group 

�̅�1 with Z = 2, Figure 11). The quality of the data does not allow for a discussion of the bonding 

parameters due to twinning, that could not be adequately modelled, and insufficient scattering. 

However, analog to the parent compound [(Ph2Bi)2Fe(CO)4],[83] 12 shows a cis-arrangement of the 

bismepinyl ligands around the octahedrally coordinated iron atom in the solid state. The olefin 

functionalities of the bismepine ligands are bent towards the iron center, which could allow CO 

elimination and formation of a chelate complex.  

 

Figure 11. Molecular structure of 12 in the solid state. Displacement ellipsoids are shown at the 
50% probability level. Hydrogen atoms are omitted for clarity. 

In contrast to literature known [(Ph2Bi)2Fe(CO)4], which shows rapid decomposition in 

solution,[83] 12 is stable in benzene solution for at least 24 h. Compound 12 shows four bands for 

the CO stretching modes, as to be expected for compounds of the type cis-[Fe(CO)4L2]. However, 

literature reports list three CO stretching modes in the range of 2081–1973 cm–1 for 

[(Ph2Bi)2Fe(CO)4] in methylene chloride solution and five in n-hexane solution, respectively. 

These findings are not discussed in detail, but are possibly due to decomposition.[83] The 

absorption bands observed for 12 at ν̃CO = 2040, 1981, 1961 and 1933 cm–1 are in the same range 

as the analog absorptions for [{C14H10)Bi{Fe(CO)2Cp}] (10 (ν̃CO = 1972, 1920 cm–1) and                     

[{κ2C,κ1Bi-(C14H10)Bi}FeCp(CO)2] (11) (ν̃CO = 1930 cm–1), with a somewhat higher frequency for 

one CO ligand. However, a clear comparison of the carbonyl stretching frequencies between these 

compounds is hampered by their different symmetries. 

The UV-vis spectrum of 12 shows two absorption maxima at 288 and 362 nm, with an onset at 

approximately 460 nm (Figure 12).  
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Figure 12. Experimental UV-vis spectrum of 12 (0.10 mM) in THF. 

In light of its solid-state structure and the successful synthesis of chelate complex 11, compound 

12 was irradiated at a wavelength of 365 nm. After 5 h of irradiation, the selective formation of a 

new product was detected by 1H NMR spectroscopy (ca. 20% conversion). Further irradiation for 

several hours did not result in further conversion to this unknown product. The new species 

shows two 1H NMR resonances at δ(1H) = 3.57 and 4.27 ppm, indicating the formation of a 

coordinated olefin complex. Since no further conversion of 12 could be achieved under these 

conditions, the reaction mixture was put under an atmosphere of CO gas to check whether this 

was due to an equilibrium. Under a CO atmosphere, no conversion of the new species back to 

starting material 12 was observed by 1H NMR spectroscopy. These observations point to either 

an irreversible CO elimination under formation of cluster species, or a reaction in which CO 

elimination does not take place. No attempt was made to isolate the unknown reaction product, 

due to the small amount of substance.  

2.2 Synthesis and Characterization of Chiral Cobalt Complexes 

Other transition metal bismuthanes investigated in this work were trigonal bipyramidal cobalt 

complexes of the type [{(C14H10)Bi}Co(CO)nL4-n] with L as a neutral donor ligand. The parent 

compound [{(C14H10)Bi}Co(CO)4] (13) was synthesized according to Scheme 11. In accordance 

with the literature-known compound [{Ph2Bi}Co(CO)4], it was only possible to characterize the 

product in solution due to decomposition during attempts to isolate this species.[84] The slow and 

selective conversion (10% conversion after 5 h) of 13 into a single new species in benzene 

solution was also observed. The product was identified as the chelate complex [{κ2C,κ1Bi-

(C14H10)Bi}Co(CO)3] (14), the selective synthesis and characterization of which will be discussed 

in more detail later.  
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Scheme 11. Synthesis of transition metal bismuthane 13 via salt elimination. 

As described in the literature, one equivalent of a neutral donor ligand (PPh3, PCy3 or tBuNC) was 

added to the reaction mixture to stabilize the product, so that the transition metal bismuthanes 

13-L could be obtained in moderate yields (32%–62%, Scheme 12). In the synthesis of 13-PCy3, 

the transition metal bismuthane [Bi{Co(CO)3(PCy3)}3] by-product was identified by X-ray 

diffraction analysis (the data quality does not allow a discussion of the bonding parameters). 

 

Scheme 12. Synthesis of transition metal bismuthanes 13-PPh3, 13-PCy3 and 13-tBuNC. 

The 1H NMR spectra of 13(-L) each show one doublet for the α-proton, i.e. the proton in 

ortho-position to the bismuthyl-substituted carbon atom, at δ(1H) = 8.47 (13), 8.92 (13-PPh3), 

8.90 (13-PCy3), and 8.82 (13-tBuNC) ppm, respectively, which represents a pronounced 

downfield shift of the resonances compared to the resonances of the analog protons in the iron 

(10, δ(1H) = 8.13 ppm) and manganese complexes (9, δ(1H) = 7.58 ppm). This trend has also been 

observed in the series [{(C14H12)S}Bi[TM]] with [TM] = Mn(CO)5 (3, δ(1H) = 7.16 ppm), Fe(CO)2Cp                                

(δ(1H) = 7.78 ppm) and Co(CO)3(PPh3) (δ(1H) = 8.47 ppm). The resonances for the protons of the 

olefin backbone are in the range of δ(1H) = 6.72–6.89 ppm, which indicates that there is no 

coordination of the olefin to the transition metal center in 13(-L). The 13C NMR spectroscopic 

resonances for the carbonyl ligands are found at δ(13C) = 200.99 (13), 201.61 (13-PPh3), 202.95 

(13-PCy3) and 203.67 (13-tBuNC) ppm, with the resonance for 13-PPh3 splitting into a doublet 

with a 2JPC coupling constant of 16.3 Hz. The phosphine containing complexes show resonances at              

δ(31P) = 68.22 (13-PPh3) and 78.55 (13-PCy3) ppm, respectively, in their 31P NMR spectra. The 

related compound [{(C14H12)S}Bi{Co(CO)3(PPh3)}] (δ(31P) = 68.89) shows a very similar 

resonance in the 31P NMR spectrum, indicating no significant differences in trans-influence of the 

bismuthyl ligands. Thus, the resonance for 13-PCy3 at higher chemical shift can be attributed to 

the stronger donor influence of the PCy3 ligand compared to PPh3. 
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The IR spectra of 13(-L) show the expected four (13) or three (13-L) CO stretching vibrations, 

with the modes for 13 appearing at higher wavenumbers (ν̃CO = 2075, 2036, 2019,                                       

1989 cm–1), which is consistent with results from the literature for [(Ph2Bi)Co(CO)4].[84] The 

relevant IR frequencies for the substituted derivatives are summarized in Table 1. The CO 

stretching frequencies for 13-PPh3 are in the same range as those for 

[{(C14H12)S}Bi{Co(CO)3(PPh3)}].[72] For 13-PCy3 and 13-tBuNC, the CO stretching frequencies are 

slightly shifted to lower wavenumbers compared to those of 13-PPh3, which might be due to 

stronger σ-donor capabilities of the former two ligands. The IR spectrum of 13-tBuNC shows an 

additional band at ν̃NC = 2167 for the tBuNC moiety. 

Table 1. CO (and NC) stretching frequencies of compounds 13-L. 

Entry Compound �̃�CO [cm–1] �̃�NC [cm–1] 
1 13-PPh3 2010 1944 1927 – 
2 13-PCy3 1998 1932 1913 – 
3 13-tBuNC 1984 1934 1923 2167 

 

Because of the instability of 13 in the solid state, no crystalline material was obtained from this 

compound. For 13-L, however, it was possible to obtain crystals suitable for X-ray diffraction 

analyses (13-PPh3: monoclinic space group P21/c with Z = 4; 13-PCy3: triclinic space group �̅�1 

with Z = 2; 13-tBuNC: monoclinic space group P21/m with Z = 2, Figure 13).  
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Figure 13. Molecular structures of [{(C14H10)Bi}Co(CO)3(PPh3)] (13-PPh3), 
[{(C14H10)Bi}Co(CO)3(PCy3)] (13-PCy3), and [{(C14H10)Bi}Co(CO)3(tBuNC)] (13-tBuNC), in the 
solid state. Displacement ellipsoids are drawn at the 50% probability level. Hydrogen atoms and 
lattice bound solvent molecules are omitted for clarity. Selected bond lengths (Å) and angles (°): 
Compound 13-PPh3: Bi1–Co1, 2.6741(4), Bi1–C, 2.252(3)–2.262(3); Co1–CCO, 1.765(4)–1.783(3); 
Co1–P1, 2.2045(9); Colefin–Colefin, 1.317(5); C–Bi1–C, 89.37(12); C–Bi1–Co1, 99.32(9)–100.76(9); 
Bi1–Co1–Ccis, 84.61(11)–86.34(11); Bi1–Co1–P1, 176.13(3); CCO–Co1–CCO,                                       
114.93(15)–123.54(15). Compound 13-PCy3: Bi1–Co1, 2.6877(10), Bi1–C, 2.253(6)–2.256(7); 
Co1–CCO, 1.768(7)–1.784(7); Co1–P1, 2.2292(18); Colefin–Colefin, 1.338(10); C–Bi1–C, 88.6(2);                    
C–Bi1–Co1, 101.52(17)–102.88(16); Bi1–Co1–CCO, 81.8(2)–87.6(2); Bi1–Co1–P1, 176.15(6);               
CCO–Co1–CCO, 116.9(3)–121.9(3). Compound 13-tBuNC: Bi1–Co1, 2.7276(8); Bi1–C, 2.258(4); 
Co1–CCO, 1.785(7)–1.789(5), Co1–CNC, 1.859(7); Colefin–Colefin, 1.336(10); C–Bi1–C, 89.3(2);                 
C–Bi1–Co1, 100.25(10); Bi1–Co1–Ccis, 82.18(19)–85.79(14); Bi1–Co1–Ctrans, 173.7(2);                              
Co1–CNC–N1, 176.7(6); CCO–Co1–CCO, 114.5(3)–121.39(15). 

Compounds 13-L possess typical molecular structures in the solid state without directed 

intermolecular interactions. The cobalt centers are found in trigonal bipyramidal coordination 

geometries (τ5 = 0.88 (13-PPh3), 0.90 (13-PCy3), 0.87 (13-tBuNC)) with phosphanes (13-PPh3 

and 13-PCy3) or the isonitrile (13-tBuNC), respectively, and bismuthyl units in the axial positions. 

The bismuth atoms are found in trigonal pyramidal geometries with Bi–C (2.252(3)–2.262(3) Å) 

and Bi–Co (2.6741(4)–2.7276(8) Å) bond lengths in the expected ranges.[72,84,100,101] However, the           

Bi–Co bond length in 13-tBuNC is significantly longer than those in the phosphane analogs due to 

the good σ-donating ability of the isonitrile ligand in trans-position.[102] The olefins in the ligand 
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backbones do not coordinate to the transition metal centers, and their C–C bond lengths 

(1.317(5)–1.338(10) Å) are in the range for classic C–C double bonds.[99]  

UV-vis spectroscopic experiments were carried out on compounds 13 (orange in THF solution), 

13-PPh3 (orange solid), 13-PCy3 (orange solid) and 13-tBuNC (red solid). Additionally, (TD)-DFT 

studies were performed with the Gaussian programme[103] on compounds 13(-L) (Figure 14). The 

results presented here were obtained with the functionals B3LYP[104] for optimizations and 

frequency calculations, and CAM-B3LYP for TD-DFT calculations,[105] Grimme D3 dispersion 

corrections,[106] and 6-31G(d,p)[107] [H, C, N, O, P] and LANL2DZ[108–110] [Co, Bi] basis sets. All 

transitions discussed here are singlet-singlet transitions.  

 

Figure 14. Experimental UV-vis spectra of 13 (0.04 mM), 13-PPh3 (0.03 mM), 13-PCy3 (0.08 mM), 
and 13-tBuNC (0.07 mM), in THF (13: orange, λmax = 369 nm, onset at 530 nm; 13-PPh3: orange, 
λmax = 382 nm, onset at ca. 540 nm; 13-PCy3: orange, λmax = 369 nm, onset at ca. 430 nm; 13-tBuNC: 
red, λmax = 362 nm, onset at ca. 450 nm) and calculated transitions (blue).  

The experimental UV-vis spectrum of the parent compound 13 in THF shows an absorption 

maximum at 369 nm. The absorptions were correlated with three singlet-singlet transitions                 

T1–T3, one of which shows a larger oscillator strength (T3: 306 nm). The difference between the 

calculated and experimentally determined value of 63 nm is large. This could be due to the level 
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of theory used in the DFT calculations. T1, T2 and T3 correspond to a range of transitions, but 

mainly to HOMO–5→LUMO (T1, 66%), HOMO–4→LUMO (T2, 63%), and HOMO–1→LUMO (T3, 

31%) transitions, respectively. While the HOMO–5 and the HOMO–4 show contributions to                  

Co–CCO σ‐bonding, the HOMO–1 shows contributions to Bi–Co σ‐bonding and the LUMO shows 

contributions to Co–CCO σ*‐antibonding interactions to all four carbonyl ligands and Co–Bi                      

σ*‐antibonding interactions (Figure 15).  

 

Figure 15. Frontier orbitals of compound 13 (isovalues = 0.03) with main contributions to 
transitions T1, T2 and T3. 

For compound 13-PPh3, the experimental UV-vis spectrum in THF shows an absorption 

maximum at 382 nm with an onset at ca. 540 nm. These absorptions were correlated with five 

singlet-singlet transitions T1–T5, two of which show larger oscillator strengths (T3: 328 nm; T5: 

297 nm). T3 and T5 correspond to a range of transitions, but mainly to HOMO→LUMO (T3, 32%; 

T5, 42%) transitions. The HOMO shows contributions of Co–CCO, as well as Co–Bi σ‐bonding 

interactions, and the LUMO shows contributions of Co–CCO σ*‐antibonding interactions 

(Figure 16).  
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Figure 16. Frontier orbitals of compound 13-PPh3 (isovalues = 0.03) with main contributions to 
transitions T3 and T6. 

The experimental UV-vis spectrum of 13-PCy3 in THF shows an absorption maximum at 369 nm. 

Here, the absorptions correlate with six singlet-singlet transitions T1–T6, two of which show 

larger oscillator strengths (T3: 327 nm; T6: 291 nm). As for 13-PPh3, T3 and T6 show a high 

proportion of HOMO→LUMO transitions (T3, 30%; T6, 44%). The HOMO shows contributions of 

Co–CCO, as well as Co–Bi σ‐bonding interactions, and the LUMO shows contributions of Co–CCO σ*‐

antibonding interactions, similarly (and optically identical) to 13-PPh3. 

The experimental UV-vis spectrum of 13-tBuNC in THF shows an absorption maximum at 362 nm. 

The absorptions were correlated with seven singlet-singlet transitions T1–T7, three of which 

show larger oscillator strengths (T3: 310 nm; T7: 282 nm; T9: 270 nm). T3, T7 and T9 correspond 

mainly to HOMO–10→LUMO (T3, 37%), HOMO→LUMO (T7, 43%), HOMO–1→LUMO+1 (T9, 26%) 

and HOMO→LUMO+2 (T9, 19%) transitions, respectively. While the HOMO–10 shows 

contributions to Co–CCO σ‐bonding, the HOMO–1 and HOMO show contributions to Bi–Co σ‐

bonding, and the LUMO, LUMO+1 and LUMO+2 show contributions to Co–CCO σ*‐antibonding 

interactions to all three (LUMO and LUMO+1), or only two (LUMO+2) carbonyl ligands, 

respectively (Figure 17). 
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Figure 17. Frontier orbitals of compound 13-tBuNC (isovalues = 0.03) with main contributions to 
transitions T3, T7 and T9. 

The fact that compounds 13(-L) all show LUMOs with Co-CCO σ*-antibonding interactions suggest 

that they should be susceptible to photochemical Co–CO bond cleavage. Analog to the synthesis of 

11, this should lead to the olefin backbone coordinating to the transition metal. Since the cobalt 

centers in 13(-L) carry further CO ligands, it should be possible to form chiral cobalt complexes 

of the form [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)LL’] by alternating olefin-coordination and olefin-

dissociation cycles (Scheme 13).  

 

Scheme 13. Proposed synthesis of chiral cobalt complexes by alternating olefin-coordination and 
olefin-dissociation steps.  
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Parent compound 13 showed low conversion (10% after 5 h) to an unknown species 14 in 

solution under ambient light. When irradiated with light at a wavelength of 535 nm, a 1:1 

equilibrium was established between 13 and a new species, 14, after 30 h, as determined by 1H 

NMR spectroscopy. Gas evolution was observed during the reaction, which is attributed to the 

dissociation of CO. 1H NMR spectroscopic analysis of the reaction mixture suggests that the ligand 

backbone of the bismepinyl ligand in 14 coordinates to the transition metal center via the olefin 

moiety, as indicated by a strong upfield shift of the olefin proton resonances, compared to the 

starting material 13 (Δδ = –1.61 ppm) (Table 2, Entry 1). Complete conversion to 14 was achieved 

by the exchange of the atmosphere above the reaction solution at least twice during the reaction. 

The reverse reaction, i.e. the formation of 13 by placing 14 under an atmosphere of CO gas, 

resulted in high conversion of the starting material (80%) to selectively one species (13, as 

determined by 1H NMR spectroscopy) after 5 h at ambient temperature. 

Irradiation of 13-PPh3, 13-PCy3 and 13-tBuNC with light at 455 nm (13-PPh3) and 365 nm                

(13-PCy3 and 13-tBuNC), respectively, led to the formation of 14-PPh3, 14-PCy3 and 14-tBuNC 

in moderate to high yields (Table 2). The presence of the phosphane or isonitrile donor ligands 

trans to the bismepinyl ligands seems to have a favorable influence on the formation of the chelate 

complexes 14-L, which, unlike that of 14, don’t require an exchange of the atmosphere during the 

reaction. The chelate complexes 14(-L) are soluble in toluene, benzene, THF, 1,2-diflourobenzene 

and methylene chloride. 14-tBuNC is also slightly soluble in n-pentane, while 14-PCy3 is the least 

soluble, requiring polar solvents like THF and CHCl3 for a quantitative solubility.  

Table 2. Synthesis of chelate complexes 14(-L) with the associated reaction conditions. 

 

Entry starting material ligand L 
hν 

[nm] 
reaction 
time [h] 

solvent 
yielda 

[%] 
1 13 CO 525 45 toluene/THFb 39 
2 13-PPh3 PPh3 455 5 benzene 50 
3 13-PCy3 PCy3 365 7.5 benzene 74 
4 13-tBuNC tBuNC 365 2.5 benzene 79 

a. isolated yield after work-up. b. in a 20:1 ratio. 

The 1H NMR spectra of the isolated complexes 14(-L) in benzene solution show upfield shifts of 

Δδ = 1.08–1.20 ppm for the resonances of the α-protons of the bismepinyl ligand in comparison 

with starting materials 13(-L). Furthermore, the resonances of the olefin moieties are strongly 

upfield shifted in 14(-L) (Δδ = 1.34–2.27 ppm) compared to 13(-L) (δ(1H) = 6.72–6.89 ppm). The 
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phosphane analogs show 3JPH coupling constants of 7.0 Hz (14-PPh3) and 5.6 Hz (14-PCy3) for the 

olefin resonances. The 13C NMR spectroscopic resonances of the carbonyl ligands for 14(-L) are 

found at δ(13C) = 203.35–207.00 ppm, which corresponds to a downfield shift of Δδ = 6.01 (14), 

3.54 (14-PPh3) and 2.88 (14-PCy3) ppm compared to their respective starting materials. This 

might be due to the olefin moiety and the carbonyls competing for π-electrons from the metal, 

which is why the metal carbonyl bonds are weakened, although a clear comparison is hampered 

by different symmetries. Only 14-tBuNC shows a similar chemical shift for the 13C NMR 

spectroscopic signal for CO of δ(13C) = 203.35 ppm compared to its starting material 13-tBuNC 

(δ(13C) = 203.67 ppm). The 31P NMR spectroscopic resonances for the phosphanes are found at 

δ(31P) = 73.94 (14-PPh3), and 68.49 (14-PCy3) ppm, which corresponds to a downfield shift of 

5.72 ppm for 13-PPh3 (δ(31P) = 68.22 ppm) and an upfield shift of –10.06 ppm for 13-PCy3                  

(δ(31P) = 78.55 ppm). 

The change in the electronic situation compared to 13(-L), especially in complexes 14 and 

14-PPh3, but also in complex 14-PCy3, is evident not only from the 13C NMR spectroscopic shifts 

of the CO ligands but also from the IR CO stretching frequencies. The IR spectra for 14                                 

(𝜈CO = 2003 cm–1) and 14-PPh3 (𝜈CO = 1975, 1923 cm–1) show stretching frequencies for the 

carbonyl ligands at lower wavenumbers than the starting materials 13 (𝜈CO = 2075–1989 cm–1) 

and 13-PPh3 (𝜈CO = 2010–1927 cm–1), suggesting stronger M–CO bonds in 14 and 14-PPh3 than 

in their respective starting materials. For 14-PCy3 they are in a slightly lower or similar 

wavenumber range (𝜈CO = 1969–1933 cm–1) as for starting material 13-PCy3                                               

(𝜈CO = 1998–1913 cm–1). Only the isonitrile analogs show extremely small differences in both the 

CO stretching frequencies (𝜈CO = 1983–1930 (14-tBuNC); 1984–1923 (13-tBuNC) cm–1), and the 

NC stretching frequencies (𝜈NC = 2163 (14-tBuNC); 2167 (13-tBuNC) cm–1), which is in 

accordance with the 13C NMR spectroscopic resonances for the carbonyl carbon in that complex.  

The solid-state structures of 14(-L) were determined by single-crystal X-ray diffraction analyses. 

14 crystallized in the orthorhombic space group Pnma with Z = 4, 14-PPh3 crystallized in the 

triclinic space group �̅�1 with Z = 4,2 14-PCy3 crystallized in the monoclinic space group P21/c with 

Z = 4, and 14-tBuNC crystallized in the orthorhombic space group Pna21 with Z = 4 (Figure 18). 

                                                        
2 Indications of higher symmetry of the space group were not found. 
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Figure 18. Molecular structures of [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)3] (14),                                                           
[{κ2C,κ1Bi-(C14H10)Bi}Co(CO)2(PPh3)] (14-PPh3), [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)2(PCy3)] (14-PCy3), 
and [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)2(tBuNC)] (14-tBuNC), in the solid state. Displacement ellipsoids 
are drawn at the 50% probability level. Hydrogen atoms and lattice bound solvent molecules are 
omitted for clarity. For compound 14-PPh3, the asymmetric unit contains two formula units of 
14-PPh3, the bonding parameters of which are very similar to each other, so that only one of them 
is discussed. Selected bond lengths (Å) and angles (°): Compound 14: Bi1–Co1, 2.7308(9); Bi1–C, 
2.253(4); Co1–Colefin, 2.083(4); Co1–CCO, 1.788(5)–1.805(6); Colefin–Colefin, 1.371(9); C–Bi1–C, 
83.4(2); C–Bi1–Co1, 86.16(11); Bi1–Co1–Ctrans, 179.92(19); Bi1–Co1–Ccis, 82.83(14)–85.04(12); 
Cequat–Co1–Cequat, 101.16(19)–138.75(18). Compound 14-PPh3: Bi1–Co1, 2.6904(4); Bi1–C, 
2.2250(2), 2.246(2); Co1–P1, 2.2442(6); Co1–Colefin, 2.097(2)–2.100(2); Co1–CCO,                            
1.765(2)–1.774(2); Colefin–Colefin, 1.412(3); C–Bi1–C, 87.58(8); C–Bi1–Co1, 86.26(6), 86.54(6);                        
Bi1–Co1–Ccis, 81.16(7)–86.01(7); Bi1–Co1–P1, 173.979(19); Cequat–Co1–Cequat,                                     
95.20(9)–141.30(9). Compound 14-PCy3: Bi1–Co1, 2.6839(4); Bi1–C, 2.252(3), 2.256(3); Co1–P1, 
2.2814(8); Co1–Colefin, 2.069(3)–2.073(3); Co1–CCO, 1.771(3)–1.772(3); Colefin–Colefin, 1.431(4);               
C–Bi1–C, 87.71(11); C–Bi1–Co1, 86.52(8), 87.31(8); Bi1–Co1–Ccis, 82.62(10)–85.15(8);                           
Bi1–Co1–P1, 175.00(3); Cequat–Co1–Cequat, 94.67(13)–149.53(13). Compound 14-tBuNC: Bi1–Co1, 
2.688(2); Bi1–C, 2.249(14), 2.259(13); Co1–CNC, 1.893(15); Co1–Colefin, 2.077(14)–2.107(13); 
Co1–CCO, 1.762(15)–1.775(15); Colefin–Colefin, 1.440(17); CNC–N1, 1.158(18); C–Bi1–C, 87.3(5);                  
C–Bi1–Co1, 86.8(4), 87.0(4); Bi1–Co1–Ccis, 83.5(5)–86.4(4); Bi1–Co1–CNC, 175.8(4); Co1–CNC–N1, 
175.6(13); Cequat–Co1–Cequat, 99.5(5)–143.7(5). 

Due to the η2-coordination mode of the olefin moieties the cobalt centers adopt (distorted) 

trigonal bipyramidal geometries with the bismuth atom and one carbonyl ligand (14:                            

Bi1–Co1–Ctrans, 179.92(19)°, τ = 0.99), the phosphanes (14-PPh3: Bi1–Co1–P1, 173.979(19)°, 
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τ = 0.83; 14-PCy3: Bi1–Co1–P1, 175.00(3)°, τ = 0.75), or the isonitrile (14-tBuNC: Bi1–Co1–CNC, 

175.8(4)°, τ = 0.86) in the axial positions, respectively. The bismuth–cobalt bond lengths of ca. 

2.68–2.73 Å are in the same range as in 13-PPh3, 13-PCy3 and 13-tBuNC. Reported π-coordinated 

C–C bond lengths in cobalt complexes are approximately in the range of 1.38–1.41 Å,[111–113] and 

are in good agreement with Colefin–Colefin bond lengths in 14 (1.371(9) Å), and 14-PPh3 

(1.412(3) Å), respectively. Compounds 14-PCy3 and 14-tBuNC show longer Colefin–Colefin bond 

lengths of 1.431(4) Å and 1.440(17) Å, probably because PCy3 and tBuNC may be classified as 

strong σ-donor ligands. This corresponds to a bond length expansion of non-coordinating (in 13-

L) to coordinating olefin (in 14-L) of 6.9–7.8%. The bismuth centers display trigonal pyramidal 

coordination geometries with Bi–C bond lengths (2.2250(2)–2.259(13) Å) in the same way as the 

corresponding starting materials. Compared to 13-PPh3, 13-PCy3, and 13-tBuNC (C–Bi–C: 

88.6(2)–89.37(12)°; C–Bi–Co: 99.32(9)–102.88(16)°), the C–Bi–C/Co angles in 14, 14-PPh3, 

14-PCy3 and 14-tBuNC are reduced to 86.16(11)–87.71(11)° due to the bite angle of the chelating 

bonding mode of the bismepinyl ligand. Compound 14 shows the smallest C–Bi–C bond angle with 

83.4(2)°. In the cobalt complexes reported herein without a coordinating olefin, the central 

heterocycle of the bismepinyl ligand points away from the transition metal center, therefore a 

inversion of this ligand is required in order for the olefin to coordinate to the transition metal 

center. 

The UV-vis spectra of compounds 14(-L) show absorption maxima at λmax = 346 nm (14), 360 nm 

(14-PPh3), 350 nm (14-PCy3), and 338 nm (14-tBuNC), respectively. Compound 14-PCy3 shows 

a second absorption maximum at 430 nm. All absorption maxima, except the second absorption 

maximum for 14-PCy3, are at lower wavelengths compared to precursors 13(-L), which 

correlates to higher energies for excitations. 

Due to the poor isolated yield (39%) of compound 14, the latter was not used in further reactions 

for the synthesis of chiral cobalt compounds. The three complexes 14-PPh3, 14-PCy3 and 14-

tBuNC, however, were deemed suitable for further reactivity. 

Reactions of 14-PPh3 with other donor ligands such as tBuNC and the N-heterocyclic carbene 1,3-

bis(2,6-di-iso-propylphenyl)imidazol-2-ylidene (IPr) led to unselective or incomplete 

conversions. Disadvantages of using 14-PCy3 as starting material for follow up reactivity were i) 

the low isolated yield of the precursor 13-PCy3, ii) that in an in situ synthesis of 14-PCy3 from             

8-Cl, PCy3 and Na[Co(CO)4] the by-product [Bi{Co(CO)3(PCy3)}] had been obtained in a yield of 

63%,[114] and iii) that the reaction of 14-PCy3 with tBuNC also led to an unselective reaction. Hence 

subsequent studies focused mainly on 14-tBuNC as a starting compound for a reaction sequence 

to yield a chiral cobalt complex. Another advantage of using 14-tBuNC is its reproducibly good 

isolated yield of 79%, as well as its storability at ambient temperature for several weeks under an 

atmosphere of purified argon. Accordingly, 14-tBuNC was combined with stoichiometric amounts 
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of PCy3 in benzene, and after 3 h at 60 °C full conversion to 15 was determined by 1H NMR 

spectroscopy (Scheme 14). 

 

Scheme 14. Synthesis of 15 by reaction of 14-tBuNC and PCy3. 

A 1H NMR spectroscopic analysis of the product revealed a significant downfield shift of the 

resonance for the α-protons of the bismepinyl ligand to δ(1H) = 8.95 ppm in comparison with the 

starting material 14-tBuNC (δ(1H) = 7.63 ppm). Combined with the fact that the signal for the 

olefin protons appears at δ(1H) = 6.90 ppm compared to the resonance at δ(1H) = 5.44 ppm for 

14-tBuNC, this clearly indicate a dissociation of the olefin from the transition metal center. At the 

same time, the 1:1:1 ratio of the resonance integrals of the bismepinyl, the cyclohexylphosphane 

and the tert-butylisonitrile ligands clearly supports the formation of 15. The 31P NMR 

spectroscopic resonance found at δ(31P) = 83.60 ppm is shifted by 5 ppm to the lower field 

compared to the resonance of 13-PCy3 (δ(31P) = 78.55 ppm). The 13C NMR spectrum shows a 

resonance for the carbonyl groups at δ(13C) = 204.24 ppm, with a 2JCP coupling of 14.6 Hz. In 

comparison with 13-tBuNC (δ(13C) = 203.67 ppm) and 13-PCy3 (δ(13C) = 202.95 ppm) this 

represents a slightly downfield shift of the 13C NMR spectroscopic carbonyl resonance. The signals 

for the isonitrile carbon show a clearer difference in the chemical shift, with δ(13C) = 154.83 ppm 

for 15 and δ(13C) = 150.80 ppm for 13-tBuNC, which corresponds to a difference of Δδ = 4.03 ppm. 

By layering the reaction mixture with hexamethyldisiloxane (HMDSO) and storage at ambient 

temperature, it was possible to isolate the product in 68% yield as a crystalline solid with crystals 

suitable for X-ray diffraction analysis (orthorhombic space group Pca21 with Z = 4, Figure 19).  
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Figure 19. Molecular structure of [{(C14H10)Bi}Co(CO)2(tBuNC)(PCy3)] (15) in the solid state. 
Displacement ellipsoids are drawn at the 50% probability level. Hydrogen atoms are omitted for 
clarity. Selected bond lengths (Å) and angles (°): Bi1–C, 2.253(13), 2.262(13); Bi1–Co1, 
2.6636(17); Co1–CCO, 1.757(14), 1.772(17); Co1–CNC, 1.839(14); Co1–P1, 2.228(4); Colefin–Colefin, 
1.328(19); C–Bi1–C, 87.9(5); C–Bi1–Co1, 100.4(4), 103.6(3); Bi1–Co1–Ccis, 81.7(4)–89.7(4);               
Bi1–Co1–P1, 169.47(12); Co1–CNC–N1, 178.5(12); Cequat.–Co1–Cequat., 111.0(6)–124.4(6). 

The cobalt center adopts a distorted trigonal bipyramidal coordination geometry (τ = 0.75), with 

the bismepinyl and phosphane ligands in axial positions (Bi1–Co1–P1, 169.47(12)°). The Bi–Co 

bond length of 2.6636(17) Å is at the lower limit of those found in the other cobalt complexes 

reported here (Bi–Co, appr. 2.67–2.73 Å). The Co–P bond length is, within limits of error, identical 

to that in 13-PCy3. The Co–CNC bond (1.839(14) Å), on the other hand, is somewhat shorter than 

in [{(C14H10)Bi}Co(CO)3(tBuNC)] (13-tBuNC, 1.859(7) Å), which might be due to the change of the 

isonitrile ligand from the axial position in 13-tBuNC to the equatorial position in 15. The bismuth 

atom possesses a distorted trigonal pyramidal coordination geometry with Bi–C bond lengths 

(2.253(13)–2.262(13) Å) and angles around Bi1 (87.9(5)–103.6(3)°) similar to bonding 

parameters in other complexes without olefin coordination reported in this thesis.  

The CO stretching frequencies of 15 obtained by IR spectroscopy are shifted to significantly lower 

wavenumbers (𝜈CO = 1932, 1881 cm–1) compared to the other cobalt complexes reported in this 

work, which is due to the isonitrile ligand being a stronger σ-donor than CO, resulting in more 

pronounced π-M–CO backbonding.[115] The N≡C stretching frequency of the isonitrile ligand is 

found at 𝜈NC = 2116 cm–1 and is thus strongly blue-shifted compared to the frequencies in 

complexes 13-tBuNC (𝜈NC = 2167 cm–1) and 14-tBuNC (𝜈NC = 2163 cm–1), as well as free tert-

butylisonitrile (𝜈NC = 2136 cm–1),[116] which corresponds to strong π-backbonding from cobalt, 

probably because of the presence of the σ-donor PCy3.[117,118]  
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Compound 15 is obtained as an orange solid of which UV-vis measurements were carried out in 

THF solution. Additionally, (TD)-DFT studies were performed with the Gaussian programme[103] 

on compound 15 (Figure 20). The results presented here were obtained with the functionals 

B3LYP[104] for optimizations and CAM-B3LYP for TD-DFT calculations,[105] Grimme D3 dispersion 

corrections,[106] and 6-31G(d,p)[107] [H, C, N, O, P] and LANL2DZ[108–110] [Co, Bi] basis sets. All 

transitions discussed here are singlet-singlet transitions.  

 

Figure 20. Experimental UV-vis spectrum of 15 (0.06 mM) in THF (orange, absorption maximum 
at 340 nm) and calculated transitions (blue). 

The experimental UV-vis spectrum of compound 15 in THF shows an absorption maximum at 

340 nm with an onset at ca. 430 nm. These absorptions were correlated with seven singlet-singlet 

transitions T1–T7, two of which show larger oscillator strengths (T6: 301 nm; T7: 297 nm). T6 

and T7 correspond mainly to HOMO→LUMO+1 (T6, 52%), HOMO–1→LUMO+2 (T7, 9%), 

HOMO→LUMO (T7, 10%), HOMO→LUMO+1 (T7, 24%), and HOMO→LUMO+2 (T7, 8%) 

transitions, respectively. While the HOMO–1 shows contributions to Co–CCO π-bonding and the 

HOMO shows contributions to Co–Bi σ‐bonding as well as Co–P σ*‐antibonding, the LUMO 

consists of a bismepinyl ligand centered molecular orbital, while the LUMO+1 shows 

contributions to Co–L σ*‐antibonding to all ligands, and the LUMO+2 shows contributions to                

Co–CCO σ*‐antibonding interactions to both carbonyl ligands (Figure 21). These findings result in 

a more complex picture than for compounds 13(-L), with the risk that irradiation could lead to 

the loss of a ligand other than a carbonyl. 
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Figure 21. Frontier orbitals of compound 15 (isovalues = 0.03) with main contributions to 
transitions T6 and T7. 

Nevertheless, a solution of 15 in benzene was irradiated at a wavelength of 365 nm for 12 h 

(Scheme 15). 

 

Scheme 15. Synthesis of 16 accompanied with the formation of 14-tBuNC and PCy3 as by-
products according to 1H and 31P NMR spectroscopy. 

The course of the reaction was regularly monitored by 1H and 31P NMR spectroscopy. After 12 h 

complete conversion of the starting material 15 was observed both in the 1H and in the 31P NMR 

spectrum. At the same time the formation of 14-tBuNC and of free tricyclohexylphosphane was 

unambiguously identified by 1H NMR and 31P NMR spectroscopy, respectively. The main product 

(80%), however, is the chiral compound 16. The 31P NMR spectrum of the reaction mixture shows 

a new signal at δ(31P) = 68.89 ppm, which was assigned to the desired chiral complex. The 1H NMR 

spectrum shows the expected upfield shift of the α-protons of the bismepinyl ligand (Δδ = –1.01 

and –1.04 ppm), as well as for the olefin bridge (Δδ = –1.68 and –2.02 ppm) compared to the 
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corresponding resonances of 15. Due to the diastereotopicity of 16, all sets of protons, which were 

previously chemically and magnetically equivalent, now split into two signals each. An isolation 

of 16 in sufficient amounts for full characterization was not possible due to the good solubility of 

the compound in polar (THF, 1,2-difluorobenzene, pyridine, chloroform), as well as weakly or 

non-polar (benzene, toluene, methylene chloride, n-pentane, n-hexane and HMDSO) solvents, 

rendering a separation from the by-products unsuccessful to date. Nonetheless, it was possible to 

obtain small amounts of crystalline material suitable for X-ray diffraction analysis by layering the 

reaction mixture in 1,2-difluorobenzene with n-pentane and storage at –30 °C for several days 

(triclinic space group �̅�1 with Z = 2).  

 

Figure 22. Molecular structure of [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)(tBuNC)(PCy3)] (16) in the solid 
state. Displacement ellipsoids are drawn at the 50% probability level. Hydrogen atoms and lattice 
bound solvent molecules are omitted for clarity. Selected bond lengths (Å) and angles (°): Bi1–C, 
2.249(7), 2.254(8); Bi1–Co1, 2.6638(11); Co1–CCO, 1.740(8); Co1–CNC, 1.850(7); Co1–P1, 2.280(2); 
CNC–N1, 1.166(9); Colefin–Colefin, 1.430(10); Co1–Colefin, 2.066(7)–2.084(7); C–Bi1–C, 87.7(3);                         
C–Bi1–Co1, 85.8(2), 87.40(12); Bi1–Co1–P1, 173.76(7); Bi1–Co1–Cequat., 81.1(3)–85.7(2);                       
Co1–CNC–N1, 176.8(7).  

Compound 16 forms a mixture of enantiomers, which could not be separated through 

crystallization under the conditions used herein, since space group �̅�1 is a centrosymmetric space 

group. The bismuth atom in 16 adopts a trigonal pyramidal coordination geometry with                            

C–Bi–C/Co angles of 85.8(2)–87.7(3)°. A reduction in the angles around Bi1 due to the                        

olefin–cobalt interaction also occurs in this case. The Bi–Co (2.6638(11) Å), as well as the Bi–C 

(2.249(7), 2.254(8) Å) bonds are, within limits of error, equal to those in precursor 15. The cobalt 

center possesses a distorted trigonal bipyramidal coordination geometry (Bi–Co–P, 173.76(7)°, 

Bi–Co–Cequat., 81.1(3)–85.7(2)°, τ = 0.79). The Colefin–Co bond lengths of 2.066(7) and 2.084(7) Å 

are in the same range as the other Co–Colefin bond lengths reported in this work (ca. 2.06–2.11 Å, 

see above). Due to coordination to the metal center, the C–C bond length of the olefin backbone is 
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elongated to 1.430(10) Å, which is equivalent to an elongation of 7.7% compared to the 

corresponding bond length in 15.  

The reaction shown in Scheme 15 led to a racemic mixture of complex 16. This serves as proof of 

principle that the introduction of a bismepinyl ligand, with its property of being able to function 

as a hemilabile ligand, allows access to chiral cobalt complexes through olefin-

coordination/dissociation cycles. By adding a chiral ligand during the reaction sequences, the 

product should be a mixture of diastereomers that should be separable using simpler methods 

(due to (mostly) different physical properties). Once the two diastereomers have been separated, 

the stereogenic ligand could be replaced by an achiral ligand while retaining, provided that the 

substitution proceeds while retaining the stereo information, the chirality at cobalt, enabling the 

isolation of enantiomerically pure compounds.  

Consequently, in a one-pot synthesis, 13-tBuNC was combined with the chiral phosphane 

(S)-Monophos ((S)-(+)-(3,5-dioxa-4-phosphacyclohepta[2,1-a;3,4-a’]dinaphthalene-4-yl)-di-

methyl-amine) in benzene and irradiated at a wavelength of 365 nm (Scheme 16). 

 

Scheme 16. Formation of 17 in a one-pot synthesis starting from 13-tBuNC. 

Complex 13-tBuNC was treated with (S)-Monophos and, after no further gas evolution was 

observed (1 h), irradiated for 7 h. 1H NMR spectroscopic analysis of the reaction product showed 

a rather complex situation: five resonances in the chemical shift range for olefinic protons were 

observed, of which two sets of two resonances were assigned to one diastereomer 17, 

respectively, based on their integrations. The remaining signal was assigned to 14-tBuNC by 

comparison with spectra of the isolated compound. This suggests that the desired mixture of 

diastereomers 17 was formed, while 14-tBuNC appears as by-product. The integration ratio is 

0.5:1:1.7, whereby 14-tBuNC is the minor species and one diastereomer is formed preferentially. 

Analysis of the 1H NMR resonance integrations in the aromatic region showed that a fourth species 

must be present in a 1:1 ratio with the minor diastereomer. Further analysis of the corresponding 
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resonances in the aliphatic proton chemical shift range suggests the composition 

[({C14H10}Bi)Co(tBuNC)(CO)2((S)-monophos)]. The 31P NMR spectrum shows two resonances 

(δ(31P) = 221.95 and 221.39 ppm) in a ca. 3:1 ratio. Assuming that the resonances for both 

diastereomers of 17 coincide, this supports the observations from the 1H NMR spectroscopic 

analysis.  

A separation of the reaction products did not succeed within the timeframe of this thesis. 

However, it was possible to obtain small amounts of crystalline material suitable for X-ray 

diffraction analysis of 17 (triclinic space group P1 with Z = 4, Figure 23). The quality of the data 

obtained does not allow a discussion of the bonding parameters due to the presence of multiple 

twinning domains, for which suitable models could not be established, as well as insufficient 

scattering.  

 

Figure 23. Molecular structure of [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)(tBuNC)((S)-monophos)] (17) in 
the solid state. Displacement ellipsoids are drawn at the 50% probability level. Hydrogen atoms 
are omitted for clarity. The asymmetric unit contains four crystallographically distinct formula 
units of 17, the bonding situation of which are very similar to each other, so that only one of them 
is depicted. 

The cobalt center adopts a distorted trigonal bipyramidal coordination geometry with the 

bismuth and the phosphorous atoms in the axial positions. The asymmetric unit contains four 

formula units of 17, all of which show the same substitution pattern and chirality. Thus, the 

material consists of one diastereoisomer with an TBPY-12-C-configuration at Co and an S-
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configuration at P, crystallizing in the chiral space group P1. Consequently, fractional 

crystallization seems to be a suitable separation method for the two diastereomers of 17. 

In summary, the reaction shown in Scheme 16 was successful but still requires optimization to 

enable selective access to the diastereomer mixture of 17. Further analytical data for 17 could not 

be obtained, yet. In further work, the synthesis of 17 should be investigated in more detail, for 

example by varying the chiral phosphane or using other chiral donor ligands. Particular attention 

should be paid to the separation of the diastereoisomeric mixtures, or in the case of racemic 16, 

to the isolation and complete characterization of this species and the separation of the 

enantiomers. First reactivity studies on a possible catalytic application of 16 are discussed below 

(see Chapter V.2.4).  

2.3 Reaction Kinetics for the Formation of 11, 14 and 14-PPh3 

The reaction kinetics for the formation of the model compounds 11, 14 and 14-PPh3 were 

investigated. The photochemical elimination of CO can be described by the relaxation of an 

electronically excited molecule A* under transition metal carbon bond cleavage. For example, the 

release of CO could occur via a reaction of the excited starting material A* with a coordinating 

solvent, which kinetically corresponds to a pseudo-first-order reaction in each case.[119] The vast 

excess of solvent compared to [A] allows for the concentration of the solvent to be considered 

constant. Since the bismepinyl ligand remains bound to the transition metal complex during 

excitation, the concentration of the backbone remains constant throughout, so that the reaction 

from metal complex with non-coordinating olefin to the metal complex with coordination of the 

olefin to the transition metal center should follow first-order kinetics. In this case, the reaction 

rate is proportional to the concentration of the excited molecule A*. Since it is assumed that the 

excitation of A to A* is much faster than the subsequent step (CO elimination), it can be assumed 

that [A] = [A*], and consequently the rate law of a first-order reaction is defined as: 

𝑑[A]

𝑑t
= – k[A]  (2) 

where the change in concentration over time 
𝑑[A]

𝑑t
 of a molecule A is defined as a linear function of 

concentration [A] and a rate constant k.[120] Solving the differential equation (2) using variable 

separation gives the linear relationship of the reaction time t depending on the initial 

concentration [A]0 of the molecule A as 

ln (
[A]

[A]0
) = – kt  (3). 

The concentration ratio was determined by monitoring the reaction course by 1H NMR 

spectroscopy. From the representation of the logarithmic concentration ratio as a function of the 
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irradiation time according to equation (3), the rate constant k can be determined as the slope of a 

linear fit for the CO elimination reaction.[120]  

It must be noted that for compound 14, as described in Chapter V.2.2, in addition to the 

photochemically induced CO elimination, a thermally induced CO release also takes place at 

ambient temperature. To obtain the reaction kinetics for the photochemically-induced reaction 

only, it was assumed that the photochemically- and thermally-induced reactions proceed 

independently from one another. Thus, two reactions were carried out in parallel, one reaction 

being irradiated the other not. For the irradiated sample, the kinetics of the overall reaction with 

both thermal and photochemical components were obtained. These results do not follow a classic 

reaction order. In parallel, the second reaction, which was not irradiated and started at the same 

time as the irradiated one, served to determine the proportion of the solely thermally-induced CO 

release at any given time. By subtracting the latter from the overall kinetics of the irradiated 

sample the proportion of solely photochemical CO elimination was viewed in isolation. A second 

hindrance to determining the reaction kinetics for the formation of 14 is the fact that the 

conversion proceeds via an equilibrium reaction between 13 and 14. However, since the reverse 

reaction of the cobalt complex 13 and CO is a second-order reaction, it could not be 

mathematically taken into account in the experiment. In a simplified form it was rather assumed 

that the influence of the reverse reaction path at the start of the reaction, due to only a low 

concentration of CO in the atmosphere, can be neglected for conversions of up to 30%. Thus, 

within the first 10 hours of the experiment, first-order kinetics with a rate constant of 

(2.09 ± 0.13) ∙ 10–5 s–1 were determined for the forward reaction after thermal correction 

(Figure 24). After 24 hours, the influence of the reverse reaction became too large to use the 

approximations mentioned. 

 

Figure 24. Thermally corrected logarithmic plots of equation (3) to determine the rate constant 
for the CO elimination reaction to form 14 by linear fit analysis. 
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For 11 and 14-PPh3, for which the above mentioned problems do not arise, first-order kinetics 

with rate constants of (2.69 ± 0.09) ∙ 10–4 s–1 and (1.98 ± 0.11) ∙ 10–4 s–1 were obtained (Figure 25). 

 

Figure 25. Logarithmic plot of equation (3) to determine the rate constant for the CO elimination 
reaction for the formation of 11 (left) and 14-PPh3 (right) by linear fit analysis. 

When the CO elimination reactions of 11, 14 and 14-PPh3 are compared, the photochemical 

reaction of 14 shows the smallest conversion rate constant. This, among other things, is reflected 

in the longer reaction time of 45 hours for this reaction. If the calculated concentration profile is 

plotted for all three complexes as a function of the reaction time, the curve profile for 14 

demonstrates that the formation of 14 is a much slower reaction compared to the formation of 11 

and 14-PPh3 (Figure 26).  

 

Figure 26. Time-dependent concentration of the respective transition metal bismuthanes 
calculated from the rate constants for the CO elimination reaction. 

The irradiation of the iron complex 11 and cobalt complex 14-PPh3, on the other hand, show a 

similar efficiency for the respective selected wavelength. The comparability of the two reactions 
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is, however, restricted due to the different irradiation wavelengths. The results are summarized 

in Table 3. In conclusion, kinetic investigations monitored by 1H NMR spectroscopy of the 

formation of 11, 14 and 14-PPh3 from 10, 13 and 13-PPh3, respectively, showed a first-order 

reaction in each case.  

Table 3. Overview of the kinetic data of the CO elimination reactions in benzene/THF solutions 

Entry complex λ [nm] rate constant k [s–1] 
reaction half-life 

(t1/2) [min] 
1 11 525 (2.69 ± 0.09) ∙ 10–4  43  
2 14-PPh3 455 (1.98 ± 0.11) ∙ 10–4 58 
3 14 525 (2.09 ± 0.13) ∙ 10–5  553 

2.4 Reactivity of Compounds 11, 13-PPh3, 14, 14-PPh3 and 16 

In the following, selected reactivities of individual complexes are discussed, whereby three 

questions in particular were investigated: the redox properties of the selected complexes, the 

possibility of converting the covalent bismuth transition metal bond into a dative interaction, and 

initial investigations regarding a potential catalytic activity. 

2.4.1 Electrochemical Behavior of Cobalt Complexes 13-PPh3, 14-PPh3 and 14 

The redox behavior of compounds 13-PPh3, 14-PPh3 and 14 was investigated by cyclic 

voltammetry in THF/0.1 mM [N(nBu)4][PF6] at ambient temperature.  

For compound 13-PPh3 two irreversible reduction waves were found at Epc = –2.14 and –2.49 V 

vs Fc+/0, while two irreversible oxidation waves were found at Epa = –0.95 and –2.00 V vs Fc+/0                   

(Fc = Fe(C5H5)2, Figure 27, left). A somewhat more complex picture emerges for the chelate 

complex 14-PPh3. In addition to two irreversible reductive events at Epc = –2.34 and –2.77 V vs 

Fc+/0, a series of irreversible oxidation waves are observed at Epa = –0.79, –1.88, –2.34 and –2.79 V 

vs Fc+/0, of which the oxidation wave at –0.79 V vs Fc+/0 shows the highest intensity (Figure 27, 

right).  
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Figure 27. Cyclic voltammogram of 13-PPh3 (left) and 14-PPh3 (right) in THF/0.1 mM 
[N(nBu)4][PF6] at 23 °C with a scan rate of 250 mV ∙ s–1, Fc = Fe(C5H5)2. 

The cyclic voltammometric analysis of the parent compound 14 presents a much simpler picture 

with an oxidation wave at –0.37 V vs Fc+/0 and a reduction wave at –2.17 V vs Fc+/0 (Figure 28). 

Since the oxidation and reduction waves are clearly separated (ΔE = 1.8 V), it can be assumed that 

a chemical reaction ensues from the reduction of the complex. 

 

Figure 28. Cyclic voltammogram of 14 in THF/0.1 mM [N(nBu)4][PF6] at 23 °C with a scan rate of 
250 mV ∙ s–1, Fc = Fe(C5H5)2. 

Based on these results, a first attempt was made to reduce the cobalt complex 14 with decamethyl 

cobaltocene (Scheme 17).  
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Scheme 17. Reaction of 14 with decamethyl cobaltocene in benzene. Cp* = C5Me5. 

After 2 h at ambient temperature, the formation of a precipitate was observed and a full 

conversion of the transition metal bismuthane was indicated by 1H NMR spectroscopy (only 

resonances with minor intensity were detected). The precipitate was filtered off and re-dissolved 

in THF, whereby a black solid, presumably “bismuth black”,[16] remained insoluble. The 1H NMR 

spectrum of the THF phase revealed the formation of phenanthrene as the main product, and 

several species containing aromatic protons. By layering the THF solution with n-pentane and 

storage at –30 °C a yellow crystalline solid was obtained. Single-crystal diffraction analysis 

revealed the formation of the salt [CoCp2*][Co(CO)4] (monoclinic space group P21/n with Z = 4, 

Figure 29, Cp* = C5Me5). 

 

Figure 29. Molecular structure of [CoCp2*][Co(CO)4] in the solid state. Displacement ellipsoids are 
drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. ct1 represents the 
centroid of C(1-5) and ct2 represents the centroid of C(11-15). Selected bond lengths (Å) and 
angles (°): Co1–ct, 1.646, 1.651; Co2–CCO, 1.757(6), 1.774(6); C–O, 1.145(7)–1.162(7);                                
ct1–Co1–ct2; 179.57; CCO–Co2–CCO, 105.0(3)–113.2(3). 

The bonding parameters obtained for [CoCp2*][Co(CO)4] are similar to those described for such 

ion pairs in the literature, which is why they will not be discussed at this point.[121,122] The 

observation of a black, insoluble precipitate formed during the reaction, as well as the formation 

of [CoCp2*][Co(CO)4], suggests that a reduction under Bi–Co bond cleavage has taken place.  

In the following, 14 was oxidized with AgOTf (Scheme 18). This reaction also leads (partially) to 

the formation of "bismuth black"[16] and the formation of phenanthrene, as determined by 1H NMR 

spectroscopy for the latter species. A complete consumption of starting material 14 was not 
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observed. The fate of the transition metal complex fragment could not be clarified, but the 

formation of a silver mirror was not observed. 

 

Scheme 18. Reaction of 14 with silver triflate in benzene solution. 

From the results obtained it can be concluded that both the reduction of 14 with CoCp2* and the 

oxidation with AgOTf lead to cleavage of the Bi–Co bond and no radical or ionic transition metal 

bismuthane species was accessible. 

2.4.2 The Transition Metal Bismuth Bond: Conversion into a dative Interaction 

Recently, LIMBERG and GABBAI simultaneously reported on the first complexes with Bi–TM donor-

acceptor bonding through Lewis acidic bismuth moieties (Figure 30).[14,18,123–125] The use of a P–

Bi–P pincer ligand in these complexes facilitates the Bi–TM interaction. 

 

Figure 30. First examples of TM→Bi dative bonds with the bismuth moieties acting as electron 
acceptors. 

By adding a further, electronegative substituent to the bismuth atom in chelate complexes 11 and 

14-PPh3, complexes featuring a dative TM→Bi bond, with bismuth as an electron acceptor, should 

be accessible. This could be achieved by the 1,2-addition of X–R to the TM–Bi bond (Scheme 19). 

At the same time, the olefin–Fe/Co bond must remain intact in order to prevent dissociation of 

the bismepine. 

 

Scheme 19. Schematic representation of the generation of a dative transition metal bismuth bond 
based on chelate complexes 11 and 14-PPh3. 
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Accordingly, complex 11 was reacted with HOTf, and MeOTf, respectively (Scheme 20).  

 

Scheme 20. Reaction of 11 with HOTf, and MeOTf, respectively. 

First, 11 was combined with HOTf in benzene solution at ambient temperature. Immediately after 

the addition of HOTf, the reaction mixture turned dark brown and a large amount of black solid 

precipitated. 1H NMR spectroscopic analysis of the suspension showed complete conversion of 11. 

However, the identification of new products was not successful due to strong signal broadening 

and signal overlap. The black solid was isolated by filtration, re-dissolved in THF and 

recrystallized by solvent diffusion with n-pentane. Single-crystal X-ray diffraction analysis 

revealed the formation of [Fe(thf)4(OTf)2] (orthorhombic space group P212121 with Z = 4, 

Figure 31). 

 

Figure 31. Molecular structure of [Fe(thf)4(OTf)2] in the solid state. Displacement ellipsoids are 
drawn at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths 
(Å) and angles (°): Fe1–Cthf, 2.096(4)–2.119(4); Fe1–OOTf, 2.134(4)–2.122(4); OOTf–Fe1–OOTf, 
177.50(15); Othf–Fe1–Othf, 87.94(15)–177.65(16); Othf–Fe1–OOTf, 87.94(15)–92.48(14). 

The iron center adopts an octahedral coordination geometry with the triflates in trans position 

(177.50(15)°). The four thf ligands coordinate through the oxygen atom with Fe1–O bond lengths 

of 2.096(4)–2.119(4) Å, identical to those reported by LUTZ et al..[126] [Fe(thf)4(OTf)2] was isolated 

in 86% yield, indicating that this reaction is not suitable for the generation of a dative Fe→Bi bond.  
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The analog reaction of 11 with MeOTf in benzene led to the formation of a dark precipitate. 1H 

NMR spectroscopic analysis of the reaction mixture showed incomplete conversion of the starting 

material 11 after 4 d at ambient temperature. After 5.5 h at 60 °C complete conversion was 

observed by 1H NMR spectroscopy. The precipitate was filtered off and re-dissolved in THF. The 

benzene phase was layered with n-pentane, and after 16 h at ambient temperature small amounts 

of a crystalline solid were obtained by filtration and identified by X-ray diffraction analysis as 

starting material 11. The THF phase was layered with n-pentane and after 16 h at –30 °C small 

amounts of a black solid were obtained, which could not be analyzed due to insufficient amount 

of substance. Since similar observations were made in the reaction of 11 with HOTf, it is assumed 

that [Fe(thf)4(OTf)2] is also formed here. 

A second approach was to react cobalt complex 14-PPh3 with iodine at –78 °C in the hope that 

iodine atoms would be transferred to both the bismuth atom and the cobalt center, while 

maintaining the olefin–cobalt bond (Scheme 21). 

 

Scheme 21. Formation of 8-I by reaction of 14-PPh3 with iodine. 

A toluene solution of 14-PPh3 was treated with a solution of iodine in toluene at –78 °C then 

ambient temperature. Small amounts of a black solid precipitated, which was filtered off. The 

toluene solution was layered with n-pentane. After 16 h at –30 °C a crystalline solid was obtained 

by filtration, and X-ray diffraction analysis revealed the formation of 8-I. In conclusion, the 

transfer of iodine to the bismuth center succeeded. However, the bismepine also dissociates from 

the transition metal complex fragment, possibly because the olefin cobalt interaction is too weak. 

The remaining cobalt complex was not identified.  

In conclusion, it seems like the 1,2-addition of R–X species to the TM–Bi bonds occurs, but the 

olefin–transition metal interaction is too weak, and thus the bismepinyl ligands dissociate from 

the transition metal centers. 

2.4.3 Investigations Concerning a Potential Catalytic Activity 

In the course of this thesis the reactivity of transition metal bismuthanes towards various small 

molecule substrates was investigated in order to determine their suitability as potential catalysts. 

The preliminary results of these are summarized in Table 4. 
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According to 1H NMR spectra, the reactions of 11 with five equivalents of dimethylamine borane 

(entry 1), as well as the reactions of 16 with diphenylacetylene (entry 4), catecholborane (entry 

5), and hydrogen (entry 6) did not result in any conversion of the transition metal bismuthanes, 

or in the case of 11, the reactions led to decomposition if harsh photochemical conditions were 

applied.  

The reaction of 14-PPh3 with ten equivalents of HPPh2 did not lead to the formation of the homo-

coupled product [PPh2]2 under elimination of H2, but rather to an unselective reaction generating 

at least four new species according to the 31P NMR spectrum (entry 2). 

The reaction of 14-PPh3 with 
1

8
 S8 in benzene at 60 °C led to the formation of the sulfur-bridged 

bis(bismuthane) 18, which was isolated as a crystalline material suitable for X-ray diffraction 

analysis by layering the reaction mixture with n-pentane, storage at ambient temperature and 

subsequent filtration (monoclinic space group P21/m, Figure 32). However, the quality of the data 

is not sufficient to discuss bond parameters and only serves as proof of connectivity. The fate of 

the transition metal complex fragment in this reaction remained unclear as two pathways are 

possible: i) 14-PPh3 could decompose first to an unknown transition metal complex and the 

corresponding dibismuthane, which then undergoes insertion of the sulfur atom,[127] or ii) the 

sulfur atom could insert into the Bi–Co bond with subsequent decomposition to 18. 

Table 4. Reactivity of transition metal bismuthanes towards a range of substrates.  

Entry bismuthane substrate reaction conditions resulta 

1 11 
5 eq. 

Me2NHBH3 

benzene/THF 
i) r.t.→60 °C, 

ii) hνb 

i) no conversion 
ii) decomposition to 

phenanthrene 

2 14-PPh3 10 eq. HPPh2 benzene, r.t. 

unselective 
reaction, no 

coupling product 
[PPh2]2 

3 14-PPh3  S8 benzene, 60 °C 
unselective 

reaction, small 
amounts of 18 

4 16c 1 eq. tolane 

benzene 
i) r.t.→60 °C, 

ii) hνd 

benzene 

no conversion 

5 16c 
1 eq. 

catecholborane 
i) 60 °C→80 °C, 

ii) hνd 
no conversion 

6 16c excess H2 
benzene 
i) 60 °C 
ii) hνd 

no conversion 

7 16c 2.5 eq. S8 benzene, r.t. 

full consumption of 
16, 

δ(31P) = 61.2 ppm 
(SPCy3)[128] 
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a. The conversion of starting materials was monitored by 1H and 31P NMR spectroscopy. b.                               
hν = 455 nm. c. 16 was synthesized in situ and used as a raw product in these reactions. d.                           
hν = 365 nm or mercury vapor lamp.  

 

Figure 32. Molecular structure of 18 in the solid state. Hydrogen atoms are omitted for claritiy. 

In conclusion, the reactivity of novel transition metal bismuthanes with a chelating bismepinyl 

ligand towards several catalysis-relevant substrates was investigated. While these preliminary 

results have failed to provide evidence for selective and useful reactivity, further studies are 

required in order to determine whether complexes with hemilabile bismepinyl ligands could be 

applied as catalysts in organic transformations, in particular of olefins or alkynes. 
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VI Neutral and Cationic Bismuth Compounds: Structure, Hetero-

Aromaticity, and Lewis Acidity of Bismepines 

This chapter was published in: Jacqueline Ramler, Klaus Hofmann, Crispin Lichtenberg, Inorg. 

Chem. 2020, 59, 3367–3376. Reproduced from ref. 82 with permission from the American 

Chemical Society. 
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VII Molecular Bismuth Cations: Assessment of Soft Lewis Acidity 

This chapter was published in: Jacqueline Ramler, Crispin Lichtenberg, Chem. Eur. J. 2020, 26, 

10250–10258. Reprinted from ref. 137 with permission from 2020 WILEY‐VCH Verlag GmbH. 
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VIII The Dimethylbismuth Cation: Entry into Dative Bi–Bi Bonding 

and Unconventional Methyl Exchange  
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Abstract 

The isolation of simple, fundamentally important, and highly reactive organometallic compounds 

remains among the most challenging tasks in synthetic chemistry. The detailed characterization 

of such compounds is key to the discovery of novel bonding scenarios and reactivity. The 

dimethylbismuth cation, [BiMe2(SbF6)] (1), has been isolated and characterized. Its reaction with 

BiMe3 gives access to an unprecedented dative bond, a Bi→Bi donor/acceptor interaction. The 

exchange of methyl groups (arguably the simplest hydrocarbon moiety) between different metal 

atoms is among the most principal types of reactions in organometallic chemistry. The reaction of 

1 with BiMe3 enables an SE2(back) type methyl exchange, which is for the first time investigated 

in detail for isolable, (pseudo‐)homoleptic main group compounds. Analytical techniques applied 

in this work include (VT) NMR and UV/vis spectroscopy, line shape analysis, single‐crystal X‐ray 

diffraction analyses, and (TD‐)DFT calculations. 
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Introduction 

Contributions towards a detailed and profound understanding of bonding interactions between 

heavier p-block elements have revived the field of main group chemistry in the last decades.1-2 

Great advances have been achieved in the rationalization of E–E multiple bonding, which may 

include mutual E→E (and E←E) donor-acceptor interactions (E = heavier main group element).3-4 

Generally, dative bonding in main group compounds has recently been investigated in great detail 

with experimental and theoretical approaches5-6 and sometimes been discussed controversially.7-

8 For heavier main group species in particular, unusual E→E unidirectional donor-acceptor 

bonding has also been reported, where one atom E only serves as a donor while the other atom E 

only acts as an acceptor (vide infra).9-16  

E–E bonding interactions tend to become weaker with an increasing principal quantum number 

of E, because the relevant atomic orbitals become larger and more diffuse. In this respect, the 

investigation of species with bonding interactions between bismuth (the heaviest element 

without significant radioactivity) is especially challenging. While the first species with a Bi–Bi 

single bond, Me2Bi–BiMe2 (A), was generated as early as 1935,17 its isolation and detailed re-

investigation was achieved only about 50 years later (Figure 1a).18-19 Following these pioneering 

contributions, different types of compounds featuring Bi–Bi multiple bonds have  

 

 

Figure 1. Compounds with a) different types of bismuth-bismuth bonding and b) unidirectional 
E→E bonding (positive charge in G is balanced by [B(C6F5)4]–). 

 

been reported more recently. These include dibismuthenes such as the pivotal TbtBi=BiTbt (B) 

(Tbt = 2,4,6-[CH(SiMe3)2]3-C6H2),20 Bi2 units in the coordination sphere of transition metals (as in 

Bi2(W(CO)5)3 (C)),21 [K(222-crypt)]2[Bi2] containing naked [Bi2]2– anions (D),22 and free Bi2 (E), 

which has been generated and analyzed in the gas phase and in noble gas matrices (Figure 1a).23  

In contrast, compounds featuring unidirectional Bi→Bi donor/acceptor interactions have not 

been reported to date. Unsupported E→E bonding has recently been documented, for instance, in  
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the low-valent silicon(II), germanium(II), and tin(II) compounds [Me2EtN→SiCl2→Si(SiCl3)2] (F), 

[RBHGe→GeRB]+ (G), and [RN2Sn→SnCl2] (H), in which the central atoms bear one lone pair and 

one empty p-orbital (RB = bis(NHC)borate, RN = CH(SiMe3)(C9H6N-8); Figure 1b).9-11,25 In the 

chemistry of group 15 compounds, unidirectional E→E bonding can be realized by combining a 

cationic complex fragment [PnR2]+, which contains one empty p-orbital at Pn, with a trivalent 

species PnR3, which bears one lone pair at Pn (Pn = P-Bi).12-16,24 In fact, E→E bonding has been 

achieved for all group 15 elements but bismuth.14 So why is the generation of E→E dative bonding 

especially challenging in the case of the heaviest congener? On the one hand, the accessibility of 

(e.g. nitrogen- and aryl-substituted) bismuth cations is well-documented,26 and they have recently 

been established as potent soft Lewis-acids.27 On the other hand, [BiR2]+ cations without excessive 

steric stabilization or considerable Bi∙∙∙anion bonding remain elusive.26 In addition, compounds of 

type BiR3 are poor donors due to the inert pair effect and relativistic effects.28 Further 

complications may arise from bismuth compounds being susceptible to ligand scrambling, which 

may lead to mixtures of compounds, when targeting species of type R3Bi→BiR’2.29 

Herein, we report the first example of a mononuclear alkylbismuth cation, [BiMe2(SbF6)], and 

its reactivity towards BiMe3, revealing unprecedented donor/acceptor interactions and 

unconventional methyl exchange. 

 

Results and discussion 

Reaction of BiMe2Cl with AgSbF6 in dichloromethane (DCM) gave [BiMe2(SbF6)] (1) after 

workup as a yellow, light-sensitive crystalline material in 75% yield (Figure 2a). Solution NMR 

spectroscopic analyses revealed one singlet in the 1H (δ = 2.28 ppm) and the 13C NMR spectrum   

(δ = 64.4 ppm), respectively. Compared to the neutral parent compound BiMe3, these resonances 

experience a dramatic down-field shift of Δδ = +1.17 ppm (1H) and Δδ = +71.2 ppm (13C), which 

reflects the electron-deficient nature of 1. The light-sensitivity of 1 prompted us to perform 

UV/vis spectroscopic analyses. In DCM solution, a broad absorption band with its maximum at 

321 nm was observed, which stretches well into the visible region of λ > 400 nm (Supp. Inf.). 
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Figure 2. a) Synthesis of 1 and 2. b) Frontier orbitals of 1 at isovalues of 0.04, as determined by 
DFT calculations. c) Molecular structure of [BiMe2(SbF6)] (1) in the solid state. Left: cutout of 
coordination polymer, F3’ exceeds one formula unit and is shown as a transparent ellipsoid. Right: 
arrangement of 1 as a coordination polymer in the solid state. Displacement ellipsoids are shown 
at the 50% probability level. Hydrogen atoms are omitted for clarity. Selected bond lengths (Å) 
and angles (°): Bi1–C1, 2.215(5); Bi1–C2, 2.223(5); Bi1–F1, 2.451(3); Bi1–F3’, 2.452(3);                             
C1–Bi1–C2, 93.0(2); F1–Bi1–F3’, 169.73(11). d) Molecular structure of [BiMe2(py)2][SbF6] (2) in 
the solid state. Displacement ellipsoids are shown at the 50% probability level. Bi1–C1, 2.235(12); 
Bi1–C2, 2.223(12); Bi1–N1, 2.519(7); C1–Bi1–C2, 92.3(5); N1–Bi1–N1’, 169.1(3). 

In good agreement with these data, CAM-B3LYP-based calculations revealed a first 

electronically excited state (S1) with dominant contributions by a HOMO→LUMO transition (72%) 

at λcalc = 333 nm. The HOMO is associated with the occupied in-plane bismuth p-orbital, which is 

partially delocalized into the Bi–C σ bonds, while the LUMO is represented by an empty bismuth-

centered p-orbital (Figure 2b). Geometry optimization of the S1 state leads to a separation of the 

BiMe2+ and the SbF6– moieties, as a consequence of populating the bismuth p-orbital oriented 

along the Bi–F axis. In congruency with these findings, coordination of pyridine to [BiMe2]+ blocks 

this transition, leading to the colorless compound [BiMe2(py)2][SbF6] (2), which was isolated in 

84% yield and fully characterized (Figure 2a, py = pyridine).  

Single-crystal X-ray diffraction analysis of 1 revealed the formation of a contact ion pair in the 

solid state with Bi∙∙∙F distances of 2.45 Å (Figure 2c, orthorhombic space group Pbca with Z = 8). 

Each [BiMe2]+ unit interacts with two fluorine atoms of neighboring [SbF6]– moieties, leading to a 

one-dimensional coordination polymer along the crystallographic b-axis in the solid state (Figure 

2c, right). The bismuth atom adopts a bisphenoidal coordination geometry with the fluorine atoms 

in axial (F–Bi–F, 169.7°) and the carbon atoms in equatorial positions (C–Bi–C, 93.0°). The Bi–C 

bonds (2.22 Å) are shorter than those in neutral BiMe3 (2.23-2.29 Å) or in the trinuclear complex  
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[(BiMe2)3(TmtBu)2]+ (2.24-2.27 Å; TmtBu = hydrotris(2-mercapto-1-tert-

butylimidazolyl)borate),30,31 and marginally shorter than those in 2 (2.22-2.24 Å) (Figure 2d). 

Compounds 1 and 2 are the first examples of well-defined mononuclear cationic bismuth alkyl 

complexes. 

The soft Lewis acidic nature of compound 1, the absence of neutral donor ligands, and its lack 

of steric (over-)protection prompted us to investigate its behavior towards the potential soft 

Lewis base BiMe3, thereby targeting the formation of the hitherto unknown Bi→Bi donor/acceptor 

bond. Reaction of 1 with BiMe3 in DCM gave pale yellow solutions, from which light yellow crystals 

of the composition [BiMe2(BiMe3)(SbF6)] (3) were isolated in 88% yield (Figure 3a). UV/vis 

spectroscopy in DCM solution revealed a broad absorption band peaking at 302 nm and reaching 

slightly into the visible region of λ > 400 nm (Supp. Inf.). Based on TD-DFT calculations and the 

natural transition orbital (NTO) analysis using CAM-B3LYP, the S0→S1 excitation (λcalc = 289 nm) 

was ascribed to an n(Bi2)→σ*(Bi1–Bi2) transition with additional σ(Bi2–Me)→σ*(Bi1–Bi2) 

contributions (Figure 3b and Supp. Inf.). In line with these results, geometry optimization of the 

S1 state leads to dissociation of the Bi–Bi bond as a consequence of populating the σ*(Bi1–Bi2) 

orbital. 
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Figure 3. a) Synthesis of [BiMe2(BiMe3)(SbF6)] (3). b) Natural transition orbitals of the S0→S1 
excitation of 3 at isovalues of 0.04, as determined by (TD-)DFT calculations. c) Molecular structure 
of 3 in the solid state. Displacement ellipsoids are shown at the 50% probability level. Hydrogen 
atoms are omitted for clarity. Selected bond lengths (Å) and angles (°): Bi1–C1, 2.219(18); Bi1–
C2, 2.21(2); Bi1–C3, 2.223(18); Bi2–C4, 2.24(2); Bi2–C5, 2.24(2); Bi1–Bi2, 3.0005(11); Bi2∙∙∙F3, 
2.809; C1–Bi1–C2, 97.7(7); C2–Bi1–C3, 103.1(8); C1–Bi1–C3, 101.6(7); C4–Bi2–C5, 94.2(8). d) 1H 
VT-NMR spectra of 3 in CD2Cl2; red (blue) numbers indicate chemical shift (integrals) of the 
respective signals. 

 

Single-crystal X-ray diffraction analysis of compound 3 unambiguously confirmed the 

formation of an adduct between BiMe3 and [BiMe2(SbF6)] (Figure 3c, monoclinic space group 

P21/c, Z = 4). The Bi→Bi bond length amounts to the remarkably small value of only 3.00 Å. This 

is well within the range of Bi–Bi bond lengths that have been reported for dibismuthanes with 

unsupported, covalent Bi–Bi single bonds, such as Bi2Et4, Bi2Ph4, and Bi2Mes4 (2.98-3.09 Å).32-34 

All Bi–C bond lengths are in the range of 2.21-2.24 Å, ranging between those reported for the 

single components of this compound (i.e. 1 and BiMe3). Both bismuth atoms in 3 show a 

coordination number of four. Bi1 shows a distorted tetrahedral coordination geometry. This is  
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unusual for bismuthIII main group compounds,35-37 in which the bismuth center commonly acts as 

a Lewis acid resulting in bisphenoidal coordination geometries. BiMe3 in particular has so far only 

been coordinated as a donor to transition metal complex fragments in [M(CO)5(BiMe3)] (M = Cr, 

W).28 The angle sums C–Bi–C in these compounds (297.0-298.7°) are larger than in non-

coordinate BiMe3 (276.6°), but even larger in compound 3 (302.4°), suggesting a remarkably large 

degree of hybridization between 6s and 6p bismuth atomic orbitals in the BiMe3 unit of 3. The Bi2 

atom in 3 shows the expected bisphenoidal coordination geometry with [SbF6]– (Bi–F, 2.809 Å) 

and BiMe3 in the axial positions. In line with these results, natural bond orbital (NBO) analyses of 

3 reveal an unusually large hybridization between the 6s and 6p orbitals in Bi1 to give a hybrid 

orbital with 37% s- and 63% p-character (atom labeling is as in Figure 3). This occupied hybrid 

orbital of Bi1 and a vacant (“non-hybridized”) p-orbital of Bi2 form the Bi→Bi donor-acceptor 

interaction, which is strongly polarized towards Bi1 (localization at Bi1: 79%). A Wiberg bond 

index (WBI) of 0.52 is associated with this Bi→Bi interaction, which is reasonably large compared 

to the WBIs of 0.24 that were found for the dative N→Bi interactions in 2 (a WBI of 0.95 is obtained 

for the regular Bi–Bi single bond in Me2Bi–BiMe2). The description of the Bi–Bi interaction in 3 as 

a Bi→Bi dative bond is further corroborated by the intrinsic bond orbital (IBO) analysis and the 

energy decomposition analysis combined with the natural orbitals for chemical valence (EDA-

NOCV) method, the latter excluding the electron-sharing bond scenario due to its larger orbital 

interaction (ΔEorb) component in comparison to that obtained for a Bi→Bi dative bond (Supp. Inf.). 

Furthermore, inspection of the NOCV deformation densities reveals that ΔEorb is dominated by            

σ donation from Bi1 to Bi2 (ΔEorb-σ = –29.9 kcal mol–1, 87% of ΔEorb), and accounts for ca. 50% of 

all stabilizing contributions between the BiMe3 and [BiMe2][SbF6] fragments in 3.  

1H NMR spectroscopic analysis of 3 in CD2Cl2 at 25 °C gave one broad resonance                                  

(FWHM = 42 Hz) for all five methyl groups of the compound (Figure 3d (top)). Cooling led to 

gradual sharpening of the resonances. A coalescence temperature of 16 °C was determined, and 

splitting of the broad resonance into two sharp signals with an intensity ratio of 2:3 was observed 

at –40 °C with chemical shifts of δ = 1.97 (9H) and 2.21 (6H) ppm. In line with the 1H NMR data, 

the 13C NMR spectrum at –40 °C shows two resonances at δ = 26.1 (BiMe3) and 73.5 (BiMe2). That 

is, the 13C NMR chemical shifts in 3 experience a considerable to strong down-field shift in the case 

of the BiMe2 group (Δδ = 9.1 ppm) and the BiMe3 moiety (Δδ = 32.9 ppm), when compared to those 

of compounds 1 and free BiMe3, respectively. These findings demonstrate that at low temperature 

in solution, 3 shows a quasi-static bonding situation as indicated by the Lewis formula in Figure 

3a with a Bi→Bi bonding interaction. At ambient temperature in solution, however, all methyl 

groups of compound 3 exchange rapidly on the time scale of the NMR spectroscopic experiment. 

The VT NMR spectroscopic data were subjected to line-shape analysis, revealing activation 

parameters of ΔH‡ = 8.5 kcal∙mol–1, ΔS‡ = –16.7 cal∙mol–1, ΔG‡(298 K) = 13.5 kcal∙mol–1, and      
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k (298 K) = 1010 s–1 (Supp. Inf.). These results may be compared to bonding situations in lighter 

group 15 homologs of compound 3. [Me3P–PMe2][OTf] and related species are stable in solution, 

where they show a static bonding situation without exchange reactions at room temperature.15-16 

Compounds such as [PhMe2As–AsPhMe][OTf] are stable in solution, but the exchange of AsPhMe2 

ligands (without exchange of the hydrocarbon ligands) takes place at room temperature in 

solution.12 [Me3Sb–SbMe2][SbMe2Br2] has been structurally characterized in the solid state, but 

decomposes into mixtures of mononuclear starting materials in solution, so that characteristic 

spectroscopic features in solution have not been reported.13 Similarly, the structure of 

[(Me2Sb)3][SbMe2Br2] has been reported not to be preserved in solution.38 Compound                        

[Me3Sb–SbMe2][GaCl4] was obtained in very small amounts and not as a pure substance, which 

complicated its detailed spectroscopic characterization.39 Thus, the heaviest congener of this 

series, [BiMe2(BiMe3)(SbF6)] (3), shows a remarkable combination of being sufficiently stable in 

solution due to the pronounced and soft Lewis acidity of cationic bismuth species26-27 such as 

[BiMe2]+ and a dynamic bonding situation due to rapid methyl exchange reactions in solution.  

Methyl exchange reactions in organometallic main group species have been reported in some 

detail for compounds such as (AlMe3)2, for its Lewis base adducts, and for its mixtures with other 

organometallic compounds such as GaMe3, InMe3, ZnMe2, and LiMe.40-46 Intra- as well as 

intermolecular exchange mechanisms have been discussed, sometimes controversially, as in the 

case of (AlMe3)2. We performed DFT calculations in order to elucidate the mechanism of methyl 

exchange in compound 3 (Figure 4a). A reaction pathway with an sp3-hybridized methyl group 

bridging two cationic bismuth centers (reminiscent of methyl exchange discussed for compounds 

such as Al2Me6) was first considered (Figure 4a and SI). Surprisingly, a local minimum structure 

4 with a three-membered Bi2C ring as a key structural motif was located on the potential energy 

surface (PES). According to the IBO analysis, the Bi–(µ2-sp3-CH3)–Bi motif can be described as a 

three-center-two-electron bond with Bi–C (2×) and Bi–Bi bonding interactions (Supp. Inf.). 

However, the free energy, ΔG, for the reaction 3 → 4 is  

+20.7 kcal∙mol–1. This value does not yet include an (expectedly small) kinetic barrier and is thus 

unlikely to solely account for the experimentally observed process. Alternatively, Bi→Bi bond 

dissociation was considered as the initiating step of the methyl exchange reaction. This bond 

scission proceeds barrierless to give the starting materials 1 and BiMe3 in a slightly endergonic 

reaction (ΔG = +1.9 kcal∙mol–1). While an electrophilic attack of 1 at the bismuth-centered lone 

pair of BiMe3 regenerates the adduct 3, an electrophilic attack of 1 at the methyl group of BiMe3 

was also considered. It proceeds via a van der Waals intermediate 5 located 6.9 kcal∙mol–1 above 

3, with the corresponding transition state (TS1) lying 14.2 kcal∙mol–1 above 3. These results are 

in excellent agreement with the experimentally determined value of ΔG‡(298 K) = 13.5 kcal∙mol–1,  
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and the associative character of the reaction 1 + BiMe3 → 5 → TS1 is in congruency with the 

negative activation entropy delineated from line-shape analyses (ΔS‡ = –16.7 cal∙mol–1). 

 

Figure 4. a) Free energy (ΔG) profile of the proposed methyl exchange reaction mechanism of 3. 
Disfavored reaction pathway is shown in red. Selected calculated interatomic distances are given 
in Å. b) Free energies (ΔG) of reactions 7-Pn → PnMe3 + PnMe2+ and PnMe3 + PnMe2+ → 8-Pn (Pn 
= N-Bi). All ΔG values (kcal∙mol–1) are given with respect to the corresponding 7-Pn compounds. 
The structure of 9-N and the free energy of reaction 7-N → 9-N is also shown. Calculated Pn–(sp2 
CH3) bond lengths are given in Å. 

Remarkably, the resulting compound 6 was identified as a local minimum on the PES. It shows 

an sp2-hybridized methyl group with a coordination number of five, which is best described as a 

methyl anion according to its natural charge of –1.20, bridging two bismuth atoms in a (quasi-

)linear Bi–(µ2-sp2-CH3)–Bi structural motif. Accordingly, NBO and IBO calculations on 6 indicate a 

Bi–(µ2-sp2-CH3)–Bi three-center-two-electron bond and a lone pair at each bismuth center, which 

leads to a closed-shell singlet system with a calculated HOMO–LUMO gap of ca. 4.28 eV (Supp. Inf.). 

The reaction 3 → 6 is endergonic by only 7.1 kcal∙mol–1. Our findings suggest that the exchange of 

methyl groups between the two bismuth atoms in 1 proceeds via a species featuring an unusual 

methyl anion with an sp2-hybridized carbon atom bridging two Bi centers. These findings are in 

agreement with the previously calculated low inversion barrier of the methyl anion                                

(1.50 kcal∙mol–1)47 and demonstrate its practical relevance in methyl anion exchange reactions of 

organometallic p-block compounds. The methyl exchange reaction  

BiMe2SbF6 + BiMe2Me* → 6 → BiMeMe*SbF6 + BiMe3      (eq. 1) 

corresponds to a bimolecular electrophilic substitution reaction (SE2 (back)), i.e. the 

electrophilic analog of the well-known nucleophilic SN2 substitution reaction in organic chemistry. 

Methyl exchange along this pathway has rarely been discussed to date, but has been suggested or 

shown for heterobimetallic systems of transition metal compounds such as “Hg2+ +  
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[Co(dmg)2Me(H2O)]”, “[PtMe2(dmpe)] + [M(PMe3)]+” (dmg = dimethylglyoxime,                                          

dmpe = bis(dimethylphosphino)ethane, M = Cu, Au)48-52 and for hypothetical systems such as 

[Li2Me]+ (based on theoretical investigations).53-54 To the best of the authors’ knowledge, the 

relevance of backside SE2-type methyl exchange is now for the first time demonstrated for a 

simple, isolable, (pseudo-)homoleptic, and homometallic compound. The isolation of compounds 

featuring Al–(µ2-sp2-CH3)–Al structural motifs suggests that this may well be a more general 

phenomenon.55-57 

In order to investigate the role of the pnictogen atom in the methyl exchange reactions 

presented here, compounds [Pn2Me5]+ (7-Pn) were investigated by DFT calculations (Pn = N-Bi; 

Figure 4b). The bond dissociation energies associated with the reactions 7-Pn → PnMe3 + PnMe2+ 

constantly decrease, when going down the group from N (ΔG = 70.8 kcal∙mol–1) to Bi                                      

(ΔG = 17.0 kcal∙mol–1). For Pn = N, a compound of type Me2Pn–(µ2-sp2-CH3)–PnMe2
+ (8-Pn) could 

not be located as an energy minimum on the PES and the migration of a proton from the bridging 

methyl group to a nitrogen atom was observed instead to give compound 9-N. Compound 8-P 

corresponds to a saddle point on the PES and is slightly higher in energy than the dissociated 

species PMe3 + PMe2+. Only for the elements Pn = As-Bi, the reactions PnMe3 + PnMe2+ → 8-Pn are 

exergonic (ΔG = –3.7 (As), –8.1 (Sb), –9.8 (Bi) kcal∙mol–1). Thus, the electrophilic attack of cationic 

pnictogen atoms at a methyl group is most favorable for complexes of the heaviest element 

bismuth. These results also shed light on the role of the counteranion in methyl exchange 

reactions. Expectedly, the dissociation of 7-Bi (without a counteranion) to give BiMe2+ and BiMe3 

is more endergonic than the analogous reaction of 3 (with an SbF6– counteranion). As a 

consequence, the re-association of BiMe2+ and BiMe3 to give compound 8-Bi is exergonic by                 

–9.8 kcal∙mol–1, while the corresponding reaction with an SbF6– counteranion (i.e. 1 + BiMe3 → 6) 

is endergonic. This suggests that compounds with a (quasi-)linear Bi–(µ2-sp2-CH3)–Bi structural 

motif may be isolable, if suitable substitution patterns and sufficiently weakly coordinating 

counteranions can be identified.  

 

Conclusions 

In summary, [BiMe2(SbF6)] (1) has been synthesized, isolated, and fully characterized and 

represents the first example of a mononuclear dialkyl bismuth cation. Reaction of 1 with BiMe3 

gives [BiMe2(BiMe3)(SbF6)] (3) featuring the unprecedented structural motif of a BiIII→BiIII donor-

acceptor interaction. Methyl exchange in 3 is rapid at room temperature in solution and is 

suggested to proceed via an initial Bi→Bi bond dissociation followed by formation of an 

intermediate with a trigonal planar (sp2-hybridized) methyl anion. This corresponds to an SE2 

(back) mechanism, which has been described for heterobimetallic late transition metal  
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complexes, but rarely been considered or even been pinpointed as a concept for methyl exchange 

in main group chemistry to date and may be more common than previously anticipated. These 

findings highlight the unusual properties of cationic bismuth species as Lewis acids, which we aim 

to exploit in future synthetic applications. 
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Methods 

General considerations. All air- and moisture-sensitive manipulations were carried out using 

standard vacuum line Schlenk techniques or in gloveboxes containing an atmosphere of purified 

argon. Solvents were degassed and purified according to standard laboratory procedures.  

 

[BiMe2SbF6] (1). A solution of AgSbF6 (0.22 g, 0.63 mmol) in methylene chloride (DCM) (3 mL) 

was added to a solution of BiMe2Cl (0.17 g, 0.63 mmol) in DCM (2 mL). The precipitate was filtered 

off. All volatiles were removed from the yellow filtrate under reduced pressure to give a yellow 

powder, which was dried in vacuo. Yield: 0.22 g, 0.47 mmol, 75%. 

1H NMR (400 MHz, C6D6): δ = 1.47 (s, 6H, CH3) ppm. 1H NMR (400 MHz, CD2Cl2): δ = 2.28 (s, 6H, 

CH3) ppm. 13C NMR (101 MHz, C6D6): δ = 66.72 (br, CH3) ppm. 13C NMR (101 MHz, CD2Cl2):                            

δ = 64.38 (br, CH3) ppm. 19F NMR (376 MHz, C6D6): δ = –123.02 (s, SbF6) ppm. 19F NMR (376 MHz, 

CD2Cl2): δ = –128.44 (s, SbF6) ppm. Elemental analysis: Anal. calc. for: C2H6BiSbF6                              

(474.84 g/mol): C 5.06, H 1.27, found: C 5.45, H 1.40. 

 

[BiMe2(py)2][SbF6] (2). [BiMe2(SbF6)] (1) (85.6 mg, 0.18 mmol) was dissolved in DCM (2 mL), 

and pyridine (28.5 mg, 0.36 mmol, 30 µl) was added. The colorless solution was layered with n-

pentane (2 mL). After 1 d at –30 °C a colorless crystalline solid had precipitated, was isolated by 

filtration, and dried in vacuo. Yield: 97 mg, 0.15 mmol, 84%. 

1H NMR (400 MHz, CD2Cl2): δ = 1.79 (s, 6H, CH3), 7.60 (t, 4H, 3JHH = 6.92 Hz, H2/H6), 8.05 (t, 2H, 

3JHH = 7.75 Hz, H4), 8.64 (d, 4H, 3JHH = 4.67 Hz, H3/H5) ppm. 13C NMR (125 MHz, CD2Cl2):                                  

δ = 33.86 (CH3), 126.86 (s, C2/C6), 140.58 (s, C4), 149.75 (s, C3/C5) ppm. A signal for the [SbF6]– 

anion in a 19F NMR experiment could not be detected due to signal broadening. Elemental 

analysis: Anal. calc. for: C2H6BiF6Sb(C5H5N)2 (633.00 g/mol): C 22.77, H 2.55, N 4.43 found: C 

22.96, H 2.32, N 4.77. 

 

[BiMe2(BiMe3)(SbF6)] (3). [BiMe2(SbF6)] (1) (20 mg, 42.2 µmol) was dissolved in DCM (2 mL) 

and a solution of BiMe3 (11.2 mg, 42.2 µmol) in DCM (1 mL) was added. The light yellow solution 

was stored at –30 °C. After 1 d light yellow crystals were obtained, isolated by filtration, and dried 

in vacuo. Yield: 27 mg, 37.0 µmol, 88%. 

1H NMR (500 MHz, 298.15 K, CD2Cl2): δ = 2.05 (br, 15H, CH3) ppm. 1H NMR (300 MHz, 298.15 K, 

CD2Cl2): δ = 2.05 (br, 15H, CH3) ppm. 1H NMR (300 MHz, 233.15 K, CD2Cl2): δ = 1.97 (s, 9H, 

Bi(CH3)3), 2.21 (s, 6H, Bi(CH3)2) ppm. 13C NMR (126 MHz, 233.15 K, CD2Cl2): δ = 26.07 (s, CH3), 

73.46 (s, CH3) ppm. 19F NMR (470 MHz, 233.15 K, CD2Cl2): δ = –124.39 (SbF6) ppm. Elemental 

analysis: Anal. calc. for: C5H15Bi2F6Sb (728.89 g/mol): C 8.24, H 2.07, found: C 8.39, H 1.89. 
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Computational details. DFT calculations were performed with the Gaussian 16, Revision B.01 

program package58 using the B3LYP59-62 functional and the 6-311++G(d,p)63,64 (H, C, F) and 

LanL2DZ/ECP65 (Bi) basis sets. The D3 version of Grimme’s dispersion model with the original D3 

damping function was applied.66 Frequency analyses of the reported structures showed no 

imaginary frequencies for minimum energy structures and only one imaginary frequency for 

transition states. In order to assess the connectivity between the obtained transition states and 

the corresponding intermediates, further geometry optimizations along the imaginary modes and 

additional intrinsic reaction coordinate (IRC)67 calculations were performed. Thermodynamic 

parameters were calculated at a temperature of 298.15 K and a pressure of 1.00 atm. NBO 

analyses were performed using the program version NBO 7.68,69 To investigate the role of the 

pnictogen atom in the methyl exchange reactions, [Pn2Me5]+ (7-Pn), their bond dissociation to 

PnMe3 + PnMe2+, and the Me2Pn–(µ2-sp2-CH3)–PnMe2+ (8-Pn) systems were investigated using 

B3LYP-D3 and the 6-31G(d,p)70,71 (H, C, N, P) and LANL2DZ/ECP (As, Sb, Bi) basis sets. All 

calculations, including geometry optimizations, were performed with the PCM72 solvent model 

and dichloromethane (ε = 8.93) as solvent. A concentration correction of                                                              

ΔG0→* = RTln(24.46) = 1.89 kcal mol–1 (T = 298.15 K) was added to the free energies of all 

calculated species to change the 1.00 atm gas phase values to the condensed phase standard state 

concentration of 1 M, which leads to a proper description of associative/dissociative steps.73 TD-

DFT calculations were performed using the CAM-B3LYP74 functional at the B3LYP optimized 

geometries. For 3, the S0→S1 vertical excitation was analyzed using the natural transition orbitals 

(NTO)75 method. Finally, the bonding situation of selected systems was investigated using the 

intrinsic bond orbital (IBO)76 and the energy decomposition analysis based on natural orbitals for 

chemical valence (EDA-NOCV)77 methods. The EDA-NOCV calculations on 3 were done 

considering two distinct scenarios, where the Bi–Bi bond was described either as electron-sharing 

or donor-acceptor interaction. These investigations, which were performed using the ADF 2019 

software,78 were conducted at the B3LYP-D3/QZ4P level, with relativistic effects considered using 

the zeroth order regular approximation (ZORA) method.79,80  

 

Data availability 

The data supporting the findings of this study are available within the paper and its 

Supplementary Information files. 
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IX Molecular, Lewis Acidic Bismuth Compounds 

1 Unusual Coordination Geometry of Cationic Bismuth Halide: Synthesis and 

Structure of [BiCl2(py)5][BArF24]  

Bismuth salts are Lewis acidic compounds which are frequently applied as Lewis acid catalysts in 

organic and organometallic transformations.[45,46,129–131] Due to the electron deficiency of bismuth 

salts, the formation of Lewis acid/base adducts in the chemistry of such compounds is a common 

phenomenon.[132] For bismuth cations without strong bonding interactions between anion and 

cation, Lewis bases interact via the vacant 6p orbital of the bismuth complex fragment. For 

compounds with distinct Bi–X bonding interactions, the Lewis acidity is based on an energetically 

accessible antibonding σ*(Bi–X) orbital, if X shows a sufficiently high electronegativity.[82,124,133–

137] As a result, it can act as an acceptor orbital for neutral donor ligands.[132] The metal-centered 

lone pair of electrons of Bi(III) compounds is localized in a non-hybridized 6s orbital. Due to 

relativistic effects and the inert pair effect,[8,9] it is low in energy. Consequently examples for Bi→M 

coordination are scarce and limited to compounds with strongly Lewis acidic metal centers.[3–

7,12,138–140] For bismuth(III) halides, such interactions are unprecedented to date.3 

There are numerous examples of neutral (organometallic) bismuth halides BiXnR3-n (n = 1–3) 

acting as Lewis acids towards organic molecules.[141–146] Representatives of such Lewis acid/base 

adducts with high coordination numbers (CN > 6) of the central bismuth atom are pyridine[146] 

and crown ether adducts.[25,147–151] Bismuth cations with high coordination numbers (CN > 6) have 

been described for Bi(III) species, with the coordination number eight being most common 

followed by the coordination numbers of 7, 9 and 10.[19] Species such as Bi(H2O)93+,[152,153] 

Bi(dmso)8
3+,[153–155] Bi(SePMe3)6

3+,[137] and Bi(dmf)8
3+, respectively, are mononuclear, cationic 

compounds, without strong bonding interactions between cation and anion.[154,156,157] Related to 

this work, molecular bismuth halide cations and their structural characteristics, such as a typically 

adopted cis-conformation of the monoanionic ligands, are described in the literature.[24,158–161] 

Here, we report the synthesis and solid-state structure of [BiCl2(py)5][BArF24] (19-Cl), and the 

solid-state structure of its parent compound [BiCl3(py)2]2 (20) ([BArF24]– = [B(3,5‐C6H3(CF3)2)4]–, 

py = pyridine). 

[BiCl2(py)5][BArF24] (19-Cl) was obtained by reaction of BiMeCl2 with two equivalents of 

Tl[BArF24] in pyridine solution in 50% yield as a colorless solid (Scheme 22a). 19-Cl was also 

obtained in a rational synthesis from reaction of BiCl3 with one equivalent of Tl[BArF24] in 

                                                        
3 In this context it may be noted that bismuth(I) halides can act as Lewis bases towards transition metal complex 

fragments. See also: J. von Seyerl, G. Huttner, J. Organomet. Chem. 1980, 207-212; S. J. Davies, N. A. Compton, 

G. Huttner, L. Zsolnai, S. E. Garner, Chem. Ber. 1991, 124, 2731-2738. 
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pyridine. This route also allowed access to [BiX2(py)5][BArF24] (19-X, X = Br, I) in high yields (85–

86%, Scheme 22b).  

 

Scheme 22. a) Reaction of BiMeCl2 with Tl[BArF24]. b) Reaction of BiX3 with Tl[BArF24]. X = Cl, Br, 
I. [BArF24]– = [B(3,5‐C6H3(CF3)2)4]–. py = pyridine. 

The 1H NMR spectra of 19-X in methylene chloride show the expected signal pattern for the 

bismuth bound pyridine ligands, with significantly downfield shifted resonances (Δδ = 0.17–0.25 

(19-Cl), 0.17–0.36 (19-Br), and 0.08–0.29 ppm (19-I)) compared to non-coordinating pyridine. 

The 1H, 11B, and 19F NMR spectra also indicate the presence of the [BArF24]– anion without strong 

directional bonding interactions between cation and anion.  

Material suitable for single-crystal X-ray diffraction analysis was obtained for 19-Cl by layering a 

pyridine solution of 19-Cl with toluene and storage at –30 °C. 19-Cl crystallized in the monoclinic 

space group P21/n with Z = 4 (Figure 33).  
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Figure 33. Molecular structure of 19-Cl in the solid state. Displacement ellipsoids are shown at the 
50% probability level. Hydrogen atoms and split positions are omitted for clarity. Selected bond 
lengths (Å) and angles (°): Bi1–Cl1, 2.626(2); Bi1–Cl2, 2.666(2); Bi1–N1, 2.539(7); Bi1–N2, 
2.606(6); Bi1–N3, 2.611(6); Bi1–N4, 2.621(7); Bi1–N5, 2.547(7); Cl1–Bi1–Cl2, 174.35(7);                        
N1–Bi–N2, 73.7(2); N1–Bi1–N3, 143.6(2); N1–Bi1–N4, 146.1(2); N1–Bi1–N5, 75.2(2);                              
N2–Bi1–N3, 69.9(2); N2–Bi1–N4, 140.2(2); N2–Bi1–N5, 148.0(2); N3–Bi1–N4, 70.3(2);                              
N3–Bi1–N5, 140.9(2); N4–Bi1–N5, 71.0(2); Cl1–Bi1–N1, 91.00(16); Cl1–Bi1–N2, 89.92(15);               
Cl1–Bi1–N3, 88.78(15); Cl1–Bi1–N4, 91.09(16); Cl1–Bi1–N5, 97.62(16); Cl2–Bi1–N1, 90.90(16); 
Cl2–Bi1–N2, 85.51(15); Cl2–Bi1–N3, 86.53(15); Cl2–Bi1–N4, 90.30(16); Cl2–Bi1–N5, 88.01. 

The central bismuth atom adopts a distorted pentagonal bipyramidal coordination geometry with 

the chlorine atoms in its apical positions (174.35°) with Bi–Cl distances of 2.62-2.67 Å similar to 

other bismuth chloro species.[17,49] N–Bi–N angles involving neighboring pyridine ligands in the 

equatorial plane amounts to 69.9–75.2°. The Cl1–Bi–N bond angles (88.8–97.6°) are on average 

significantly smaller than the Cl2–Bi–N bond angles (85.5–90.9°). Accordingly the Cl1–Bi1–Cl2 

angle (174.4°) slightly deviates from the ideally expected 180°. This may indicate some 

stereoactivity of the lone pair at the bismuth center. The Bi–N distances of 2.53–2.62 Å are in the 

range of reported Lewis acid/base adducts of bismuth cations and N-donor ligands.[21,30,162] The 

pentagonal bipyramidal coordination geometry of bismuth atoms is scarce, with only a limited 

number of examples for bismuth halides, with the neutral parent compound of 19-Cl, BiCl3(py)4 

as only example for a species with solely monodentate ligands.[144,163–166] The bismuth atom in 

[Ph3SbBiCl(C6H6)][AlCl4] also adopts a pentagonal bipyramidal coordination geometry in the solid 

state,[167] however, it has to be noted that all examples mentioned, except neutral BiCl3(py)4, are 

complexes containing at least one chelating ligand (or chelating anion in the case of 

[Ph3SbBiCl(C6H6)(κ2Cl-AlCl4)2]) resulting in 19-Cl being the first example for a mononuclear, 

pentagonyl bipyramidal bismuth halide cation with solely monodentate ligands. The bonding 
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mode of chelating ligands in such species leads to a strong distortion of the pentagonal 

bipyramidal coordination geometry of the bismuth centers. Solid-state structures of bismuth 

halide cations in which the halides are in trans-position to each other are described in the 

literature, e.g. [BiI2(py)3(dppom)][BiI4(py)2] (dppom = Ph2P(O)CH2OPPh2).[23] The structural 

parameters of this compound are similar to 19-Cl, although the dppom ligand is bidentate.[23] In 

both compounds, [BiI2(py)3(dppom)][BiI4(py)2] and 19-Cl, the regularity of the pentagonal 

bipyramidal geometry is notable, since the ligands in the equatorial plane are nearly coplanar 

(maximum deviation from the mean plane: 0.13 Å in [BiI2(py)3(dppom)][BiI4(py)2]; 0.10 Å in 19-

Cl). The related halide cations [BiX2(18-crown-6][BiX4] show structures of cis-BiX2 units 

coordinated by six oxygen atoms of the crown ether ligands (X = Cl, Br).[24,161] It was not possible 

to obtain suitable material for single-crystal X-ray diffraction analyses for 19-Br and 19-I, so the 

investigation of a possible dependency of the coordination geometry on the halide substituent is 

subject for further research. However, the 1H NMR spectroscopic data obtained indicate the 

presence of five pyridine ligands in 19-X (X = Br, I). 

Although similarities in their coordination chemistry between Ln3+ and Bi3+ can be expected based 

on their electronegativity and ionic radii,[168,169] the analog lanthanide (Ln) compounds 

LnCl2(py)5
+ are unprecendented to date. The only reported LnCl2

+ complexes containing pyridine 

based chelating ligands have coordination numbers of 9 (Ln = Nd, Gd),[170,171] and 10 (Ln = La), 

respectively.[172]  

19-Cl may be described as a chloride abstraction product of compound BiCl3(py)4, which also 

shows a trigonal bipyramidal coordination geometry around bismuth, the coordination site of the 

third chlorine atom being saturated by the coordination of a further pyridine ligand in 19-Cl.[144] 

However, in the course of this investigation, the solid-state structure of the bis-pyridine adduct of 

BiCl3 was obtained, which is not reported to date. [BiCl3(py)2]2 (20) crystallized in the monoclinic 

space group C2/m with Z = 2 (Figure 34). 
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Figure 34. a) Molecular structure of [BiCl3(py)2]2 (20) in the solid state. Displacement ellipsoids 
are shown at the 50% probability level. Hydrogen atoms are omitted for clarity. b) Cut out of 

coordination polymer [{BiCl3(py)2}2]∞. Selected bond lengths (Å) and angles (°): Bi1Cl1, 

2.897(2); Bi1N1, 2.530(8); Bi1Cl2, 2.559(2); Cl1Bi1Cl2cis, 90.79(7); Cl1BiCl2trans, 

175.86(7); Cl1Bi1Bi1’, 85.08(9); Cl2Bi1Cl2’, 93.35(12), ClBi1N1, 88.11(18)91.93(18); 

N1Bi1N1’, 175.2(3). 

In the solid state, 20 forms dimeric structures via two short intermolecular Bi∙∙∙Cl contacts with 

neighboring species, which is in accordance to the analog antimony compound.[173] The bismuth 

atoms possess octahedral coordination geometries with four equatorial chlorine atoms and two 

pyridine ligands in apical positions (NBiN, 175.2°). The terminal BiCl bond lengths (2.56 Å) 

are considerably shorter than the BiCl distances of bridging moieties (2.89 Å). These distances 

are in the range of reported BiCl bond lengths for bridging and terminal chlorido ligands. 

However, it may be noted that only a limited number of species [BiCl3L2]2 with L trans to each 

other are described in the literature.[174–176] The BiN bond lengths (2.53 Å) are in the range of               

Bi–N distances observed in other Lewis acid/base adducts with N-donor ligands.[21,143] A bismuth-

bismuth interaction is not observed based on distance criteria (the Bi∙∙∙Bi distance (4.27 Å) 
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exceeds the sum of the van-der-Waals radii (4.14 Å) by 3%). π-Stacking between pyridine ligands 

of neighboring formula units is present, resulting in a two-dimensional coordination polymer in 

the solid state.  

For a better understanding of the coordination geometries of neutral and cationic bismuth 

chlorides, DFT calculations were performed with the Gaussian program[103] using the 6-

31G(d,p)[107] (H, B, C, N, F, Cl) and the LanL2DZ[108–110] (Bi) basis set and the B3LYP functional.[104] 

The D3 version of Grimme’s dispersion model with the original D3 damping function was 

applied.[106] Frequency analyses of the reported structures showed no imaginary frequencies for 

ground states. Thermodynamic parameters were calculated at a temperature of 298.15 K and a 

pressure of 1.00 atm. NBO analyses were performed using the program version NBO 7.[177] All 

calculations were performed with a pyridine solvent model (PCM). 

Species [BiCl2(py)n][BArF24] (n = 0–6)4 were subjected to geometry optimizations (Figure 35). In 

the following, only the cationic fragments [BiCl2(py)n]+ are discussed, but the optimizations were 

carried out in the presence of the BArF24 anion. During the optimization of [BiCl2(py)6][BArF24], 

one pyridine ligand dissociated away from the metal center, yielding the same results as obtained 

for [BiCl2(py)5][BArF24], plus one pyridine ligand in the periphery without directional Bi–N 

interactions. The enthalpies and the free energies of the reactions shown in Figure 36 were 

determined. Plotting these energy values versus the number of pyridine molecules n used in the 

reaction shows an increasingly exothermic/exergonic reaction with an increasing number of 

pyridine ligands (Figure 36).  

                                                        
4 Optimization of [BiCl2][BArF24] without constraints resulted in fluoride abstraction from the BArF24 anion by 

the BiCl2
+ fragment. Fixation of angles in CF3 groups, optimization, and subsequent constraint release and re-

optimization resulted in obtaining the minimum structure discussed here. 
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Figure 35. Geometries of optimized [BiCl2(py)n][BArF24] (n = 1–5) species. Only the cationic part 
is shown. 
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Figure 36. Energy plot of cationic species [BiCl2(py)n][BArF24] with n = 0–5. ΔG values are depicted 
in black, and ΔH values are depicted in red. 

For species with n = 4, both isomers (cis/trans) show distorted octahedral coordination 

geometries with one large N–Bi–N/Cl angle (135.9/116.5°), and three small angles (73.5–

76.0°/83.9–87.4°) for the pyridine/chlorido ligands in the equatorial plane. The distortion is less 

pronounced for the cis-isomer. In both isomers, the structural parameters indicate a stereoactive 

lone pair of electrons at the bismuth center. An optimization of the trans-isomer with fixed angles 

(90°) between the ligands in the equatorial plane yielded a structure with a Cl–Bi–Cl angle of 

178.1°, which is only slightly higher in energy (ΔG = +2.91/+3.82 kcal · mol–1) than the optimized 

cis-/trans-isomers without constraints. For compounds with n = 2 (bisphenoidal), and 3 (square 

pyramidal), isomers with the chlorido ligands in cis-positions are thermodynamic favorable. This 

changes for n = 4 (octahedral) and 5 (pentagonal bipyramidal), resulting in energetical favored 

isomers, in which the chlorido ligands are situated in trans-positions to each other, by                                   

ΔG = 0.8 kcal · mol–1 (n = 4) and ΔG = 8.3 kcal · mol–1 (n = 5). The gain in free energy per step ΔΔG 

amounts to 8.1 to 10.8 kcal · mol–1, with the exception of the step going from species with n = 3 to 

n = 4, in which the energy values are decreased to ΔΔG = –2.9 kcal · mol–1 for the cis-species, and                            

ΔΔG = –5.1 kcal · mol–1 for the trans-isomers. 

The same trends were obtained for the neutral analogs BiCl3(py)n (n = 1–4). In our hands, 

crystallization attempts of BiCl3 from pyridine yielded the dimeric structure 20, so that an 

optimization with subsequent frequency analysis was carried out, too (Figure 37).  
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Figure 37. Geometries of optimized BiCl3(py)n (n = 0–4) species. 

Plotting the enthalpy and free-energy values of the obtained optimized structures versus the 

number of pyridine molecules n used in the reaction shown in Figure 38 results in energy plots 

showing that the energy decreases steadily with the addition of pyridine, with the dimeric 

structure we found representing the absolute minimum in both ΔG and ΔH (Figure 38).  
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Figure 38. Energy plot for species BiCl3(py)n with n = 0–4. ΔG values are depicted in black, and ΔH 
values are depicted in red. 

The differences between the fac-/mer-isomers of BiCl3(py)n with n = 2 (square pyramidal), and 3 

(octahedral) are small, but the mer-isomers are energetically favored by 1.9 (n = 2) and                             

3.9 kcal · mol–1 (ΔG), respectively. Again, it provides an energetic gain to incorporate additional 

pyridine ligands. Per step these are ΔΔG = –3.0 to –5.0 kcal · mol–1 (the dimer excluded). The 

incorporation of an additional pyridine ligand starting from fac-BiCl3(py)2, however, is associated 

with no significant change in energy (ΔΔG = –0.13 kcal · mol–1). When these values are compared 

to those obtained for the cationic species, the energetic gain per additional pyridine ligand is 

significantly higher for the cations , illustrating the higher electron deficiency of such species.  

To evaluate the Bi–Cl bond strength in 19-Cl and its neutral analog BiCl3(py)4, deletion energies 

(EDel) were calculated. For 19-Cl, all interactions py→Bi and Cl→Bi, respectively, were considered 

at once, resulting in EDel = 260.5 kcal · mol–1 for the N→Bi interaction, and EDel = 197.1 kcal · mol–1 

for the Cl→Bi interaction. This corresponds to 52.1 kcal · mol–1 for each pyridine ligand, and                  

98.5 kcal · mol–1 for each chlorido ligand in 19-Cl. For BiCl3(py)4, the chlorido ligands were 

grouped into those in axial positions (EDel = 177.6 kcal · mol–1), and the one in an equatorial 

position (EDel = 83.9 kcal · mol–1), resulting in EDel = 88.8 kcal · mol–1 for each chlorine atom in an 

axial position. The EDel for the each pyridine ligand amounts to 43.6 kcal · mol–1. These results 

illustrate a bond strengthening for the py→Bi, as well as the Cl→Bi interactions going from neutral 

to cationic bismuth species.  
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Finally, a scarce representative of a pentagonal bipyramide of a main group element has been 

synthesized and fully characterized. According to DFT calculations. the uptake of five neutral 

donor ligands in the form of pyridine is thermodynamically favored compared to the formation of 

analog adducts with other coordination numbers. Additionally, the calculations show a 

strengthening of the Bi–Cl bond, as well as of the Bi–py interaction in 19-Cl, when compared to 

the neutral BiCl3(py)4 analog. Further investigations concerning both the Bi–Cl bond strength, e.g. 

based on raman spectroscopy, and the potential stereoactivity of the lone pair of electrons at the 

bismuth centers in the calculated and experimentally obtained compounds are worthwhile to be 

investigated in future research projects. 

2 Solid-State Structures of Simple Bismuth Salts  

Bismuth halides BiX3 are classified as Lewis acids and can therefore accept electron density 

through coordination of neutral donor ligands. Due to the electropositivity of bismuth, the σ*-

antibonding orbital of the BiX bond is energetically lowered and thus capable of acting as an 

acceptor orbital for neutral donor ligands. Bismuth Lewis acids are widley used as catalysts in 

organic and organometallic transformations,[45,46,129,178,179] as model compounds for perovskites 

for optoelectronic applications,[147] and as materials in solar cells.[156,180] 

The coordination chemistry of neutral (organometallic) bismuth halides has been widely 

studied.[141–146,181,182] However, only a few Lewis acid/base adducts of (dihalo)alkylbismuthanes 

BiX2R have been characterized by X-ray diffraction.[183,184] As part of this work, the solid-state 

structure of BiMeCl2(py)2 was added to this class of compounds.  

BiMeCl2(py)2 crystallized in the monoclinic space group P21/c with Z = 4 (Figure 39). Similarly to 

BiMeX2(tmeda) (X = Cl Br), BiMeBr2(2,2’-bipy), BiMeBr2(1,10-phen)[143] and BiMeBr2(thf)2,[183] 

BiMeCl2(py)2 forms a mononuclear structure in the solid state, with the bismuth atom adopting a 

square pyramidal coordination geometry with the methyl group in axial position (τ = 0.00, 

tmeda = tetramethylethylenediamine, 2,2’-bipy = 2,2’-bipyridine, phen = phenanthroline). In 

contrast to the afore mentioned compounds with chelating donor ligands, as well as to the 

bromine analog BiMeBr2(thf)2, the chlorine atoms in BiMeCl2(py)2 are trans to each other, and the 

Cl–Bi–Cl (172.31(2)°) and N–Bi–N angles (172.13(8)°) are close to the ideal 180°. The C–Bi–C/N 

angles in BiMeCl2(py)2 are in the range of 84.28(8)–88.15(8)°, and the Bi–C distance of                    

2.222(3) Å is similar to other Bi–CH3 bond lengths in related compounds.[143,183] π-Stacking 

between pyridine ligands of neighboring formula units is present (C–C, ca. 3.38–3.83 Å), resulting 

in a one-dimensional coordination polymer in the solid state, which extends along the 

crystallographic a-axis (Figure 39b). 
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Figure 39. a) Molecular structure of BiMeCl2(py)2 in the solid state. Displacement ellipsoids are 
shown at the 50% probability level. Hydrogen atoms are omitted for clarity. b) Representation of 
the one-dimensional coordination polymer [BiMeCl2(py)2]∞ in the solid state. Selected bond 
lengths (Å) and angles (°): Bi1–C1, 2.222(3); Bi1–N2, 2.504(2); Bi1–N1, 2.513(2); Bi1–Cl1, 
2.6795(9); Bi1–Cl2, 2.6840(9); C1–Bi1–N, 86.19(10)–86.45(10); N1–Bi1–N2, 172.13(8);                         
C1–Bi1–Cl, 84.28(8), 88.15(8); Cl–Bi1–N, 87.73(6)–91.58(6); Cl1–Bi1–Cl2, 172.31(2). 

Besides the solid-state structure of BiMeCl2(py)2, it was also possible to obtain the first structural 

data for BiCl3(SePMe3)n (n = 2, 3) by combining BiCl3 with SePMe3 in DCM solution (Figure 40). In 

both cases, the quality of the data obtained does not allow a discussion of bond lengths and angles, 

and the data only serves as proof of connectivity. This is due to twinning, that could not be 

adequately modelled, and insufficient scattering. The bis-SePMe3 adduct of BiCl3 crystallized in 

the orthorhombic space group P212121 with Z = 4 (Figure 40a). Similarly to dimeric [BiCl3(py)2]2 

(see Chapter IX.1), BiCl3(SePMe3)2 forms a dimeric structure in the solid state via two short 

intermolecular Bi∙∙∙Cl interactions with neighboring species, with the SePMe3 ligands in the axial 

positions, resulting in a distorted octahedral coordination geometry of the bismuth atoms. In 

BiCl3(SePMe3)3, the sixth coordination site is occupied by the third phosphane selenide ligand, so 

that BiCl3(SePMe3)3 forms a typical mononuclear structure in the solid state without directional 

intermolecular interactions, with two chlorine atoms trans to each other, and one chlorine atom 

trans to one SePMe3 ligand (triclinic space group �̅�1 with Z = 85, Figure 40b). 

                                                        
5 Indications for a higher symmetry were not observed. Since the quality of data obtained was poor, more suitable 

crystalline material might reveal a space group of higher symmetry for this compound. 
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Figure 40. Molecular structures of BiCl3(SePMe3)2 (a) and BiCl3(SePMe3)3 (b) in the solid state. 
Displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms are omitted for 
clarity. 

Remarkably, compounds BiCl3(SePMe3)n are yellow solids, which lose their color in THF solution. 

Layering the colorless solutions with n-pentane leads to a yellow boundary phase, and yellow 

crystals of BiCl3(SePMe3)n (n = 2, 3) are obtained after 16 h at –30 °C. These observations suggest 

that the phosphane selenide ligands are displaced by coordination of thf ligands in THF solution. 

Unfortunately, several attempts to obtain more suitable single crystals of BiCl3(SePMe3)n (n = 2, 

3) enabling a discussion of bonding parameters did not succeed. Additionally, a separation of the 

products was unsuccessful. The targeted synthesis of one of the products was not performed. 

3 The Dimethylbismuth Cation 

Recently, the synthesis of the contact ion pair [BiMe2(SbF6)] (21), its solvent-separated pyridine 

adduct [BiMe2(py)2][SbF6] (21-py) as well as the first dinuclear bismuth species with Bi→Bi 

donor/acceptor interactions in form of [BiMe2(BiMe3)][SbF6] were described (see Chapter VIII). 

Further results on the subject of the chemistry of [BiMe2(SbF6)] are discussed below. 

3.1 Synthesis and Characterization of BiMe2L2SbF6 

Following the synthesis of the pyridine adduct [BiMe2(py)2][SbF6] (21-py), a range of other Lewis 

acid/base adducts of BiMe2
+ were synthesized (Scheme 23). 
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Scheme 23. Synthesis of Lewis acid/base adducts 21-L. L = MeCN (21-MeCN), thf (21-thf), 
benzaldehyde (21-benzaldehyde). 

As described for 21-py, the reaction solution undergoes an instant color change from yellow to 

colorless upon the addition of the neutral donor ligands, which was ascribed to the occupation of 

the p-orbital in parent compound 21.[185] The isolation of 21-L succeeded in good yields for L = 

MeCN (64%) and L = benzaldehyde (63%), while 21-thf was isolated in only 38% yield. This is 

because 21-thf, which is a crystalline solid at –30 °C, begins to melt after 5 min at ambient 

temperature, thereby hampering its isolation. The 1H NMR spectra of 21-L show the expected 

signal pattern with a singlet for the methyl groups at δ(1H) = 2.03 (21-benzaldehyde), 1.87 (21-

thf), and 1.75 ppm (21-MeCN), respectively. This corresponds to a significant upfield shift of the 

methyl protons in comparison to contact ion pair 21 (δ(1H) = 2.28 ppm), as adduct formation leads 

to a more electron rich bismuth center. For 21-thf, it is possible to remove one thf ligand in vacuo 

to give 21-thf1. The 13C NMR spectra for 21-thf1 and 21-benzaldehyde show significant 

downfield shifts of the methyl resonances (21-thf1: δ(13C) = 48.73 ppm; 21-benzaldehyde:              

δ(13C) = 53.14) compared to 21-py (δ(13C) = 33.86 ppm), in line with the increasing donor 

strengths of the ligands in the order of benzaldehyde < THF < pyridine (Figure 41).[186,187] 

 

Figure 41. Comparison of 13C NMR methyl shifts of 21, 21-L and BiMe3 (added for comparison 
with a complex with an electron-rich bismuth center). 

The 19F NMR spectroscopic resonances for the SbF6 counteranions are found at                                           

δ(19F) = –121.9 ppm (21-benzaldehyde) and δ(19F) = –132.0 ppm (21-thf1). A clear dependence 

of the resonance on the strength of the Bi∙∙∙[A]– interaction is not found, as the resonance for 21 is 

found at δ(19F) = –128.4 ppm. Since 21-thf melts at ambient temperature and melting is also 

observed for 21-MeCN and 21-benzaldehyde under the crystal oil Krytox (during crysal 
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picking),6 X-ray diffraction analyses of these species proved difficult. The crystallographic data 

obtained for 21-thf and 21-benzaldehyde only serves as proof of connectivity in both cases due 

to poor data quality (21-benzaldehyde: monoclinic space group, P21/c with Z = 8; 21-thf: 

monoclinic space group P21/n with Z = 16; Figure 42). It was also possible to obtain structural 

data for the mono-thf adduct of 21-thf1 (triclinic space group �̅�1 with Z = 2, Figure 42c). In all 

three cases, in addition to melting, the crystals turned black during mounting on the goniometer. 

The data presented here was obtained by reducing the time needed for crystal picking and 

mounting to a minimum rather than cooling the equipment used for these working steps. 

 

Figure 42. Molecular structures of a) 21-benzaldehyde (only one of the two units of 21-
benzaldehyde present in the asymmetric unit shown), b) 21-thf (only one of the four units of 21-
thf present in the asymmetric unit shown, and only one part of the disordered BiMe2 and SbF6 
groups shown), and c) 21-thf1 in the solid state. Displacement ellipsoids are drawn at the 50% 
probability level. Hydrogen atoms are omitted for clarity. 

The solid-state structures of 21-L show the bismuth atom in bisphenoidal coordination 

geometries with two ligands (21-benzaldehyde, 21-thf) or thf and the SbF6 counteranion (21-

thf1), respectively, occupying the axial positions, similarly as in 21-py (see Chapter VIII).  

Furthermore, the stability of parent compound 21 was examined. Storage of 21 at ambient 

temperature under an atmosphere of purified argon for several days (>7 d) led to partial 

discoloration of the yellow compound. Dissolving the solid in pyridine, filtration, and 

recrystallization (by layering the filtrate with n-pentane), afforded colorless crystals, X-ray 

diffraction analysis of which revealed the decomposition product [BiMeF(py)3]2·2[SbF6] (22) 

(monoclinic space group P21/n with Z = 2, Figure 43). 

                                                        
6 However, a melting point of 115 °C was determined for isolated and dried 21-benzaldehyde.  
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Figure 43. Molecular structure of [BiMeF(py)3]2·2[SbF6] (22) in the solid state. Displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms and the SbF6– anions are 
omitted for clarity. Selected bond lengths (Å) and angles (°): Bi1–F, 2.295(2), 2.342(2); Bi1–C, 
2.215(4); Bi1–N, 2.532(3)–2.600(3); C–Bi–N/F, 72.03(10)–87.89(14). 

The solid-state structure of the decomposition product shows a centrosymmetric dimer of 

[BiMeF(py)3]+ with short Bi∙∙∙F bridges (Bi1F1, 2.295(2) Å; Bi∙∙∙F1’, 2.342(2) Å) and no 

directional interactions between cation and anion. The bismuth atoms adopt pentagonal 

pyramidal coordination geometries with the methyl groups in apical position (interactions 

between the SbF6
– anion and the bismuth atom are not present, based on Bi–F distances of 

3.689(3) Å which is 5% above the sum of the van-der-Waals radii of 3.54 Å). Further pentagonal 

pyramidal coordination geometries of bismuth atoms are described for phenylbismuth 

bis(carboxylate), diketonate, and bis(salicylato) derivatives.[188–190] The pyridine ligands in 22 

occupy the equatorial positions with Bi–N bond lengths (2.532(3)–2.600(3) Å) equal to those of 

BiCl2(py)5
+ (19-Cl+, 2.539(7)–2.621(7) Å, see Chapter IX.1). Alkyl- and arylbismuthanes with 

fluoride ligands are extremely rare, with reported intramolecular Bi–F bond lengths in the range 

of 2.12–2.26 Å.[191–194] Both Bi–F interactions in 22 (2.295(2), 2.342(2) Å) are significantly longer, 

which might be due to the bridging bonding mode of the fluorine atoms, as well as to the higher 

coordination number of six in 22 compared to the literature-known species with coordination 

numbers of three or four. It should be noted that the Bi1∙∙∙Bi1’ distance of 3.87 Å is 7% below the 

sum of the van-der-Waals radii (4.14 Å), which could be attributed to the bridging coordination 

mode of the fluorine atoms. To the best of our knowledge, compound 22 is the first example of a 

crystallographically characterized cationic (fluoro)organobismuthane. A possible degradation 

path from 21 to 22 is postulated in Scheme 24.  
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Scheme 24. Tentatively suggested degradation path of 21. py = pyridine 

The high Lewis acidity of parent compound 21 might lead to methyl group abstraction from a 

second dimethylbismuth cation, resulting in the formation of the expectedly highly Lewis acidic 

methyl bismuth dication and trimethylbismuth as a by-product. Next the BiMe2+ cation abstracts 

a fluoride ligand from the SbF6
– anion, leading (after adduct formation with pyridine) to the 

unusual degradation product 22 and SbF5. The degradation of SbF6
– was already described in the 

literature.[195] One driving force of this fluoride abstraction reaction might be the differences in 

bond dissociation energies: The bond dissociation energy of the Sb–F bond (96 kcal · mol–1) is 

slightly lower than the one of the Bi–F bond (103.8 kcal · mol–1).[196] However, a 1H and 19F NMR 

spectroscopic monitoring of the degradation reaction has not been performed, yet, so that the by-

products, BiMe3 and SbF5, of the postulated degradation pathway have not yet been identified. 

However, several attempts to reproduce the formation of 22 by storing 21 at ambient 

temperature under an atmosphere of purified argon and evaluate whether 22 is formed in larger 

quantities all resulted in recovery of the pyridine adduct 21-py in nearly quantitative yield. This 

suggests that the formation of [BiMeF(py)3]2·2[SbF6] from 21 appears to play a subordinate role 

under these reaction conditions. However, in the future, the thermal stability of 21 should be 

further investigated to study the decomposition pathway to 22 in more detail. For this purpose, 

21 should be heated to different temperatures and then recrystallized from pyridine. In addition, 

a differential scanning calorimetry analysis of 21 appears to be useful. 

In conclusion, a range of dimethylbismuth cation adducts 21-L have been successfully synthesized 

and isolated. Melting of crystalline material hampered their crystallographic characterization. The 

generation of dimethylbismuth cation adducts with stronger donors than the ones used herein 

seemed to have positive effects on properties like melting point and stability, as was successfully 

demonstrated in the case of 21-py.[185] 
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3.2 Cyanoborates: Counterions with Tunable Donor Strengths towards [BiMe2]+ 

Borate anions are classified as non- or weakly coordinating anions.[40] Especially fluorinated 

borates like [B(C6F5)4]–, [B(2,4-CF3-C6H3)4]– and related anions are widely used, e.g. to enhance the 

Lewis acidity of main group element cations by reduced interaction between cation and anion, as 

co-catalysts in olefin polymerization,[197] or in the deprotection of acetals.[198] Already in 1951, 

WITTIG and RAFF described the stabilizing effect of cyano groups on borate anions as similar to CF3 

groups,[199,200] but it was not until twenty years ago that the first tetracyanoborate salt was 

synthesized and fully characterized.[201,202] There is now a wide variety of cyanoborates with 

varying properties, including alkyl-, chloro-, perfluoroalkyl- and alkoxycyanoborates.[203] 

Cyanoborates are often used in the synthesis of ionic liquids, mainly via salt metathesis.[203] For 

the purposes of this thesis, the focus was limited to cyanohydridoborates of the general formula 

[BHn(CN)4-n]– and the synthesis of the first representatives of aryl- or alkylbismuth salts 

containing these anions. Except Ag[B(CN)4], which was synthesized independently, all of the 

cyanoborate salts used herein were kindly provided by the research group of PROF. MAIK FINZE. 

DFT studies carried out by DR. CRISPIN LICHTENBERG showed that the strength of bonding 

interactions between cyanoborates [BHn(CN)4-n]– and the BiMe2
+ can be varied smoothly through 

the series of cyanohydridoborates. The higher the number of cyano groups, the weaker the 

interactions between anion and cation, leading to considerable bonding in the 

trihydridomonocyanoborate salt, similar to salts with the coordinating triflate anion (Figure 44). 

 

Figure 44. Gibbs energy values for the coordination of WCA– to Me2Bi+. WCA = weakly 
coordinating anion. Calculations were conducted in the gas phase with the B3LYP functional, the 
6-31G(d,p) [H, B, C, N, F], 6-311G(d,p) [S, Cl], and the LANL2DZ [Sb, Bi] basis sets. A dispersion 
correction (gd3) was applied. 

Unsuccessful attempts to generate species of the general formula [R2Bi][BHn(CN)4-n] are 

summarized in Table 8 in the Experimental Part. They will not be discussed in detail, but enabled 

the establishment of several general principles: i) Diaryl bismuth halides (Ph2BiCl and Ph2BiI) do 

not seem to be suitable for salt eliminations with MHB salts (MHB = tricyanomonohydridoborate), 

even at elevated temperatures of 60–80 °C, ii) the driving force of reactions with cyanoborate salts 
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of the lighter and harder alkali metal salts (Na–K) is not sufficient for metathesis with bismuth 

halides, iii) if the cyanoborate salt shows enhanced reducing properties, other reaction pathways 

than metatheses are followed. Nonetheless, the synthesis of two cyanoborate salts of the dimethyl 

bismuth cation succeeded (Scheme 25). 

 

Scheme 25. Formation of the first cyanohydridoborate salts of a bismuth cation. 
MHB = tricyanomonohydridoborate [BH(CN)3]. DHB = dicyanodihydridoborate [BH2(CN)2]. 

Addition of DCM to an initially colorless solution of CsDHB and BiMe2Cl in THF led to the formation 

of a precipitate (DHB = [BH2(CN)2]–). Filtration and layering the solution with n-pentane led to the 

formation of colorless crystals after 16 h at –30 °C. These were isolated by filtration and drying in 

vacuo, providing 23-DHB in 96% yield. 23-MHB was obtained by reaction of BiMe2Cl with AgMHB 

in a mixture of THF and pyridine (10:1), filtration of the precipitate, and layering the colorless 

filtrate with n-pentane. After 16 h at –30 °C colorless crystals of 23-MHB were obtained by 

filtration, and dried in vacuo, affording 23-MHB in 72% yield. In repeated syntheses of 23-MHB, 

the product was obtained as an oily precipitate, requiring multiple washing cycles with n-pentane 

or recrystallization from THF for purification. Nonetheless, it was possible to obtain pure material 

of 23-MHB (according to 1H NMR spectroscopy) in several attempts. 

23-DHB and 23-MHB were crystallographically characterized. 23-DHB crystallized in the 

monoclinic space group P21/c with Z = 4 as a pseudo-merohedral twin with two domains in a 

99.8:0.2 ratio which are related by a 177° rotation about the reciprocal [010] axis (Figure 45). The 

bismuth center adopts a bisphenoidal coordination geometry with the methyl groups in 

equatorial, and the cyano groups in axial positions (N1–Bi1–N2’, 167.0(3)°). Both cyano groups of 

the anion coordinate to bismuth centers, resulting in infinite chains of [(BiMe2)(BH2(CN)2)]∞ in 

the solid state, which extend along the crystallographic b-axis. Other intermolecular interactions 

are not present. The bismuth carbon bonds (2.238(10)–2.244(10) Å) are within limits of error in 

the same range as for [BiMe2(SbF6)] (2.215(5)–2.223(5) Å).[185] Since 23-DHB and 23-MHB are 

the first bismuth cyanoborates, a comparison of the Bi–N bond lengths with other bismuth 

cyanoborates is not possible and the Bi–N bond lengths in 23-DHB (2.480(8)–2.496(8) Å) are 

compared to nitrile adducts of bismuth complexes. In the latter the Bi–N bonds tend to be longer 
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(ca. 2.45–2.67 Å).[189,204–207] The bonding parameters within the anion show no irregularities 

compared to those reported in the literature.[208–210] 

 

Figure 45. a) Molecular structure of 23-DHB in the solid state. Displacement ellipsoids are drawn 
at the 50% probability level. Atoms from secondary molecular units are displayed as white 
ellipsoids. Hydrogen atoms of methyl groups are omitted for clarity. Selected bond lengths (Å) and 
angles (°): Bi1–C1, 2.238(10); Bi1–C2, 2.244(10); Bi1–N1, 2.480(8); Bi1–N2’, 2.496(8); N1–C3, 
1.142(13); B1–C3, 1.580(14); C1–Bi1–C2, 94.0(4); C1–Bi1–N1, 85.1(3); C1–Bi1–N2’, 86.6(3);                 
C2–Bi1–N1, 85.8(3); C2–Bi1–N2’, 84.8(3); N1–Bi1–N2’, 167.0(3); C3–B1–C4; 109.7(9); H–B1–C, 
109.7. b) Cut out of coordination polymer [{BiMe2}{BH2(CN)2}]∞ in the solid state. 

23-MHB crystallized in the monoclinic space group P21/c with Z = 4 as a pseudo-merohedral twin 

with two domains in a ratio 80:20 which are related by a 180° rotation about the reciprocal [001] 

axis (Figure 46). 
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Figure 46. a) Molecular structure of 23-MHB in the solid state. Displacement ellipsoids are drawn 
at the 50% probability level. Atoms exceeding one molecular unit are displayed as white 
ellipsoids. Hydrogen atoms of methyl groups are omitted for clarity. Selected bond lengths (Å) and 
angles (°): Bi1–C1, 2.203(11); Bi1–C2, 2.239(12); Bi1–N1, 2.442(9); Bi1–N2, 2.550(10); Bi1∙∙∙N3, 
3.435; N1–C3, 1.137(14); B1–C3, 1.584(15); C1–Bi1–C2, 95.9(4); C1–Bi1–N1, 84.9(4); C1–Bi1–N2, 
81.3(4); C2–Bi1–N1, 83.9(4); C2–Bi1–N2, 83.9(4); N1–Bi1–N2, 160.5(3); C–B1–C;                           
109.6(9)–112.2(9); B1–C–N, 177.4(12)–178.1(12); H–B1–C, 108.4. b) and c) Partial view of the 
2D coordination polymer {[BiMe2}{BH(CN)3}]∞. 

In the solid-state structure of 23-MHB, all three cyano groups coordinate to bismuth centers, with 

two shorter Bi–N interactions (2.442(9), 2.550(10) Å), and a longer one (3.44 Å, 5% under the 

sum of the van-der-Waals radii of 3.62 Å). Considering only the two Bi–C and the two shortest            

Bi–N interactions, the bismuth atom adopts a bisphenoidal coordination geometry (Figure 46a). 

As in 23-DHB, the cyano groups occupy the axial positions (N1–Bi1–N2, 160.5(3)°), and the 

methyl groups the equatorial positions (C1–Bi1–C2, 95.9(4)°). The bismuth carbon bond situated 

trans to the third cyano group is significantly longer (2.239(12) Å) than the other one 

(2.203(11) Å). Similarly short Bi–C bonds as the shorter one in 23-MHB are described for 21,[185] 

[{BiMe3}Cr(CO)5] (2.208(12) Å),[12] an iron bismuth polymer (ca. 2.20 Å),[98] and for an 

aminobismuthenium cation (2.219(2) Å), respectively.[211] Coordination of the bismuth cation by 

a third cyano group leads to the formation of a 2D coordination polymer in the solid state, 

composed of larger and smaller ring systems (Figure 46b and c, rings are marked in green and 

blue). The bonding parameters within the anion show no irregularities compared to those 

reported in the literature.[208,212] 
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Unexpectedly, the solid-state structures of 23-DHB and 23-MHB show no coordination of the 

solvent molecules THF or pyridine, respectively, although the compounds were recrystallized 

from these solvents. This is in contrast to species like [BiMe2(SbF6)] (21) and [BiPh2(X)],[23] which 

form adducts species of the general formula [BiR2L2][X], when exposed to the neutral ligands L                              

(L = neutral ligand, X = counteranion).  

The lack of coordination of solvent molecules was also demonstrated by 1H and 13C NMR 

spectroscopy of both compounds in THF-d8. Compared to 21-thf, which shows a 1H NMR 

resonance for the methyl groups at δ(1H) = 1.87 ppm and a 13C NMR resonance at                                       

δ(13C) = 48.73 ppm, the resonances for the methyl groups in 23-DHB and 23-MHB are shifted to 

higher field, both in the 1H NMR spectrum, as well as in the 13C NMR spectrum (δ(1H) = 1.51 (23-

DHB), 1.58 ppm (23-MHB); δ(13C) = 40.35 (23-DHB), 36.46 ppm (23-MHB)). In agreement with 

the DFT studies mentioned above, the chemical shifts obtained for 23-DHB and 23-MHB tend to 

suggest a stronger interaction between the anion and cation in 23-DHB than in 23-MHB. Also, 

NMR spectroscopic analyses suggest that the anion-cation interactions in these borate salts are 

significantly stronger than in 21, since the 1H and 13C NMR spectrocoscopic resonances for the 

methyl groups are downfield shifted in the case of 21 (δ(1H) = 2.28, δ(13C) = 64.40 ppm ). The 1H 

NMR spectroscopic resonances for the BH moieties are found at δ(1H) = 1.22 (23-DHB) and                 

1.88 (23-MHB) ppm in the 1H{11B} NMR spectra. The 11B NMR spectra show resonances at                                   

δ(11B) = –42.1 (23-DHB, triplet) and –39.8 (23-MHB, doublet) ppm, both with a coupling constant 

of 1JBH = 98 Hz. Whereas the 11B NMR spectroscopic resonance for [EMIm][DHB] (EMIm = 1‐ethyl‐

3‐methylimidazolium) stays the same (δ(11B) = –41.8 ppm), the coupling constant of 94.3 Hz is 

clearly different than that for 23-DHB.[212] Similar parameters as for [EMIm][DHB] are obtained 

for H[DHB], which shows a 1JBH coupling constant of 94.3 Hz, and a 11B NMR spectroscopic 

resonance at δ(11B) = –41.4 ppm.[208] An IR spectroscopic analysis of 23-DHB revealed the C–N 

stretching mode (𝜈CN = 2195 cm–1) to be close to that of [EMIm][DHB] (𝜈CN = 2192 cm–1), but 

significantly shifted compared to the corresponding stretching mode for H[DHB]                                         

(𝜈CN = 2256 cm–1). However, the BH stretching frequency shows a blueshift of almost 20 cm–1 in 

23-DHB (𝜈BH = 2393 cm–1) compared to the value reported in the literature for [EMIm][DHB]                

(𝜈BH = 2377 cm–1).[212] These spectroscopic results suggest that the 11B NMR, but more pronounced 

the IR spectroscopy, may be sensitive to changes in the electronic situation within the anion for 

DHB salts, when the coordination mode of the counter ion remains the same as in the case of 

H[DHB]. 

For both 23-DHB and 23-MHB, respectively, satisfactory elemental analyses could not be 

obtained, yet, perhaps due to contamination with CsCl and AgCl, respectively. Future attempts to 

synthesize 23-DHB and 23-MHB should therefore focus on improving yields and purity so that 

23-DHB and 23-MHB can be isolated and fully characterized. It would also be worthwhile to make 
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additional attempts to synthesize the other cyanohydridoborates to complete the series 

[BiR2][BHn(CN)4-n] with n = 1–4 and investigate their properties. 

3.3 Catalytic Dimerization of 1,2-di-tert-butyl-iminoborane 

Iminoboranes RB≡NR are isoelectronic to acetylenes, but due to the polarized B–N bond usually 

more reactive than the latter. It was demonstrated that 21 catalyzes the (unselective) tri-, and 

oligomerization of 1-pentyne (16 h, ambient temperature), however, with unstatisfactory yields 

of the trimer 1,3,5-tripropylbenzene. Nonetheless, motivated by this result, the catalytic activity 

of 21 in the oligomerization of tBuN≡BtBu (24) was investigated.  

The reaction of 24 with 10 mol% of 21 led to the immediate formation of 1,3,2,4-

diazadiboretidine [tBuBNtBu]2 as observed by 11B NMR spectroscopy (Scheme 26). The catalytic 

dimerization of iminoboranes with isonitriles as catalysts has been described by PAETZOLD et al., 

but the mechanism of the reaction has not been discussed in detail.[213,214] However, it is very likely 

that the reaction with Lewis acidic 21 as catalyst proceeds by a different mechanism than that 

reported by PEATZOLD, since they use Lewis basic isonitriles as catalysts. 

 

Scheme 26. Reaction of iminoborane 24 with 10 mol% 21. 

Since 21 showed a catalytic activity in the oligomerization of 1-pentyne, an attempt was made to 

incorporate an organic building block in the form of 1-pentyne into the reaction. For this purpose, 

stoichiometric amounts of iminoborane 24 and 1-pentyne were reacted with 10 mol% 21 

(Scheme 27).  

 

Scheme 27. Reaction of iminoborane 24 with stoichiometric amounts of 1-pentyne and 10 mol% 
21. 

The 11B NMR spectrum of the reaction mixture revealed the formation of boroxine,[215] which was 

confirmed by GCMS analysis. The 1H NMR spectrum indicated the consumption of 1-pentyne, 
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although no defined products could be assigned to the newly formed set of signals (these 

resonances do not correspond to the 1-pentyne oligomer). X-ray diffraction analyses of several 

samples obtained by vapor diffusion crystallization allowed the identification of three 

decomposition products [tBuNH3][tBuBF3], [{tBuBNtBu}2H][SbF6] and [BiMe2(tBuNH2)(SbF6)]. 

 

Figure 47. a) Molecular structure of [tBuNH3][tBuBF3] in the solid state. Displacement ellipsoids 
are shown at the 50% probability level. Hydrogen atoms of tBu groups are omitted for clarity. 
Selected bond lengths (Å) and angles (°): B1–F, 1.426(3)–1.434(3); B1–C5, 1.606(3); N1–C1, 
1.510(3); F∙∙∙H, 1.88; C5–B1–F, 112.91(18)–112.94(17); F–B1–F, 104.96(17)–106.60(17);                 
H–N1–C1, 107.9(16)–113.0(15). b) Cut out of coordination polymer [{tBuNH3}{tBuBF3}]∞.  

The borate salt [tBuNH3][tBuBF3] crystallized in the triclinic space group �̅�1 with Z = 2 

(Figure 47). Hydrogen bonds between the ammonium cation and fluorides of the borate anion are 

present (F∙∙∙H, 1.88 Å), resulting in a two-stranded coordination polymer with cross-links 

extending through the third F∙∙∙H interaction. The generation of RBF3
– indicates the decomposition 

of the SbF6
– anion. However, this borate salt was only detected in trace amounts by 11B NMR 

spectroscopy during the reactions.  
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Figure 48. Molecular structure of [{tBuBNtBu}2H][SbF6] in the solid state. Displacement ellipsoids 
are shown at the 50% probability level. Hydrogen atoms of tBu groups are omitted for clarity. The 
asymmetric unit contains two chemically identical but crystallographically independent formula 
units of [{tBuBNtBu}2H][SbF6], only one of which is discussed because the bonding parameters 
are highly similar. Selected bond lengths (Å) and angles (°): B1–N1, 1.567(16); B1–N2, 1.423(16); 
B2–N1, 1.570(17); B2–N2, 1.444(19); N–C, 1.518(17)–1.533(13); C–B, 1.549(18)–1.576(15); 
F∙∙∙H, 1.99; N–B–N, 92.8(10)–93.7(9); B1–N1–B2, 78.2(9); B1–N2–B2, 87.2(10); H–N1–C, 113.3; 
B–N1–C, 115.5(9)–118.7(9). 

The protonated iminoborane dimer crystallized in the monoclinic space group Cc with Z = 4 

(Figure 48). The asymmetric unit contains two chemically identical but crystallographically 

independent formula units of [{tBuBNtBu}2H][SbF6], only one of which is discussed because the 

bonding parameters are highly similar. The protonated diazadiboretidine forms hydrogen bonds 

with the SbF6
– anion. PAETZOLD et al. reported the selective coordination of metal chlorides ZnCl2 

and AlCl3 to one nitrogen atom of diazadiboretidines.[216] They also reported protolytic ring 

opening reactions of the four-membered ring upon treatment with protic alcohols, which they 

attribute to the hydrolysis sensitivity of diazaboretidines.[216] Obtaining the solid-state structure 

of [{tBuBNtBu}2H][SbF6] now shows for the first time that the protonated form of 

diazadiboretidines are accessible, and at least stable enough to perform X-ray diffraction analysis. 

In contrast to the parent compound 1,3-di-tert-butyl-2,4-di-tert-butyl-diazadiboretidine,[217] the 

protonated form shows significant differences in the N–B distances. The N–B bonds (1.567(16)–

1.570(17) Å) to the ammonium nitrogen are elongated and correspond to B–N single bonds (1.56 

Å).[218] The B1/2–N2 bond lengths of 1.423(16) and 1.444(19) Å lie between B–N single and 

double bonds (BN, ca. 1.38 Å).[219] The BNBN torsion angle in [{tBuBNtBu}2H][SbF6] (22°) is 

somewhat larger than in the neutral analog (18°). 
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Figure 49. a) Molecular structure of [BiMe2(tBuNH2)(SbF6)] in the solid state. Displacement 
ellipsoids are shown at the 50% probability level. Hydrogen atoms of tBu and Me groups are 
omitted for clarity. Selected bond lengths (Å) and angles (°): Bi1–C1, 2.220(5), Bi1–C2, 2.233(5); 
Bi1–N1, 2.339(3); Bi1–F1, 2.826(3); N1–Bi1–F1, 162.57(11); C1–B1–C2; 93.8(2); N1–B1–C1, 
90.51(16); N1–Bi1–C2, 85.13(16); F1–Bi1–C1, 80.04(15); F1–Bi1–C2, 80.95(15). b) Eight-
membered rings formed by hydrogen bonds between amine and hexafluoroantimonate. 

[BiMe2(tBuNH2)(SbF6)] crystallized in the monoclinic space group P21/n with Z = 4 (Figure 49). 

The bismuth atom adopts a distorted bisphenoidal coordination geometry with the SbF6
– anion 

and tBuNH2 in the axial positions (162.6°), and methyl groups in equatorial positions with angles 

around bismuth ranging from 80.0 to 93.8°. The Bi–F distance (2.826(3) Å) is significantly 

elongated compared to parent compound [BiMe2(SbF6)] (21, 2.451(3)–2.452(3) Å),[185] which is 

accompanied by a shortening of the N–Bi bond length (2.339(3) Å) compared to other pyridine or 

amine adducts of bismuth cations like 21-py (2.519(7) Å), 22 (2.532(3)–2.600(3) Å) or 

[Bi(NMe2)2(HNMe2)(BPh4)] (2.419(10) Å),[20] and at the lower limit for reported bismuth cations 

with amines as neutral donor ligands (2.36–2.59 Å).[21,51,220,221] The Bi–C distances are in the range 

of those observed for parent compound 21. The amine forms hydrogen bonds to a further SbF6 

moiety, resulting in the formation of eight-membered rings. [BiMe2(tBuNH2)(SbF6)] is the first 

example of a primary amine adduct of an organometallic bismuth cation, the only other example 

of a secondary amine adduct is [Bi(NMe2)2(HNMe2)(BPh4)], which decomposes completely within 

two days in solution to [BPh3(NHMe2)] and BiPh(NMe2)2.[20] Since [BiMe2(tBuNH2)(SbF6)] was 

only obtained in trace amounts, the stability of that compound was not investigated in detail. 

Since all decomposition products, as well as the formation of boroxine, indicate the presence of 

moisture, 1-pentyne was dried and reacted again with 23 and 10 mol% 21. Although this 

prevented the generation of boroxine, this time the only product detected by 11B NMR 
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spectroscopy was the dimer [tBuBNtBu]2. In conclusion, 21 acts as a catalyst in the dimerization 

of iminoborane 24, however, the catalytic incorporation of alkyne units into the B,N-oligomers or 

–heterocycles did not succeed via this approach. This might be due to the longer reaction times 

needed for the oligomerization of 1-pentyne (16 h) compared to the dimerization of 24 (<15 min). 

4 The Diphenylbismuth Cation: Synthesis and Characterization 

The synthesis of aryl-substituted bismuth cations is well-established and their stoichiometric 

reactions[137,221] and catalytic activity in organic transformation, e.g. cross-condensation of 

ketones and aldehydes[48] or Mannich reactions,[49] are well-documented.[23,51,76,82,222,223]  

Bismuth(III) cations are in most cases either stabilized by intra- or intermolecular coordination 

of neutral donor ligands, or by interactions between (weakly) coordinating anions and the 

bismuth center.[19,23,27,28] Although the synthesis of diphenylbismuth cations stabilized by donor 

ligands is well-documented, the generation of the corresponding contact ion pairs beside its 

triflate salt has not been documented in the literature.[224] Analog to the synthesis of 21, the 

synthesis of [BiPh2(SbF6)] (25) was carried out by reacting BiPh2Cl with AgSbF6, yielding 25 in 

77% yield (Scheme 28).  

 

Scheme 28. Synthesis of [BiPh2(SbF6)] (25). 

The addition of a colorless 1,2-difluorobenzene solution of BiPh2Cl to a colorless solution of 

AgSbF6 in 1,2-difluorobenzene is accompanied by the immediate formation of a colorless 

precipitate and a color change of the solution to yellow. After filtration and cooling the filtrate to 

–30 °C for 16 h, 25 was obtained as a yellow solid. The 1H NMR spectrum of 25 in dichloromethane 

shows the expected resonances for the phenyl groups, as well as significant amounts of benzene. 

After removing all volatiles in vacuo for at least two hours, another 1H NMR spectrum showed an 

even higher intensity for the benzene resonance. The same observations were also made when 

working with silanized glassware. This indicates that benzene is formed from the decomposition 

of the BiPh2
+ cation, although the origin of the hydrogen atom or proton has not been determined. 

Nevertheless, 1H and 13C NMR spectra of 25 without impurities were obtained by washing the 

compound with n-pentane and drying in vacuo for a short period of times (<5 min). The 1H NMR 

spectroscopic resonances of the phenyl groups in 25 are shifted downfield compared to BiPh3                

(Δδ = 0.44–0.76 ppm), as observed for the couple BiMe2
+/BiMe3, owing to the electron deficiency 

of the bismuth centers in these cations. The 13C NMR spectroscopic resonance for the ispo-carbon 
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of the phenyl groups is found at δ(13C) = 214.79 ppm, which is an extreme downfield shift 

compared to neutral parent compound BiPh3 (Δδ = 59.6 ppm). The thf adduct of BiPh2
+ shows a 

13C NMR spectroscopic resonance for the same carbon atom at δ(13C) = 198.46 ppm (25-thf) which 

indicates a significant increase in Lewis acidity of the bismuth atom in 25.[137] The 19F NMR 

spectrum shows a resonance for the SbF6
– anion at δ(19F) = –122.2 ppm, indicating a strong cation-

anion interaction. 1H NMR spectroscopic monitoring revealed that a dichloromethane solution of 

25 decomposes to 20% to biphenyl within 6 h, accompanied by the formation of a black 

precipitate. It is noteworthy that this decomposition can be prevented by the exclusion of light, 

and might proceed through a different mechanism than the formation of benzene, which does not 

occur when 25 is stored in solution. 

Crystalline material of 25 was obtained by layering a dichloromethane solution of 25 with 

n-pentane and storage at –30 °C. Several single-crystal X-ray diffraction analyses were performed, 

however, the crystals that were obtained slowly transformed into an ill-defined oily material 

during crystal picking,7 so that the data obtained only serves as proof of connectivity 

(orthorhombic space group Pbca with Z = 8, Figure 50). 

 

Figure 50. a) Molecular structure of 25 in the solid state. Displacement ellipsoids are shown at the 
50% probability level. Hydrogen atoms, a dichloromethane molecule present in the unit cell and 
disordered phenyl groups are omitted for clarity. Atoms of the next formula unit are depicted as 
colorless ellipsoids. b) Cut out of coordination polymer [BiPh2(SbF6)]∞ in the solid state. 

The bismuth atom adopts a bisphenoidal coordination geometry with the phenyl groups in 

equatorial positions and the SbF6
– anion in one of the axial positions. A second SbF6

– anion of a 

neighboring formula unit occupies the second axial position, resulting in a polymeric structure 

                                                        
7 A melting point of 58 °C was determined by visual monitoring of isolated material in the absence of Krytox. 
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along the crystallographic b-axis in the solid state, analog to the molecular structure of 21.[185] 

According to distance criteria, arene∙∙∙Bi interactions might be present, however, this can only be 

discussed with better data quality. 

During the synthesis of 25, trace amounts of another colorless crystalline solid were obtained, 

which were suitable for single-crystal X-ray diffraction analysis. The data revealed the formation 

of [BiPh2(BiPh2Cl)(SbF6)], an adduct between 25 and the starting material BiPh2Cl (25-BiPh2Cl, 

triclinic space group �̅�1 with Z = 2, Figure 51). 

 

Figure 51. a) Molecular structure of 25-BiPh2Cl in the solid state. Displacement ellipsoids are 
shown at the 50% probability level. Hydrogen atoms are omitted for clarity. Atoms of the next 
formula unit are depicted as colorless ellipsoids. Selected bond lengths (Å) and angles (°): Bi–C,                     
2.221(9)–2.243(8); Bi–Cl, 2.688(2), 2.706(2); Bi–F, 2.568(6), 2.573(9); C–Bi–C, 97.0(3), 99.1(4); 
C–Bi–Cl, 87.0(2)–91.6(2); C–Bi–F, 79.1(3)–86.1(3); F–Bi–Cl, 164.7(2)–169.48(15). b) 
Representation of the one-dimensional coordination polymer [{BiPh2(BiPh2Cl)}{SbF6}]∞. 

As expected, the BiPh2Cl forms an intermolecular bond to BiPh2
+ through the chloride substituent 

(a coordination via the bismuth atom in BiPh2Cl is not to be expected due to the Lewis acidity of 

bismuth halides, and the good donor ability of chloride ligands). Both bismuth atoms adopt 

bisphenoidal coordination geometries with the carbon ligands in equatorial (C–Bi–C/F/Cl, 

79.1(3)–99.1(4)°), and the chlorine and fluorine atoms of SbF6
– anions in axial positions (F1–Bi1–

Cl1, 169.48(15)°; Cl1–Bi2–F4, 164.7(2)°). The Bi–F and Bi–Cl bonds to each of the two bismuth 

centers are very similar (Bi–F, 2.568(6), 2.573(9) Å, Bi–Cl, 2.688(2), 2.706(2) Å), indicating a 

delocalization of the positive charge across both bismuth centers. The Bi–Cl distances in 25-

BiPh2Cl are shortened compared to those in the precursor BiPh2Cl (ca. 2.74–2.76 Å).[225] The                  

Bi–C distances (2.221(9)–2.243(8) Å)in 25-BiPh2Cl are significantly longer than those in BiPh2Cl 
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(ca. 2.12–2.14 Å),[225] somewhat shorter than in BiPh3 (Bi–C, 2.21(2)–2.25(3) Å),[226] and within 

the range of those found in other diarylbismuth cations.[82,137] Due to the coordination of 

hexafluoroantimonate to two bismuth centers, a polymeric structure is formed in the solid state, 

which extends along the crystallographic b-axis. 

Like 21, [BiPh2(SbF6)] is a yellow solid, although its adducts with neutral donor ligands are 

colorless.[23] A UV-vis spectrum of 25 in dichloromethane solution shows a broad absorption band 

with a maximum at 261 nm, which stretches into the visible region up to λ > 400 nm.  

 

 

Figure 52. Top: Experimental UV-vis spectrum of 25 (2.4 mM) in dichloromethane (black, 
absorption maximum at 261 nm) and calculated transitions (blue). Bottom: Frontier molecular 
orbitals of compound 25 (isovalues = 0.03) with main contributions to transition T3. 

Additionally, (TD)-DFT studies were performed with the Gaussian program.[103] The results 

presented herein were obtained with the functionals B3LYP[104] for optimizations and CAM-B3LYP 
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for TD-DFT calculations,[105] Grimme D3 dispersion corrections,[106] and 6-31G(d,p)[107] [H, C, F] 

and LANL2DZ[108–110] [Sb, Bi] basis sets with the PCM solvent model (dichloromethane). In good 

agreement with the experimental spectrum, a singlet-singlet transition with a pronounced 

oscillator strength at 261 nm (T3) was obtained (Figure 52). This absorption corresponds to           

HOMO–4→LUMO (6%), HOMO–3→LUMO (53%), HOMO–2→LUMO (26%), and HOMO→LUMO 

(10%) transitions. While the HOMO–4 and HOMO are associated with Bi–C σ-bonds, the HOMO–3 

and HOMO–2 correspond to ligand-centered orbitals. The LUMO represents the vacant p-orbital 

of the bismuth center, which has also partial BiF σ*-antibonding character (Figure 52).  

In the following, an attempt was made to transfer the synthesis of the Bi→Bi adduct 

[BiMe2{BiMe3}][SbF6] to the phenyl analog (Scheme 29, see Chapter VIII). To this end, one 

equivalent of BiPh3 in dichloromethane solution was combined with one equivalent of 25 in DCM.  

 

Scheme 29. Reaction of 25 with BiPh3. 

Comparison of the 1H NMR spectrum of the reaction mixture with 1H NMR spectra of the isolated 

starting materials shows significant shifts of the resonances, and that all phenyl groups in the 

product are magnetically equivalent at room temperature, respectively (Figure 53). 

 

Figure 53. Top: Aromatic region of the 1H NMR spectrum of BiPh3 in CD2Cl2. Middle: Aromatic 
region of the 1H NMR spectrum of [BiPh2(SbF6)] (25) in CD2Cl2. Bottom: Aromatic region of the 1H 
NMR spectrum of [BiPh2{BiPh3}][SbF6] in CD2Cl2. Resonances marked with a black x correspond 
to trace amounts of benzene (see above). Red and green dashed lines illustrate the shifts of the 
phenyl resonances. 
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A variable temperature 1H NMR spectroscopic analysis of the reaction mixture did not lead to a 

splitting of the signals, even at –80 °C, so that a line shape analysis could not be carried out.  

However, attempts to crystallize the product out of the reaction mixture by cooling the solution 

to –30 °C for several days, or layering the solution with n-pentane yielded the starting materials 

BiPh3 or 25 as crystalline solids. Further attempts to isolate the second Bi→Bi adduct in form of 

[BiPh2{BiPh3}][SbF6] were not made in the course of this thesis.  

Nonetheless, with the 1H NMR spectra in hand, it seems like a worthwhile goal to test further 

conditions to isolate the product, or to characterize the Bi→Bi adduct more closely in solution, if 

isolation fails. In this context, a initial step would be to measure 1H DOSY NMR experiments to 

confirm adduct formation in solution. 

5 Dibenzobismepine Cations: Synthesis, Characterization, and Reactivity 

towards Platinum(0) Complexes 

Recently, our group reported the synthesis of cationic dibenzobismepine species via salt 

eliminations (Scheme 30, left).[82]  

 

Scheme 30. Synthesis of cationic bismepine species via salt elimination[82] and halide abstraction. 

In the course of this thesis, a second pathway to cationic bismepine species was established by 

halide abstraction reactions with aluminum trihalides (Scheme 30, right). To avoid ligand 

exchange reactions, the halobismepines were reacted with the aluminum halide carrying the same 

halide. Reactions of 8-I with AlI3 led to decomposition to several unidentified new species 

containing aromatic moieties, preventing the isolation of 8-AlI4. The reactions of 8-Cl with AlCl3, 

and 8-Br with AlBr3 in benzene solution, however, led to the formation of the desired cationic 

bismuth species 8-AlX4. It was not possible to isolate 8-AlCl4 due to decomposition during work-

up. Both reaction mixtures were analyzed by 1H NMR spectroscopy, revealing the full 

consumption of the starting materials after addition of the aluminum halide at ambient 
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temperature. In both cases, the α-protons of the bismepine core are shifted upfield by Δδ = 0.14 

(8-AlCl4) and 0.21 (8-AlBr4) ppm, respectively. Compared to [8-thf2][SbF6] and 8-BF4, which also 

show an upfield shift of these protons in comparison to 8-X (X = Cl, Br, I), the shift is less 

pronounced for 8-AlX4, which might indicate a stronger cation-anion interaction. This is in 

contrast to the 13C NMR spectrum of 8-AlCl4, which shows a resonance for the ipso-carbon at δ(13C) 

= 204.30 ppm. So far, this resonance shows the highest chemical shift for the ipso-carbon atoms 

of cationic dibenzobismepines, suggesting a rather weak interaction between the bismuth atom 

and the counteranion.[82] No 13C NMR spectrum was collected for 8-AlBr4. The broad signals in the 

27Al NMR spectra of 8-AlCl4 (δ(27Al) = 103.1 ppm) and 8-AlBr4 (δ(27Al) = 84.5 ppm) indicate a 

significant interaction of the aluminate anions with the bismuth atom, which is in accordance with 

the 1H NMR spectroscopic results. The contradictory results of the 1H and 27Al NMR spectra 

compared to the data of the 13C NMR spectrum do not allow an exact estimation of the electronic 

situation at the bismuth center, therefore additional investigations (such as theoretical 

calculations) will be necessary to generate a better understanding of this class of compounds. 

However, as the Lewis acidity of the aluminum trihalides increases (AlCl3 < AlBr3 < AlI3),[227] the 

stability of the bismepine aluminate complexes appears to decrease, since the anion-cation 

interactions become increasingly weaker going down the halide group. 

Material suitable for single-crystal X-ray diffraction analysis of 8-AlBr4 was obtained by filtration 

of the reaction mixture, layering the filtrate with n-pentane and storage at ambient temperature 

for 20 h (monoclinic space group P21/c with Z = 4, Figure 54).  



IX MOLECULAR, LEWIS ACIDIC BISMUTH COMPOUNDS 

158 

 

Figure 54. a) Molecular structure of 8-AlBr4 in the solid state. Displacement ellipsoids are shown 
at the 50% probability level. Hydrogen atoms are omitted for clarity. Atoms of the next formula 
unit are depicted as colorless ellipsoids. Selected bond lengths (Å) and angles (°): Bi–C1,                     
2.220(15); Bi1–C14, 2.249(15); Bi1–Br1, 2.9954(16); Bi1–Br2’, 3.0138(15); C7–C8, 1.33(2);                 
Al1–Br1, 2.350(4); Al1–Br2, 2.350(4); Al1–Br3, 2.258(4); Al1–Br4, 2.257(4); C1–Bi1–C14, 
93.2(6); C1–Bi1–Br1, 87.7(4); C14–Bi1–Br1, 87.1(4); C1–Bi1–Br2’, 94.0(4); C14–Bi1–Br2’, 
93.3(4); Br1–Bi1–Br2’, 178.24(5). b) Cut out of coordination polymer [{(C14H10)Bi}{AlBr4}]∞ in the 
solid state. 

The bismuth center in 8-AlBr4 adopts a bisphenoidal coordination geometry with bromine atoms 

in axial positions (178.24(5)°). The solid-state structure of 8-AlBr4 is closely related to that of                 

8-OTf, which also shows a flattening of the bismepine core compared to halobismepines 8-X 

(X = Cl, Br, I). The angle between the mean planes of the benzo groups in 8-AlBr4 (127°) is 

significantly larger than those in 8-X (X = Cl, Br, I, 91.3–100.2°).[82] The Bi–Br bonds in 8-AlBr4 

(2.9954(16)–3.0138(15) Å) are significantly longer than in the starting material 8-Br 

(2.6407(9) Å), resembling the dative nature of such bonds in 8-AlBr4.The aluminate anion acts as 

a bridging counterion with two elongated Al–Br bond lengths of the bridging bromides (ca. 2.35 Å) 

and two shorter ones of the terminal bromides (ca. 2.25 Å), resulting in the formation of a one-

dimensional coordination polymer in the solid state (Figure 54b). 

The reactions of 8-X with AlX3 (X = Cl, Br, I) appear to be strongly solvent-dependent. Reactions 

in the electron-donating solvent THF did not lead to consumption of the starting materials, 
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presumably because of the formation of the aluminum halide thf adducts, which do not react in 

halide abstractions.  

In conclusion, the aluminate complexes 8-AlX4 (X = Cl, Br) show lower stabilities both in solution 

and in the solid state than the previously described dibenzobismepine salts, which is why further 

analytical data was not obtained and reactivity studies of these compounds were not performed.  

However, in the following the reactivity of [8-thf2][SbF6] towards platinum(0) complexes was 

investigated (for the reactivity of [8-thf2][SbF6] towards other transition metal complexes, as well 

as unsuccessful reactions with platinum complexes see Table 9 in the Experimental Part).  

The addition of [Pt(cAACMe)(PCy3)] to a colorless solution of [8-thf2][SbF6] in THF-d8 led to a color 

change to deep red (cAACMe = N-(2,6-diisopropylphenyl)-3,3,5,5-tetramethylpyrrolidin-2-

ylidene). The 1H NMR spectrum of the reaction mixture revealed an upfield shift of the resonance 

of the olefin protons from the dibenzobismepine (Δδ = 1.47 ppm). This indicates the presence of 

an olefin∙∙∙Pt interaction in solution (see Chapter V). Crystallization attempts led to a red solid, 

which could not be analyzed in more detail due to insufficient amounts of material and 

decomposition in the solid state, as well as in solution. However, repeating the reaction in pyridine 

yielded a yellow solid after crystallization from benzene (Scheme 31, top). 

 

Scheme 31. Reaction of [8-thf2][SbF6] with platinum(0) complexes. 

Single-crystal X-ray diffraction analysis of the isolated yellow solid revealed the formation of 

26[SbF6] (Figure 55). The compound crystallized in the triclinic space group �̅�1 with Z = 2. The 

bismuth atom displays a distorted trigonal pyramidal coordination geometry with C–Bi bonds 
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(2.259(7)–2.272(8)) significantly elongated compared to the starting material [8-thf2][SbF6]                           

(2.223(5)–2.238(5) Å), and a sum of angles around Bi1 of 261°. The PCy3 ligand in 

[Pt(cAACMe)(PCy3)] is replaced by the olefin bridge of the bismepinyl ligand, with an olefin∙∙∙Pt 

distance of ca. 2.12 Å. The platinum center adopts a distorted square planar coordination 

geometry with the bismuth atom and a pyridine ligand in trans positions. The Bi–Pt bond in 

26[SbF6] (2.6890(4) Å) is longer than the corresponding bond in [Pt({o-PPh2C6H4}2Bi)X] (X = Cl, 

Br, I, 2.6641(13), 2.6491(5), 2.6363(2) Å) reported by LIMBERG et al., and shorter than in 

[Pt({o-PPh2C6H4}2BiOTf)Cl2] (ca. 2.73 Å).[125] The Bi–Pt bond in [Pt({o-PPh2C6H4}2Bi)X] (X = Cl, Br, 

I) was described as a covalent interaction between the metal centers, and the longer Bi–Pt bond 

in [Pt({o-PPh2C6H4}2BiOTf)Cl2] was ascribed to a dative interaction between the two metals. Thus, 

based on distance critera of the Bi–Pt interaction in 26[SbF6], an unambiguous classification 

either as a dative or as a covalent Bi–Pt interaction is not possible. The elongation of the C–Bi 

bonds in 26[SbF6] (2.259(7)–2.272(8) Å) compared to those in [8-thf2][SbF6] (2.223(5)–

2.238(5) Å) rather suggests a covalent nature of the Bi–Pt interaction, due to a reduced electron 

defiency of the bismuth atom in 26+ compared to [8-thf2]+, which is in accordance with the 

reported Bi–C distances (ca. 2.27 Å) for the complexes prepared by LIMBERG et al. 

[Pt({o-PPh2C6H4}2Bi)X] (X = Cl, Br, I).[125] The assumed covalency of the Pt–Bi bond and the 

presence of the SbF6
– anion indicates a mono cationic Pt(+II) complex, resulting from the oxidative 

addition of [8-thf2][SbF6] to the Pt(0) precursor. No strong directional bonding interactions 

between cation and anion were observed based on distance criteria. 

 

Figure 55. Molecular structure of [26][SbF6] in the solid state. Displacement ellipsoids are drawn 
at the 50% probability level. Hydrogen atoms, lattice bound benzene molecules and ellipsoids of 
the cAACMe ligand are omitted for clarity. Selected bond lengths (Å) and angles (°): Bi1–Pt1, 
2.6890(4); Bi1–C, 2.259(7), 2.272(8); Pt1–N1, 2.146(6); Pt1–C20, 1.999(7); Pt1–Colefiin,                      
2.199(7), 2.264(7); C7–C8, 1.375(11); C1–Bi1–C14, 86.7(3); C–Bi1–Pt1, 85.8(2), 88.79(19);            
Bi1–Pt1–N1, 167.76(16); Bi1–Pt1–C20, 90.7(2); N1–Pt1–C20, 100.6(3). 
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Obtaining larger amounts of substance for isolation and complete characterization of 26[SbF6] 

did not succeed. 26[SbF6] shows full decomposition in solution after 3 h to unidentified 

substances. However, during the attempted preparation of a larger batch of 26[SbF6], small 

amounts of another crystalline material were obtained in one case. X-ray diffraction analysis 

revealed the formation of [Pt(cAACMe)(PCy3)(BiCl2)Cl], the oxidative addition product of the 

bismuth chloride bond of BiCl3 across [Pt(cAACMe)(PCy3)] (monoclinic space group, P21/c with 

Z = 4, Figure 56). The origin of BiCl3, which consequently must have been present in the reaction 

solution, can be assumed to result from the synthesis of [8-thf2][SbF6].  

 

Figure 56. Molecular structure of [Pt(cAACMe)(PCy3)(BiCl2)Cl] in the solid state. Displacement 
ellipsoids are drawn at the 50% probability level. Hydrogen atoms and lattice bound benzene 
molecules are omitted for clarity. Selected bond lengths (Å) and angles (°): Bi1–Pt1, 2.6074(6); 
Bi1–Cl, 2.541(2)–2.5490(19); Pt1–P1, 2.3584(18); Pt1–Cl1, 2.3788(17); Pt1–C19, 2.037(7);               
Bi1–Pt1–Cl1, 171.08(5); Bi1–Pt1–C19, 94.44(18); Bi1–Pt1–P1, 90.27(5); Cl2–Bi1–Cl3, 91.26(7); 
Cl–Bi1–Pt1, 100.20(5), 108.55(5); P1–Pt1–C19, 174.33(19).  

The bismuth atom adopts a distorted trigonal pyramidal coordination geometry with sum of 

angles around Bi1 of 300°. Intermolecular interactions, which are present in the related trans-

[PtCl(PCy3)2(BiCl2)] complex,[228] do not occur in [Pt(cAACMe)(PCy3)(BiCl2)Cl] based on distance 

criteria. The Pt–Bi bond length (2.6074(6) Å) is in the same range as in trans-[PtCl(PCy3)2(BiCl2)] 

(ca. 2.60 Å), but significantly shorter than that in 26[SbF6] (2.6890(4) Å), which might reflect the 

higher electron deficiency of the bismuth atom resulting from the chloride substituents. The 

platinum center adopts a distorted square pyramidal coordination geometry similar to that in 

trans-[PtCl(PCy3)2(BiCl2)]. Further analytical data for [Pt(cAACMe)(PCy3)(BiCl2)Cl] was not 

obtained.  

26[SbF6] could not be obtained in sufficient quantities in an analytically pure form. However, 

since the change from THF to pyridine as polar solvents seems to increase the stability of the 

resulting platinum bismuth complex, the use of even stronger σ-donating ligands to stabilize the 

system was probed.  



IX MOLECULAR, LEWIS ACIDIC BISMUTH COMPOUNDS 

162 

The reaction of the bismepine cation [8-thf2][SbF6] with [Pt(PCy3)2] in THF solution led to full 

conversion of the starting materials according to 1H and 31P NMR spectroscopy. The 1H NMR 

spectrum of the reaction mixture showed an upfield shift of the olefin protons in the bismepinyl 

ligand (Δδ = –1.01 ppm), indicating the presence of a transition metal-olefin interaction. The 31P 

NMR spectrum showed a major resonance at δ(31P) = 40.83 ppm and minor amounts of free PCy3. 

The resonance at δ(31P) = 40.83 ppm showed a 1JPPt coupling constant of 2881.4 Hz, indicating two 

phosphine ligands in a trans conformation. These two structural features, i.e. the presence of an 

olefin∙∙∙Pt interaction and two phosphane ligands in trans positions, can only be combined in a 

dinuclear complex (Scheme 32). 

 

Scheme 32. Reaction of [8-thf2][SbF6] with PCy3 and postulated dinuclear reaction product. 

However, attempts to isolate the reaction product led to decomposition and the isolation of a black 

solid, presumably “bismuth black”.[16] LIMBERG et al. succeeded in the isolation of a platinum 

bismuth complex by adding tBuNC to the reaction mixture. They presumed an equilibrium 

between the isolated tert-butylisonitrile-free bismuth platinum complex and a complex in which 

the isonitrile coordinates to the metal center, thus stabilizing the complex. In their hands, only the 

isonitrile-free complex crystallized from this equilibrium.[18]  

Based on these results, [8-thf2][SbF6] was reacted with [Pt(PCy3)2] in the presence of one and two 

equivalents of tBuNC, respectively. Both attempts led to decomposition of the reaction product. 

However, the use of an excess of tBuNC yielded a yellow crystalline solid after crystallization from 

the reaction mixture in THF and n-pentane at –30 °C (Scheme 31, bottom). The solid-state 

structure of the reaction product revealed the formation of [({C14H10}Bi)Pt(PCy3)(tBuNC)2] 

27[SbF6] (monoclinic space group P21 with Z = 2, Figure 57). 
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Figure 57. Molecular structure of [27][SbF6] in the solid state. Displacement ellipsoids are shown 
at the 50% probability level. Split positions of disordered tBu groups and SbF6 anions, hydrogen 
atoms and THF molecules in the lattice are omitted for clarity. Selected bond lengths (Å) and 
angles (°): Bi1–Pt1, 2.7417(7); Bi1–C1, 2.250(14); Bi1–C14, 2.250(13); Pt1–C,                                
1.945(12)–1.960(12); Pt1–P1, 2.351(3); C7–C8, 1.350(18); C1–Bi1–C14, 88.3(5); Bi1–Pt1–P1, 
172.93(8); C–Bi1–Pt1, 100.6(3)–100.7(3); CNC–Pt1–CNC, 169.8(5); CNC–Pt1–Bi1, 86.1(4), 87.5(4). 

27[SbF6] contains a monocationic platinum complex (27+) with two isonitriles, one 

cyclohexylphosphane and one bismepinyl unit as ligands. The platinum center adopts a distorted 

square planar coordination geometry with the isonitriles in trans positions. In contrast to 26+, in 

which the bismepinyl ligand binds through the bismuth atom and the olefin backbone to the 

transition metal center, a platinum-olefin interaction is not present in 27+ based on distance 

criteria. This can also be seen from the C7–C8 bond length of 1.350(18) Å, which is in the range of 

a C=C double bond.[99] The bismuth atom adopts a trigonal pyramidal coordination geometry with 

a sum of angles around Bi1 of ca. 289°. The estimated standard deviations of the Bi–C distances in 

27+ are relatively large, which is why these bond lengths cannot be discussed. The Bi–Pt bond 

length (2.7417(7) Å) is significantly longer than in the related species 26[SbF6] (2.6890(4) Å), 

although a direct comparison is hampered by the differing chelating bonding mode of the 

bismepinyl ligand in 26[SbF6]. Nonetheless, both bond lengths lie in the range of reported Bi–Pt 

distances in platinum bismuth compounds (2.6119(14)–2.8373(11) Å).[18,125,229,230]  

The 1H NMR spectrum of 27[SbF6] shows the expected coupling pattern for bismepines in the 

region of aromatic protons. The chemical shift for the olefin moiety (δ(1H) = 6.93 ppm) indicates 

that the double bond does not coordinate to the platinum center. The resonance in the 31P NMR 

spectrum at δ(31P) = 53.93 ppm shows satellites with coupling to 195Pt (1JPPt = 1810.3 Hz). The 1JPPt 

couplings constants of 3051.5 Hz and 2789.9 Hz, respectively, in the complex                                               

[Pt({o-PPh2C6H4}2BiOTf)Cl2], and of 2959–2888 Hz for [Pt({o-PPh2C6H4}2Bi)X] (X = Cl, Br, I), 
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synthesized by LIMBERG et al. are significantly higher than the value found for 27[SbF6], suggesting 

a weaker P–Pt bond in 27[SbF6], although a clear comparison is hampered by different 

geometries.[125] However, cis-Pt(PCy3)2(H)(SiEt3) shows a 1JPPt coupling constant of 2721 Hz for 

the Pt–P bond trans to H, therefore indicating a stronger trans influence of the bismepinyl ligand 

compared to a hydride ligand. The 13C NMR resonance for the ipso-carbon atoms of the bismepinyl 

ligand is shifted upfield (δ(13C) = 146.10 ppm) compared to the cationic bismepine [8-thf2][SbF6]                      

(δ(13C) = 193.90 ppm).[82] This suggests a significant increase in electron density at the bismuth 

center. A signal for the platinum atom was not detected in 195Pt NMR spectroscopic experiments. 

This may be caused by the adjacent 209Bi nucleus with nuclear spin I = 9/2, which induces extreme 

quadrupolar line broadening, making detection more difficult. 

Calculations were carried out on 27[SbF6]. An NBO analysis suggests the absence of a donor-

acceptor bonding situation between platinum and bismuth, which is in contrast to the system 

[Pt({o-PPh2C6H4}2BiCl)Cl2] published by LIMBERG (NBO = Natural Bond Orbitals). In the latter, the 

Bi–Pt bond is described as a Pt(5d)→Bi(6p) interaction with a stabilizing energy of                                          

24.4 kcal · mol–1.[123] Such an interaction does not occur in 27[SbF6] according to second-order 

perturbation analysis. This suggests a covalent nature of the Bi–Pt bond in 27[SbF6], which 

implies a cationic Pt(+II) center, similar to that in 26[SbF6]. Thus, in both cases, a polarity reversal 

from a cationic bismuth center in the starting material [8-thf2][SbF6] to a neutral bismuth atom 

in 26+ and 27+ took place, which is accompanied by the oxidation from Pt(0) in [Pt(PCy3)2] and 

[Pt(cAACMe)(PCy3)] to Pt(+II) in 26+ and 27+.  

In summary, it was possible to gain first results in the chemistry of platinum complexes with 

bismepinyl ligands. However, it was not possible to obtain full analytical data for 26[SbF6] and 

27[SbF6], so that further attempts to stabilize those systems (26[SbF6]), or to produce larger 

amounts of substance (27[SbF6]), respectively, have to be made in order to obtain analytically 

pure substances.  

6 Reactions beyond Lewis Acid/Base Reactions 

Reactions carried out as part of this thesis, which cannot be directly attributed to the properties 

of the bismuth compounds as Lewis acids, are briefly presented here. 

Inspired by the results concerning the oxidative addition of XeF2 to a bismuth(III) center to form 

fluorinated bismuth(V) species by the research group of CORNELLA,[231] [BiPh2][OTf] was combined 

with one equivalent of XeF2. This led to the formation of [BiPh3][OTf]2, as isolated in 37% yield 

(Scheme 33). The [BiPh3]2+ bismuth(V) dication has already been described in the literature.[232] 
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Scheme 33. Reaction of BiPh2
+ with XeF2 to yield BiPh32+. 

Gas evolution, presumably xenon gas, was observed during the course of the reaction, pointing 

towards a redox reaction where Bi(III) is partially oxidized to Bi(V) and Xe(II) is reduced to 

elemental xenon. Accordingly, PhBiF2 must have been formed as a by-product, but could not be 

identified by 1H and 19F NMR spectroscopic analyses. However, a dark brown precipitate was 

formed during the reaction, which might result from the decomposition of PhBiF2. 

(Difluoro)organobismuth(III) species have not been described in the literature to date, which may 

be due to their intrinsic instability. Since [BiPh3][OTf]2 is a fully characterized literature-known 

compound, no further analyses were performed.  

The analog reaction of 21 with XeF2 at ambient temperature led to gas evolution and at least four 

new species containing fluorine atoms according to 19F NMR spectroscopy. Since an isolation of 

one of these species did not succeed, this approach was discarded. 

The reaction of 8-Cl with SbF3 was intended to result in an exchange of the halide substituent at 

bismuth, resulting in the formation of 8-F. Instead of the desired product, the halostibepine 

[{C14H10}SbCl] was isolated and crystallographically characterized (Figure 58).  

 

Figure 58. a) Reaction between 8-Cl and excess SbF3 (4.3 eq.). b) Molecular structure of 
[{C14H10}SbCl] in the solid state. Displacement ellipsoids are shown at the 50% probability level. 
Hydrogen atoms are omitted for clarity. Only one of two crystallographically distinct molecules 
present in the asymmetric unit is shown. Selected bond lengths (Å) and angles (°): Sb1–Cl1, 
2.4233(13); Sb1–C1, 2.173(5); Sb1–C14, 2.164(5); C7–C8, 1.337(7); C1–Sb1–Cl1, 94.12(14);             
C14–Sb1–Cl1, 94.39(14); C1–Sb1–C14, 88.10(18); angle(C1-C6)/(C9-C14), 102.1. 
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According to 1H NMR spectroscopy, [{C14H10}SbCl] represents the major product of the reaction 

(90%). The 1H NMR spectrum of the halostibepine shows a similar resonance pattern as for 8-Cl 

and other halobismepines. A significant difference between 8-Cl and the halostibepine is the 

chemical shift of the α-protons, i.e. the protons of the CH unit adjacent to the ispo-carbon atom 

attached to Sb, which is shifted upfield from 8-Cl (Δδ = –0.8 ppm). 

[{C14H10}SbCl] crystallized in the monoclinic space group P21/c with Z = 8 (Figure 58b). The 

antimony atom adopts a trigonal pyramidal coordination geometry with slightly larger angles 

around Sb1 (88.10(18)–94.39(14)°) compared to the solid-state structure of 8-Cl (85.94(17)–

93.68(13)°).[82] Based on distance criteria intermolecular interactions are not present, which is in 

contrast to the halobismepine species, which forms one-dimensional coordination polymers in 

the solid state.[82] As described for 8-Cl, the chlorostibepine adopts a boat conformation in which 

an Sb1∙∙∙olefin interaction might be present based on Sb1∙∙∙C7 and Sb1∙∙∙C8 distances of ca. 3.19 Å, 

which is 15% below the sum of the van-der-Waals radii (3.76 Å). DFT studies to investigate this 

potential interaction have not been performed, yet.  

The synthesis of stibepines commonly proceeds via tin-antimony exchange.[233,234] In addition, the 

synthesis of stibepines via salt eliminations has been described.[235] The access to halostibepines 

by metal exchange from bismuth to antimony has not been described so far.
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X Bismuth Atoms in Hydrocarbon ligands: Bismepines as Rigid, 
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This chapter was published in: Jacqueline Ramler, Leonie Wüst, Anna Rempel, Laura Wolz, Crispin 

Lichtenberg, Organometallics 2021, 40, 832–837. Reproduced from ref. 255 with permission from 

the American Chemical Society. 
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XI Combined Experimental and Theoretical Studies towards Mutual 

Osmium-Bismuth Donor/Acceptor Bonding 

This chapter was published in: Jacqueline Ramler, Krzysztof Radacki, Josh Abbenseth, Crispin 

Lichtenberg, Dalton Trans. 2020, 49, 9024–9034. Reproduced from ref. 221 with permission from 

the Royal Society of Chemistry. 
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XII Carbon Monoxide Insertion at a Heavy p-Block Element: 

Unprecedented Formation of a Cationic Bismuth Carbamoyl 

This chapter was published in: Jacqueline Ramler, Jordi Poater, Florian Hirsch, Benedikt Ritschel, 

Ingo Fischer, F. Matthias Bickelhaupt, Crispin Lichtenberg, Chem. Sci. 2019, 10, 4169–4176. 

Reproduced from ref. 254 with permission from the Royal Society of Chemistry. 
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XIII Methylbismuth: an Organometallic Bismuthinidene Biradical 

This chapter was published in: Deb Pratim Mukhopadhyay, Domenik Schleier, Sara Wirsing, 

Jacqueline Ramler, Dustin Kaiser, Engelbert Reusch, Patrick Hemberger, Tobias Preitschopf, Ivo 

Krummenacher, Bernd Engels, Ingo Fischer, Crispin Lichtenberg, Chem. Sci. 2020, 11, 7562–7568. 

Reproduced from ref. 236 with permission from the Royal Society of Chemistry.  
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XIV  Bismuthinidenes 

Recently, in cooperation with the research groups of Prof. FISCHER and Prof. ENGELS, we have 

demonstrated the generation of the free organometallic bismuthinidene BiMe from BiMe3 via 

thermal homolysis in the gas phase.[236] Bismuthinidenes are bismuth species with the metal atom 

in the oxidation state +I. Organometallic bismuthinidenes are, to date, only isolable by 

stabilization as Lewis base adducts (Scheme 34).[64–66] For non-stabilized organometallic 

bismuthinidenes singlet and triplet ground states are theoretically conceivable (Scheme 34).  

 

Scheme 34. Lewis-base-stabilized and non-stabilized bismuthinidenes with their corresponding 
valence orbitals. 

Spectroscopic characterization and theoretical calculations supported a triplet biradical ground 

state for the first Lewis base-free organometallic bismuthinidene, BiMe.[236]  

1 Trimethylbismuth: Precursor for BiMe and Trapping Reactions 

As mentioned above, BiMe was generated via thermal homolysis from BiMe3 in the gas phase and 

described as a biradical. Additionally, a trapping reaction with Ph2S2 in the condensed phase 

yielding MeBi(SPh)2 suggested that BiMe may be formed as a transient intermediate upon 

thermolysis of BiMe3, which was further supported by EPR experiments (see Chapter XIII).[236] 

Additional attempted trapping reactions are summarized in Table 5.  
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Table 5. Attempted trapping reactions for the in situ generated bismuthinidene BiMe.  

Entry trapping reagenta reaction conditions result 

1 phenanthrene-9,10-dione 120 °C, toluene, 4 d 
selective formation of a new 
species, no isolation 

2 
3,5-di-tert-butyl-ortho-
benzoquinone 

120 °C, neat, 7 h 
unselective reaction, no 
product isolated 

3 
3,6-di-tert-butyl-ortho-
benzoquinone 

120 °C, neat, 7 h no reaction 

4 
2,5-di-tert-butyl-para-
benzoquinone 

i) benzene, 60 °C, 1 h 
ii) benzene, 455 nm, 3 d 

i) no reaction 
ii) unselective reaction, 
small amounts of 2,5-di-
tert-butyl-para-hydro-
quinone 

5 
2,6-di-tert-butyl-para-
benzoquinone 

i) benzene, 60 °C, 1 h 
ii) 455 nm, 3 d 

i) no reaction 
ii) unselective reaction 

6 o-chloranil 120 °C, neat, 16 h 
unselective reaction (see 
text) 

7 diphenylacetylene 
i) 120 °C, neat, 16 h 
ii) hν, benzene, 24 h 

color change to green, but 
no significant conversions 
(<10%) 

8 para-tolylacetylene 130 °C, neat, 16 h 
color change to yellow, but 
no significant conversions 
(<10%) 

9 
1,4-bis(trimethylsilyl)buta-
1,3-diyne 

i) 120 °C, neat, 16 h, 
ii) hν, benzene, 2 h, 

no reaction 

10 1,4-diphenylbuta-1,3-diyne 
i) 120 °C, toluene, 3 d 
ii) 120 °C, neat, 3 d 

no reaction 

11 benzil 120 °C, neat, 16 h no reaction 

12 Se2Ph2 120 °C, neat, 20 h MeBi(SePh)2 (see text) 

13 cAACMe hν, benzene, 3 h 
color change to faintly pink, 
decoloration after 5 min 

a The trapping reagents were all used in excess (≥5 eq.), with the exception of o-chloranil and 
Se2Ph2, which were used in equimolar amounts. o-chloranil = tetrachloro-ortho-benzoquinone. 
benzil = 1,2-diphenylethane-1,2-dione. 

At this point, only the most promising conversions will be discussed. Based upon these results, it 

is clear that harsh conditions are required to achieve significant conversions. For example, heating 

a mixture of phenanthrene-9,10-dione and BiMe3 to 120 °C in toluene solution for 4 d led to a new 

species, as well as stoichiometric amounts of unreacted phenanthrene-9,10-dione and BiMe3 

(entry 1). The new species shows a singlet at δ(1H) = 1.35 ppm in its 1H NMR spectrum, likely 

corresponding to a methyl group bound to a bismuth center. An additional singlet at                                 

δ(1H) = 4.01 ppm indicates the formation of an ether moiety. The resonance pattern in the 

aromatic region indicates an unsymmetrically substituted phenanthrene moiety. However, 
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crystallization attempts only led to the isolation of phenanthrene-9,10-dione, or yielded 

amorphous material in quantities that were so small that further analyses were not possible. 

The reaction of neat BiMe3 with o-chloranil led to full consumption of BiMe3 after 16 h at 120 °C 

(Table 5, entry 6). Upon dissolving the resulting dark red-brown residue in C6D6 a single 1H NMR-

spectroscopic resonance (singlet) was found at δ(1H) = 2.33 ppm, which argues for the formation 

of an O2BiMe moiety as in compound 28 (Scheme 35).  

 

Scheme 35. Reaction of BiMe3 with o-chloranil and proposed product 28 according to 1H NMR 
spectroscopy. 

Evaporation of the solvent and subsequent washing with n-pentane and methylene chloride 

yielded a brown powder, which was recrystallized from THF and n-pentane. Small amounts of 

crystalline material were obtained after storage at –30 °C for 30 d. Single-crystal X-ray diffraction 

analysis revealed the formation of [(C6Cl4O2)Bi(thf)2Cl]2, (29) which crystallized in the monoclinic 

space group P21/n with Z = 2 (Figure 59).  

 

Figure 59. Molecular structure of [(C6Cl4O2)Bi(thf)2Cl]2 (29) in the solid state. Displacement 
ellipsoids are drawn at the 50% probability level. Hydrogen atoms and split positions of 
disordered thf molecules are omitted for clarity. Selected bond lengths (Å) and angles (°):                      
Bi1–Cl1, 2.522(4); Bi1–O1, 2.579(7); Bi1–O2, 2.503(10); Bi1–O3, 2.129(8); Bi1–O4, 2.217(9);              
Bi1–O4’, 2.637(8); Bi1∙∙∙Cl5’, 3.324; O3–C6, 1.350(15); O4–C5, 1.350(15); Cl1–Bi1–O1, 171.0(2); 
Cl1–Bi1–O2-4, 87.4(3)–90.4(2); O2–Bi1–O3, 76.5(3); O3–Bi1–O4, 75.7(3); O4–Bi1–O4’, 68.5(3); 
O2–Bi1–Cl5’, 80.30.  
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The solid-state structure shows the bismuth atom bound to o-chloranil through two O–Bi 

interactions. One chlorine atom acts as a third ligand, and two thf molecules additionally stabilize 

the Lewis-acidic bismuth center. The coordination sphere is completed by the formation of a 

dimer, with one oxygen atom of the o-chloranil ligand bridging between two bismuth centers. 

Based on distance criteria, weak Bi1∙∙∙Cl5’ (ca. 3.32 Å, 13% under the sum of the van-der-Waals 

radii of 3.82 Å) interactions are also present. The bismuth atoms in [(C6Cl4O2)Bi(thf)2Cl]2 adopt a 

distorted pentagonal bipyramidal coordination geometry with the chlorine atom and one thf 

ligand in axial positions (171.0(2)°). The Bi–O bonds involving the thf ligands (2.522(4)–

2.579(7) Å), as well as the Bi1–O4’ bond (2.637(8) Å), which is the longest Bi–O bond in this 

compound, are significantly longer than the Bi–O3/4 distances, which involve oxygen atoms of a 

o-chloranil ligand that acts as a chelating ligand towards Bi1 (2.129(8)–2.217(9) Å). These results 

reflect the differences in the dative vs. covalent nature of the Bi–O interactions in 29. The bond 

lengths of the dative Bi–O interactions,[237,238] as well as the bond lengths of the covalent bismuth 

oxygen interactions,[239,240] are in the expected range compared to related neutral, Lewis-acidic 

bismuth species such as BiCl3(thf)2 and bismuth alkoxides. The reduction of o-chloranil to a 

dianionic chelating ligand is confirmed by the elongated C–O bonds in 29 (1.350(15) Å), as 

compared to those in the free starting material (1.208(4) Å),[241] as well as to o-chloranil 

coordinating as a neutral donor in compounds as Cr(0)(o-chloranil)2 (ca. 1.251–1.342 Å),[242,243]. 

Interestingly, the bismuth atoms in 29 bear chloride ligands instead of a methyl group as expected 

for 28. Due to the absence of other chlorine sources, the source of the chlorine atoms is likely to 

be o-chloranil itself. Due to the small amounts of material collected, a yield of 27 could not be 

determined. To gain further insights into the course of the reaction, a high-resolution mass 

spectrum of the reaction mixture in pyridine was acquired. A peak at m/z = 467.8703 was found 

(ASAP, negative mode), which corresponds to 28 plus one electron ([C7H3BiCl4O2]•–,                                       

m/z = 467.8969). However, the signal was very weak in intensity (<5%). No peak indicating the 

presence of 29 (or a thf-free analog) was detected. The fact that 29 could not be detected by mass 

spectrometry, suggests that it is formed as a minor side product. 

As mentioned above, the reaction of BiMe3 with S2Ph2 at 120 °C yielded MeBi(SPh)2 in 41% 

yield.[236] The analog reaction with Se2Ph2 as a trapping reagent led to the isolation of MeBi(SePh)2 

in 20% yield as a light-yellow solid, characterized by 1H, 13C and 77Se NMR spectroscopy (Table 5, 

entry 13). To clearly demonstrate that the reactions of BiMe3 with E2Ph2 (E = S, Se) at elevated 

temperatures proceed via the generation of a bismuthinidene, spectroscopic yields above 50%, or 

isolated yields close to 50%, would be required, otherwise a polar mechanism for the formation 

of MeBi(EPh)2 cannot be ruled out. Since the reaction with Se2Ph2 was also inconclusive in this 

respect, this approach was not pursued further. 
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In conclusion, the trapping reactions attempted thus far have not provided unambiguous proof of 

the generation of BiMe from the thermolysis of BiMe3. The reasons for this might be that BiMe is 

not formed in sufficient quantities under the conditions employed, that any BiMe that is generated 

decomposes too rapidly to undergo selective trapping reactions, or that the trapping reactions are 

not sufficiently selective. In the future, the use of (sterically demanding) Lewis bases could be 

useful to trap the desired bismuthinidene. If the generation of BiMe from BiMe3 by thermolysis 

under standard laboratory conditions could be demonstrated, it would enable the facile 

introduction of the “BiMe” building block into organic and inorganic substrates. 

2 Lighter Congeners: AsMe3 and SbMe3  

In light of the results obtained for BiMe3 as a precursor for BiMe, the lighter congeners AsMe3 and 

SbMe3 were synthesized and their potential as precursors for EMe species (E = As, Sb) was 

investigated in the condensed phase.  

For that, in analogy to BiMe3,[236] toluene solutions of EMe3 and the radical trap PBN were heated 

to 60 °C for 2 h 20 min and subsequently analyzed by EPR spectroscopy (E = As, Sb; PBN = N-tBu-

α-phenylnitrone) (Scheme 36).  

 

Scheme 36. Spin trapping reaction of unknown radical species from EMe3. E = As, Sb. 

For both reactions, a resonance with intensities ca. ten times weaker than for the analog reaction 

with BiMe3 were detected. However, the signals that were detected for E = As, Sb show only a 

partial overlap with the spectrum simulated for radical 30 with X = Me. A closer analysis shows 

that the experimentally detected weak resonances are more complex, suggesting that more than 

one radical species is present (Figure 60). Nonetheless, this indicates the formation of radicals 

upon heating AsMe3 and SbMe3 at moderate reaction temperatures in the condensed phase. 

Importantly, the formation of radicals occurs to lesser extents and with lower selectivities than in 

the case of BiMe3.  
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Figure 60. Abstraction and spin trapping of an unknown fragment from EMe3 (black spectrum, 
E = As, Sb). The red spectra represent the simulated spectrum for the methyl radical abstraction 
product 30 (X = Me, see Scheme 36). 

Accordingly, in analogy to the synthesis of MeBi(SPh)2, neat EMe3 (E = As, Sb) was reacted with 

one equivalent of S2Ph2 at 120 °C for 4 d (Scheme 37).  

 

Scheme 37. Attempted reactions of EMe3 with S2Ph2. E = As, Sb. 

1H NMR spectroscopic analyses of the reaction mixtures in C6D6 showed no (AsMe3), or very low 

conversions (<5%, SbMe3) of the starting materials, which is in accordance with the EPR 

spectroscopic results. This indicates that the selective homolytic E–Me bond dissociation is more 

difficult to address for E = As, Sb, than was observed for BiMe3 under standard laboratory 

conditions. 

The potential formation of EMe from EMe3 (E = As, Sb) should further be investigated by 

synchrotron radiation experiments. Their electronic structures should then be characterized by 

computational analyses and photoelectron spectroscopic investigations, in order to elaborate on 

the differences between the AsMe3, SbMe3 and BiMe3.  

3 Bi(allyl)3: Potential Precursor for an Organometallic Bismuthinidene 

Tris(allyl)bismuth (31) was chosen in order to investigate the influence of electronic factors on 

the generation of bismuthinidenes starting from BiR3 species (allyl = C3H5). The decomposition of 

Bi(allyl)3 by formation of 1,5-hexadiene has already been described,[22] therefore a stepwise 
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homolytic Bi–C bond cleavage can be postulated, similar to the stepwise methyl-radical loss for 

BiMe3. The Bi(I) species thus formed could again theoretically adopt two different electronic 

structures and one additional tautomer (Scheme 38).[236]  

 

Scheme 38. Postulated stepwise abstraction of allyl-radicals from 31 in the gas phase by flash 
pyrolysis.  

In cooperation with the research group of Prof. FISCHER, photoelectron spectroscopic experiments 

were carried out. However, the conditions chosen resulted only in the detection of signals of 

unidentified species, or Bi(0). Nonetheless, in analogy to BiMe3, 31 was reacted with 

stoichiometric amounts of S2Ph2 in the condensed phase (Scheme 39).  

 

Scheme 39. Reaction of 31 with S2Ph2 leading to several products, and the isolation of Bi(SPh)3 
after work-up. 

The reaction of 31 with S2Ph2 was monitored by 1H NMR spectroscopy, revealing the incomplete 

conversion (~70%) of Bi(allyl)3 to four new species after 6 h at 70 °C. The formation of 1,5-

hexadiene (29%) and (allyl)SPh (14%) was unambiguously identified by comparison with the 1H 

NMR spectra of the pure substances. The remaining resonance patterns and integral ratios 

suggested the presence of species of the chemical composition (allyl)2Bi(SPh) (51%) and 

(allyl)Bi(SPh)2 (32, 6%). Unexpectedly, after filtration of the reaction mixture, layering the filtrate 

with n-pentane and storage at ambient temperature, a red crystalline solid was obtained after 

16 h by filtration, which was identified as Bi(SPh)3 by single-crystal X-ray diffraction analysis and 

1H NMR spectroscopy,[244] and isolated in 25% yield. 

In order to synthesize (allyl)Bi(SPh)2 to confirm its formation in the above-mentioned reaction, 

Bi(allyl)3 was comproportionated with two equivalents of BiCl3 in dichlormethane solution at 

ambient temperature. Instead of the desired Bi(allyl)Cl2, Bi(allyl)2Cl was isolated in 51% yield as 

a yellow solid (Scheme 40a,b).  
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Scheme 40. a) Failed synthesis of Bi(allyl)(SPh)2 by generation of Bi(allyl)Cl2 and subsequent salt 
elimination , and b) product Bi(allyl)2Cl isolated instead. c) Reaction of Bi(allyl)3 with Bi(SPh)3 to 
generate the desired Bi(allyl)(SPh)2.  

Combining 31 with two equivalents of BiCl3 in CD2Cl2 led to the formation of a black solid, and a 

1H NMR spectrum of the reaction mixture revealed the formation of one new species with two 

multiplets at δ(1H) = 3.62 and 6.43 ppm in a 4:1 ratio. This indicates a fluxional behavior for the 

allyl groups as described for the Bi(allyl)2
+ cation.[22] Filtration and crystallization from the filtrate 

at –30 °C yielded a yellow crystalline solid, which decomposed to a black material after 1 h at 

ambient temperature. However, a 1H NMR-spectroscopic analysis of the black residue showed the 

same resonance pattern as the reaction mixture. Crystallization from the mother liquor yielded 

yellow crystals suitable for X-ray diffraction analysis, which started decomposing within a few 

minutes at ambient temperature. X-ray diffraction analysis revealed the formation of Bi(allyl)2Cl 

(monoclinic space group P21/c with Z = 4, Figure 61).  
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Figure 61. a) Molecular structure of [Bi(C3H5)2Cl]. Displacement ellipsoids are drawn at the 50% 
probability level. Hydrogen atoms are omitted for clarity. Atoms exceeding one formula unit are 
shown as white ellipsoids. b) Representation of the coordination polymer [Bi(C3H5)2Cl]∞. Selected 
bond lengths (Å), and angles (°): Bi1–C1, 2.287(5); Bi1–C4, 2.279(4); Bi1–Cl1, 2.7237(11); 
Bi1∙∙∙Cl1’, 2.8179(11); C1–C2, 1.481(7); C2–C3, 1.311(7); Cl1–Bi1–Cl1’, 175.11(2); C4–Bi1–C1, 
95.28(17); C1–Bi1–Cl1, 87.30(12); C1–Bi1–Cl1’, 89.52(13); C4–Bi1–Cl1, 86.94(13); C4–Bi1–Cl1’, 
89.66(12).  

The bismuth atom in Bi(allyl)2Cl adopts a bisphenoidal coordination geometry with the chlorine 

atoms in axial positions and the carbon based substituents in equatorial positions, and shows 

bonding parameters similar to Bi(allyl)2I.[22] As observed for Bi(allyl)2I, the chlorido derivative 

forms a linear polymeric structure in the solid state by intermolecular Cl–Bi interactions 

(2.8179(11) Å), which are slightly elongated compared to the intramolecular Bi–Cl distances 

(2.7237(11) Å). The Bi–C bonds in Bi(allyl)2Cl (2.279(4)–2.287(5) Å) are shortened compared to 

Bi(allyl)2I (2.299(10)–2.301(11) Å),[22] which can be ascribed to the more electronegative chlorido 

ligand. The decomposition of Bi(allyl)2Cl into a black solid at ambient temperature indicates poor 

stability of the compound.  

Since the synthesis of 32 via route a) in Scheme 40 failed, a different approach was pursued: 

Bi(SPh)3 was synthesized according to the literature procedure[244] and reacted with 0.5 

equivalents of Bi(allyl)3 (31) to generate 32 by comproportionation (Scheme 40c). After 3 h at 

ambient temperature in methylene chloride the reaction mixture was filtered and layered with n-

pentane. 32 was isolated as yellow needles by filtration in 80% yield and fully characterized. The 

first coordination sphere of the solid-state structure of 32 shows the bismuth atom in a trigonal 

pyramidal coordination geometry with an angular sum of 274.9° (triclinic space group �̅�1 with 

Z = 2, Figure 62).  
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Figure 62. a) Molecular structure of [Bi(SPh)2(C3H5)] (32). Displacement ellipsoids are drawn at 

the 50% probability level. Hydrogen atoms and disordered phenyl-groups are omitted for clarity. 

b) Cut out of coordination polymer [Bi(SPh)2(C3H5)]∞. Selected bond lengths (Å) and bond angles 

(°): Bi1–S1, 2.5873(12); Bi1–S2, 2.5828(11); Bi1–C1, 2.274(4); C1–C2, 1.475(6); C2–C3, 1.320(7); 

S1–C4, 1.779(4); S1’∙∙∙Bi1, 3.411; S2’∙∙∙Bi1, 3.444; C1–Bi1–S1, 90.74(13); C1–Bi1–S2, 91.12(13); 

S1–Bi1–S2, 93.00(4); C4–S1–Bi1; 99.84(13). 

Similarly to BiMe(SPh)2,[236] 32 forms a one-dimensional coordination polymer via intermolecular 

bismuth sulfur interactions in the solid state, which expands through translation along the 

crystallographic a-axis. The intramolecular Bi–S bonds (2.5873(12), 2.5828(11) Å) are 

significantly shorter than in the methyl analog BiMe(SPh)2 (2.699(2)–2.756(2) Å), and at the same 

time, the intermolecular Bi–S bonds (ca. 3.41–3.44 Å) in 32 are elongated compared to those in 

BiMe(SPh)2 (ca. 2.97–3.01 Å). These findings indicate a less pronounced intermolecular 

interaction between two molecular units, resulting in stronger intramolecular bismuth-sulfur 

interactions. In the coordination polymer, the bismuth atom adopts a square pyramidal 

coordination geometry with the allyl substituents in the apical positions (τ = 0.01). The C–Bi bond 

length (2.274(4) Å) is similar to those in Bi(allyl)2Cl (2.279(4)–2.287(5) Å), but significantly 

shorter than in Bi(allyl)2I (2.200(10)–2.301(11) Å). A small number of related compounds 

BiR(SR’)2 have been reported in the literature (R = aryl, alkyl, R’ = aryl, alkyl).[245–248] However, 

only one species with R = alkyl is known, namely the methyl analog BiMe(SPh)2 synthesized by 

our group.[236] Known species with R = aryl contain additional donor functional groups at the aryl 

substituent or additional donor ligands. 
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32 does not show any fluxional behavior of the allyl group on the NMR time scale. First signs of 

decomposition are detected immediately upon solvation as a new set of 1H NMR spectroscopic 

resonances, attributable to Bi(allyl)2(SPh) according to the resonance pattern and integral ratio. 

The degradation of 32 seems to be temperature dependent: after 24 h at ambient temperature, 

the formation of a black solid, as well as (allyl)SPh (according to 1H NMR spectroscopy) is 

observed. However, after 20 min at 70 °C the selective formation of Bi(SPh)3 and 1,5-hexadiene, 

accompanied by the formation of a black solid, are observed.  

The independent synthesis of 32 unambiguously confirmed its formation during the reaction of 

Bi(allyl)3 with S2Ph2 by comparison of 1H NMR-spectroscopic data of the isolated compound. 

Nonetheless, since the conversion to 32 only occurred in minor amounts (6%), it does not confirm 

the selective formation of a bismuthinidene by heating Bi(allyl)3.  

The reactivity of 31 towards Se2Ph2 and Te2Ph2 was also investigated. To this end, 31 was 

combined with E2Ph2 (E = Se, Te) in C6D6, and the reaction was monitored by 1H NMR spectroscopy 

(Scheme 41).  

 

Scheme 41. Reaction of Bi(allyl)3 with E2Ph2. E = Se, Te.  

Reaction of 31 with Se2Ph2 was carried out at 60 °C and full conversion was reached after 4 h 

according to 1H NMR spectroscopy. 1,5-Hexadiene and (allyl)SePh were identified as the sole 

products in solution.[249] An isolation of these products was not carried out. The analog reaction 

with Te2Ph2 showed full conversion of the starting materials after 1 h at ambient temperature to 

1,5-hexadiene and (allyl)TePh. (Allyl)TePh was characterized by 1H and 13C NMR data. With the 

heavier E2Ph2 (E = Se, Te) homologs, 31 therefore acts as an allyl-transfer reagent. In conlusion, it 

is apparent that allyl radicals are formed upon heating Bi(allyl)3. However, it seems that the PhE 

radicals (E = S, Se, Te) react with the allyl radicals preferentially to a potential transient bismuth 

based radical. This might be due to the relatively long life-time of the allyl radical compared to 

bismuth radicals, which result in the formation of (allyl)EPh and the degradation of the bismuth 

radical species, which is why the reactions performed in this chapter are accompanied by the 

formation of black solids.
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XV Summary and Outlook 

In this work, neutral and cationic diorganobismuth species have been studied, focusing on the 

rationalization of their Lewis acidity, their use as ligands in complexes of main group and 

transition metals and the identification of active catalysts.  

Well-defined bismuth compounds in radical catalysis. Transition metal bismuthanes, i.e. 

molecular complexes with a Bi–TM bond (TM = transition metal), have been demonstrated to 

undergo highly selective, stoichiometric reactions that are likely to proceed via radical pathways 

(Scheme 42). 

 

Scheme 42. Selective reactions of 3 with (PhS)2, and CCl4, respectively, to form 33 and 34. 

Following these results, representatives of this class of compounds were used as (pre-)catalysts 

in the cyclo-isomerization of δ-iodo-olefins. For the first time, the parent compound 6-iodo-1-

hexene was successfully cyclized under thermal conditions in a catalyzed reaction via radical 

intermediates. Especially in comparison to traditional catalysts for the cyclo-isomerization of δ-

iodo-olefins, which involve polar reaction pathways, the high group tolerance of the transition 

metal bismuthanes is apparent: the cyclo-isomerization of substrates that were previously subject 

to (polar) degradation reactions was successfully achieved with the bismuth-based catalysts. 

In addition to thermally-induced radical catalysis, it was shown for the first time that molecular 

bismuth compounds can also be used in photochemically induced homogeneous catalysis. To this 

end, diarylbismuth chalcogenides were used as catalysts in the dehydrocoupling of silanes with 

TEMPO ((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) (Scheme 43). 
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Scheme 43. Proposed catalytic cycle for the dehydrocoupling of phenylsilane with TEMPO 
catalyzed by 33 under photochemical conditions. 

Compared to the bismuth compounds previously used as catalysts in this reaction, in particular 

the sulfur-containing compound 33 showed a considerably higher catalytic activity. Intermediate 

species 35 and 5 were identified by mass spectrometric studies and were prepared and fully 

characterized by rational syntheses. The catalytic activity of these species was demonstrated in 

independent reactions. (TD-)DFT calculations suggest the formation of a bismuth-centered 

radical by homolysis of the Bi–S bond as an initiation step. Future studies will address the question 

of whether the dehydrocoupling of silanes with TEMPO or other substrates such as alcohols can 

also be catalyzed under thermal conditions by the same class of compounds, and which 

mechanism underlies such a thermally-induced reaction. 

Neutral and cationic dibenzobismepines. The synthesis of a dinuclear dibenzobismepine 

species (7), as well as the first representatives of halobismepines (8-X, X = Cl, Br, I) have been 

successfully established in this work (Scheme 44).  
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Scheme 44. Synthesis of a dinuclear dibenzobismepine via salt elimination, and subsequent 
comproportionation to give halogen-substituted derivatives. tmeda = N,N,N‘,N‘-
etramethylethane-1,2-diamine. 

Additionally, starting from the halobismepines 8-Cl and 8-Br, the first examples of cationic 

derivatives were synthesized, which were obtained by salt eliminations with silver salts or halide 

abstraction with aluminum trihalides (Scheme 45). 

 

Scheme 45. Synthesis of cationic dibenzobismepines by metathesis or halide abstraction. 

The solid-state structures of the dibenzobismepines show boat conformations of the central 

heterocycle in each case, with bending occurring to a more pronounced extent in neutral 

representatives compared to cationic derivatives. The first description of an olefin-bismuth 

interaction was achieved for 8-X (X = Cl, Br, I), since in these compounds the structural 

parameters, as well as performed NBO analyses, indicate a weak, intramolecular interaction 

between the olefin backbone of the ligand and the bismuth center in the form of a                     

π(CC)→σ*(Bi–X) interaction. The HOMO–9 molcular orbital revealed an overlap between the 

π(CC) and σ(Bi–X)-orbitals (Figure 63).  

 



XV SUMMARY AND OUTLOOK 

220 

 

Figure 63. Molecular structure of 8-Br in the solid state (left) and orbital interaction between 

π(CC)-orbital and σ(Bi–X)-orbital (isovalue of 0.024). The results obtained for 8-Cl and 8-I are 
visually identical. 

The cationic bismepines crystallized either as contact ion pairs (8-BF4, 8-OTf, 8-AlBr4), or as 

solvent-separated ion pairs ([8-thf2][SbF6]). The less pronounced boat conformation, as well as 

the fact that these species carry 14π-electrons in a cyclic-conjugated π-electron-system motivated 

DFT calculations regarding possible aromaticity. For both the thf-stabilized bismepine cation and 

the calculated (so far not isolable) donor-free cation, an experimentally found bent conformation 

as well as a planar structure at the energetic minimum were found. In both cases, the thf adducts 

as well as the donor-free compounds, the conformational conversion proceeds via an energetically 

low-lying transition state, with the planar geometry representing the energetic minimum for the 

Lewis base-free species. An aromaticity of the central seven-membered ring was demonstrated 

for the donor-free cation by calculating NICS values. Although the adduct formation with THF is 

exothermic and exergonic according to DFT calculations, these results clearly show that the 

synthesis of donor-free bismepine cations with weak cation-anion interactions is a worthwhile 

goal for the future.  

Furthermore, the Lewis acidity of a series of bismuth compounds was quantified by the Gutmann-

Beckett (GB) method. Thus, for the first time, the Lewis acidity of triorganyl bismuthanes, 

diorganobismuth halides, bismuth salts of the type BiX3 (X = Cl, Br, I, OTf) and cationic bismuth 

organyls have been evaluated and compared with one another. Commercially available bismuth 

triflate showed an exceptionally high acceptor number, which is in ranges of the extremely Lewis 

acidic compounds BBr3 and SbCl5. Further investigations regarding a particularly "soft" Lewis 

acidity of bismuth compounds resulted in an extension of the GB method. Whereas the original GB 

method is based on the use of the hard Lewis base OPEt3, the use of the softer Lewis bases SPMe3 

and SePMe3 allowed the introduction of a method which includes the softness/hardness of the 

Lewis acids to quantify the Lewis acid strength. Thus, it was demonstrated that the Lewis acidity 

of soft, cationic diorganobismuthanes can exceed that of classic, hard Lewis acids, so that despite 

the presence of hard ligands such as THF, the activation of soft donors proceeds preferentially 

(Figure 64a).  
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Figure 64. a) Comparison of acceptor numbers for selected Lewis acids determined by the 
Gutmann-Beckett, as well as the modified Gutmann-Beckett method. b) Synthesis of 36-EPMe3 
(E = S, Se). 

In the course of this work, very rare representatives of diorganobismuth cations with a 

coordination number of three were obtained and fully characterized (Figure 64b). Experimental 

and theoretical analyses of both Lewis acid/base adducts 36-EPMe3 (E = S, Se) indicate a high 

covalent contribution to the Bi–E interaction. 

Dibenzobismepines as ligands. It was possible to introduce the dibenzobismepine framework 

as a monoanionic ligand into transition metal complexes. This was achieved through salt 

elimination reactions starting from transition metallates and 8-Cl (Scheme 46). 

 

Scheme 46. Synthesis of transition metal complexes with a dibenzobismepine ligand starting from 
8-Cl. Na(thf)x(TM) = Na[Co(CO)4], Na(thf)[Fe(CO)2Cp], Na(thf)3[Mn(CO)5), x = 0, 1, 3. 

Of those complexes presented, 10, 13-L (L = PPh3, PCy3, tBuNC) and 15 showed sufficiently high 

stability in solution and in the solid state to allow for isolation and full characterization. The 

prepared transition metal bismuthanes are of yellow to red color, and UV-vis spectroscopic 

studies in combination with TD-DFT calculations indicated a population of σ*(Co–CCO)-orbitals 

upon irradiation. Consequently, an olefin-transition metal interaction was realized by 
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photochemically-induced CO elimination, and the synthesis of chiral cobalt complexes was 

investigated by utilizing the hemilabile olefin functionality in the ligand backbone via olefin 

coordination/olefin dissociation reactions (Scheme 47).  

 

Scheme 47. Alternating olefin coordination/olefin dissociation reactions lead to the stepwise 
introduction of different ligands so that chiral cobalt complexes are obtained. 

Synthetic efforts regarding the cobalt complexes yielded first promising results, including the 

preparation of chiral complex 16. Still, the separation of mixtures of enantiomers, as well as the 

separation of by-products formed during the synthesis, requires further investigation. The 

photochemically induced CO elimination from the iron complex 10 led to the formation of the 

chiral complex 11 as a racemic mixture. 

In addition to the olefin moiety, dibenzobismepines contain further donor functionalities with the 

arene groups, so that it was possible to introduce 7 and 8-I as rigid, ditopic arene donors towards 

soft Lewis acids, specifically as ligands for Tl+. Thus, either a coordination polymer in the solid 

state (37[BArF24]) or a molecular Lewis acid/base pair (38[BArF24]) was obtained (Scheme 48).  
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Scheme 48. Successful introduction of dibenzobismepines into the coordination sphere of Tl+. 

The solid-state structures of both compounds revealed a previously unknown tetra-arene 

coordination of the thallium(I) cations. Additional quantum chemical calculations demonstrated 

that unprecedented olefin→Tl+ interactions also occur in compounds of this type. DOSY NMR 

spectroscopic and mass spectrometric studies demonstrated that the interaction between 

bismepines and thallium is maintained in solution. Incorporation of Bi into the ligand framework 

(instead of the lighter homologs N–Sb) is accompanied by electronic and geometrical 

modifications, which together with strong dispersion interactions significantly contributes to the 

stabilities of compounds 37[BArF24] and 38[BArF24] according to DFT calculations performed. 

This results in increasing strength of ligation in the N < P < As < Sb < Bi series. 

Starting from the cationic dibenzobismepine [8-thf2][SbF6], it was possible to prepare two 

platinum complexes with different ligand environments (Figure 65).  

 

Figure 65. Bismuth-platinum complexes synthesized in this work. 
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The structural parameters of both compounds in the solid state, as well as the results obtained by 

DFT calculations, suggest a covalent Bi–Pt interaction in both complexes, although both Bi→Pt and 

Bi←Pt donor/acceptor interactions are possible in principle.  

Upon reaction of [8-thf2][SbF6] and related cationic diarylbismuth species with an Os(II) complex, 

it was revealed that the formation of Lewis acid/base adducts with Bi–Os interactions is hampered 

by steric hindrance of the ligands. According to quantum chemical calculations, Os–Bi interactions 

become feasible by lowering the steric demand, thus obtaining complexes (in silico) that show not 

only a Os→Bi interaction, which would be expected due to the cationic bismuth fragment, but also 

pronounced Os←Bi bonding interactions (Scheme 49). In summary, these results highlight the 

wide variety of coordination modes and electronic structures that dibenzobismepine species can 

adopt in (transition) metal complexes.  

 

Scheme 49. Reduction of the steric demand on an osmium(II) complex leads to the formation of 
compounds with Os–Bi donor/acceptor interactions. 

Dimethyl bismuth cations. The synthesis of the first mononuclear alkyl bismuth cation species 

was achieved by metathesis of BiMe2Cl with AgSbF6 in good yields. The yellow compound shows 

absorptions in the visible light region, with excitations leading to a population of the bismuth-

centered molecular orbital of p-orbital character originating from a σ(Bi–C)-orbital. The synthesis 

of Lewis base adducts starting from 21 was successful with a range of neutral donor ligands, with 

only the pyridine adduct showing sufficiently high stability for isolation and full characterization 

(Scheme 50).  

 

Scheme 50. Synthesis of Lewis base adducts of 21. 



XV SUMMARY AND OUTLOOK 

225 

In addition to the hexafluoroantimonate salt, first representatives of bismuth cations with 

cyanoborate anions were prepared and characterized. In contrast to the SbF6 salt, sufficiently 

volatile neutral donors can be removed from the colorless cyanoborate compounds by drying in 

vacuo yielding the solvent-free contact ion pairs regardless of the initially employed solvent. 

According to DFT calculations, the strength of the cation-anion interaction can be precisely 

controlled by appropriate choice of the [BHn(CN)4-n] anion. 

Starting from 21, reaction with BiMe3 led to the synthesis of 39, the first dinuclear bismuth species 

with a dative Bi→Bi interaction (Scheme 51). 

 

Scheme 51. Realization of the first dinuclear bismuth compound with a dative Bi→Bi interaction. 

In solution, 39 shows rapid exchange of the methyl ligands on the NMR time scale. Low-

temperature NMR spectroscopic studies and line-shape analysis provided the thermodynamic 

parameters for the methyl exchange, which were confirmed by DFT calculations. For the 

mechanism of the methyl exchange it is assumed that the two bismuth complex fragments in 39 

first dissociate, and in the subsequent electrophilic attack of a [BiMe2]+ unit on a methyl group of 

a BiMe3 molecule, a structural motif of the type Bi–(µ2-CH3)–Bi with a bridging trigonal-planar 

methyl group is formed. According to DFT calculations, the bridging methyl moiety shows sp2 

hybridization, rendering this reaction the first example of a methyl exchange in a homoleptic main 

group metal complex proceeding via an SE2 (back) reaction, the electrophilic counterpart of a SN2 

reaction. 

Analog experiments with the phenyl derivatives [Ph2Bi(SbF6)] and BiPh3 also resulted in a 

compound exhibiting rapid phenyl exchange in solution, however, this compound could not be 

isolated to date. Low-temperature NMR spectroscopic studies on the in situ generated compound 

showed that phenyl exchange was not sufficiently hindered even at temperatures of –80 °C for 1H 

NMR spectroscopic signal separation. However, further studies concerning the electronic and 

steric influence of the ligands regarding the formation and stability of species with dative Bi→Bi 

interactions should be undertaken in order to elucidate the properties of this new class of 

compounds. 

CO insertion into a cationic bismuth amide. In the course of studies on cationic bismuth amides 

within our group, a representative of a previously unknown substance class, a cationic bismuth 

carbamoyl (41), was prepared by CO insertion upon reaction of 40 with CO (Scheme 52).  
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Scheme 52. CO insertion into a cationic bismuth amide (40). 

Upon release of ring tension, 40 reacts with CO and isoelectronic isocyanides under mild reaction 

conditions. The calculated mechanism for CO insertion indicates a stepwise CO association to the 

bismuth center to form a Lewis acid/base adduct, with subsequent insertion. IR spectroscopic 

reaction monitoring was in agreement with the theoretical findings. The insertion product 41 

exhibits a chemically reversible redox process under cyclic voltammetry conditions, resulting in 

the in situ (reversible) formation of a bismuth radical. 

Lewis base-free organometallic bismuthinidene. Starting from BiMe3, controlled thermal 

homolysis resulted in the formation of Bi(I)Me, which was detected spectroscopically and mass 

spectrometrically in the gas phase. The compound BiMe generated under these conditions is the 

first Lewis base-free organometallic bismuthinidene known to date and exhibits a triplet ground 

state according to DFT and multi-reference calculations. Furthermore, within the scope of this 

work, the homolytic bond dissociation energy of Me2Bi–CH3 was determined to be                                        

210 ± 7 kJ · mol–1, which exceeds the value previously assumed in the literature by 15%. Reactivity 

studies also suggested that transient BiMe can be used in preparative chemistry under standard 

laboratory conditions, so that in the future BiMe3 could serve as a suitable precursor for the 

introduction of "BiMe" fragments into organic and inorganic substrates. EPR spectroscopic 

studies confirmed the liberation of radical intermediate species from BiMe3 at 60 °C in solution. 

Suitable BiR3 precursors will facilitate investigations of the electronic and steric influence of 

substituents R on the formation of organometallic Lewis base-free bismuthinidenes and their 

electronic structure. EPR spectroscopic and preparative studies with the lighter pnictogen 

compounds AsMe3 and SbMe3 indicate a lower reactivity with respect to homolytic Me2E–CH3            

(E = As, Sb) bond cleavage. Further spectroscopic and theoretical studies on the lighter homologs 

are ongoing.
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XVI  Zusammenfassung und Ausblick 

In dieser Arbeit wurden neutrale und kationische Diorganobismutspezies untersucht, wobei der 

Fokus auf dem Verständnis ihrer Lewis-Azidität, ihrem Einsatz als Liganden in Komplexen von 

Hauptgruppen- und Übergangsmetallen und der Identifikation aktiver Katalysatoren lag.  

Wohl-definierte Bismutverbindungen in der Radikalkatalyse. Es konnte gezeigt werden, dass 

Übergangsmetallbismutane, also molekulare Komplexe mit einer Bi–ÜM Bindung 

(ÜM = Übergangsmetall), hochselektive, stöchiometrische Radikalreaktionen eingehen 

(Schema 1). 

 

Schema 1. Selektive Umsetzungen von 3 mit (PhS)2, beziehungsweise CCl4 unter Bildung von 33 
und 34. 

Auf diesen Ergebnissen aufbauend konnten Vertreter dieser Substanzklasse als                                            

(Prä-)Katalysatoren in der Zyklo-Isomerisierung von δ-Iod-olefinen eingesetzt werden, wobei es 

erstmalig gelang die Stammverbindung 6-Iod-1-hexen unter thermischen Bedingungen 

radikalisch katalysiert zu zyklisieren. Gerade im Vergleich zu traditionellen Katalysatoren für die 

Zyklo-Isomerisierung von δ-Iod-olefinen, wobei polare Reaktionspfade durchlaufen werden, zeigt 

sich die große Gruppentoleranz der Übergangsmetallbismutane, sodass auch die Zyklo-

Isomerisierung von Substraten gelang, die bisher (polaren) Degradationsreaktionen unterlagen. 

Neben der thermisch-induzierten Radikalkatalyse konnte erstmals gezeigt werden, dass 

molekulare Bismutverbindungen auch in der photochemisch-induzierten Homogenkatalyse 

eingesetzt werden können. Dazu wurden Diarylbismutchalkogenide als Katalysatoren in der 
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Dehydrokupplung von Silanen mit TEMPO ((2,2,6,6-Tetramethylpiperidin-1-yl)oxyl) eingesetzt 

(Schema 2). 

 

Schema 2. Vorgeschlagener Katalysezyklus für die durch 33 katalysierte Dehydrokupplung von 
Phenylsilan mit TEMPO unter photochemischen Bedingungen. 

Im Vergleich zu den bisher in dieser Reaktion als Katalysatoren eingesetzten Bismutverbindungen 

zeigte insbesondere die schwefelhaltige Verbindung 33 eine wesentlich höhere katalytische 

Aktivität. Intermediär auftretende Spezies 35 und 5 konnten durch massenspektrometrische 

Untersuchungen identifiziert, und durch rationale Synthesen hergestellt und vollständig 

charakterisiert werden. Die katalytische Aktivität dieser Spezies wurde in Testreaktionen 

nachgewiesen. TD-DFT Berechnungen legen die Bildung eines bismut-zentrierten Radikals durch 

Homolyse der Bi–S Bindung als Initiationsschritt nahe. Zukünftige Untersuchungen sollen sich mit 

der Frage beschäftigen, ob die Dehydrokupplung von Silanen mit TEMPO oder anderen Substraten 

wie Alkoholen auch unter thermischen Bedingungen durch die gleiche Substanzklasse katalysiert 

werden kann, und welcher Mechanismus einer solchen thermisch-induzierten Reaktion zugrunde 

liegt. 
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Neutrale und kationische Dibenzobismepine. Die Synthese einer dinuklearen 

Dibenzobismepinspezies (7), sowie der ersten Vertreter von Halobismepinen (8-X, X = Cl, Br, I), 

wurde im Rahmen dieser Arbeit etabliert (Schema 3).  

 

Schema 3. Darstellung eines dinuklearen Dibenzobismepins über eine Salzeliminierung, und 
nachfolgende Komproportionierung zu halogen-substituierten Derivaten. tmeda = N,N,N‘,N‘-
Tetramethylethan-1,2-diamin. 

Außerdem konnten ausgehend von den Halobismepinen 8-Cl und 8-Br die ersten Beispiele von 

kationischen Derivaten dargestellt werden, wobei der Zugang zu diesen über Salzeliminierungen 

mit Silbersalzen oder der Halogenidabstraktion mit Aluminiumtrihalogeniden erfolgte 

(Schema 4). 

 

Schema 4. Synthese von kationischen Dibenzobismepinen über Metathese oder 
Halogenidabstraktion. 

Die Festkörperstrukturen der erhaltenen Dibenzobismepine zeigen in allen Fällen eine 

Bootkonformation des zentralen Heterozyklus, wobei die Abwinkelung bei neutralen Vertretern 

im Vergleich mit kationischen Derivaten in deutlicherem Maße auftritt. Die erstmalige 

Beschreibung einer Olefin-Bismut Wechselwirkung gelang für 8-X (X = Cl, Br, I), da in diesen 

Verbindungen die strukturellen Parameter, sowie durchgeführte NBO Analysen, auf eine 

schwache, intramolekulare, Wechselwirkung zwischen dem Olefinrückgrat des Liganden und dem 
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Bismutzentrum in Form einer π(CC)→σ*(Bi–X) Interaktion hindeuten. Zusätzlich zeigt das 

HOMO–9 einen Überlapp von π(CC) und σ(Bi–X)-Orbitalen (Abbildung 1). 

 

Abbildung 1. Molekulare Struktur von 8-Br im Festkörper (links) und Orbitalwechselwirkung 

zwischen besetztem π(CC)-Orbital und σ(Bi–X)-Orbital. Die Ergebnisse für 8-Cl und 8-I sind 
optisch identisch. 

Die kationischen Bismepine kristallisierten entweder als Kontaktionenpaare (8-BF4, 8-OTf, 8-

AlBr4) oder als Lösungsmittel-separiertes Ionenpaar ([8-thf2][SbF6]). Die weniger stark 

ausgeprägte Bootkonformation, sowie die Eigenschaft, dass diese Spezies 14π-Elektronen in 

einem zyklisch-konjugierten π-Elektronensystem tragen, motivierten zu DFT Rechnungen 

hinsichtlich einer möglichen Aromatizität. Sowohl für das zweifach THF-stabilisierte 

Bismepinkation als auch für das berechnete (bisher nicht isolierbare) donor-freie Kation konnte 

jeweils eine experimentell vorgefundene abgewinkelte, als auch eine planare Minimumstruktur 

gefunden werden. Die Konformationsänderung verläuft in beiden Fällen, in den THF-Addukten 

sowie in den donor-freien Verbindungen, über einen energetisch niedrig liegenden 

Übergangszustand, wobei die planare Geometrie das Minimium für die Lewis-basen-freien 

Spezies darstellt. Durch die Berechnung von NICS-Werten konnte für das donor-freie, planare 

Kation eine Aromatizität des zentralen Siebenrings nachgewiesen werden. Zwar ist die 

Adduktbildung mit THF laut quantenchemischen Berechnungen exotherm und exergon, 

nichtsdestotrotz zeigen diese Ergebnisse deutlich, dass die Synthese von donor-freien 

Bismepinkationen mit möglichst schwacher Kation-Anion Wechselwirkung ein lohnendes Ziel für 

die Zukunft darstellt.  

Des Weiteren wurde die Lewis-Azidität von einer Reihe an Bismutverbindungen mittels der 

Gutmann-Beckett (GB) Methode quantifiziert. So konnten erstmals die Lewis-Aziditäten von 

Triorganylbismutanen, Diorganobismuthalogeniden, Bismutsalzen des Typs BiX3 (X = Cl, Br, I, 

OTf) und kationischen Bismutorganylen evaluiert und untereinander verglichen werden. 

Käufliches Bismuttriflat zeigte eine außergewöhnlich hohe Akzeptornummer, welche in 

Bereichen der äußerst Lewis-aziden Verbindungen BBr3 und SbCl5 liegt. Weiterführende 

Untersuchungen hinsichtlich einer besonders „weichen“ Lewis-Azidität von Bismutverbindungen 

resultierten in einer Erweiterung der GB Methode. Basiert die ursprüngliche GB Methode auf der 

Nutzung der harten Lewis-Base OPEt3, so konnte durch Einsatz der weicheren Lewis-Basen SPMe3 
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und SePMe3 eine Methode eingeführt werden, in der die Weichheit/Härte der untersuchten 

Lewis-Säuren zur Quantifizierung der Lewis-Säure-Stärke mit einbezogen wird. So wurde gezeigt, 

dass die Lewis-Azidität weicher, kationischer Diorganobismutane die von klassischen, harten 

Lewis-Säuren übersteigen kann, sodass trotz Anwesenheit harter Liganden wie THF die 

Aktivierung weicher Donoren bevorzugt abläuft (Abbildung 2a).  

 

Abbildung 2. a) Vergleich von Akzeptornummern für ausgewählte Lewis-Säuren, die mit der 
Gutmann-Beckett, sowie der modifizierten Gutmann-Beckett Methode, bestimmt wurden. b) 
Synthese von 36-EPMe3 (E = S, Se). 

Im Rahmen dieser Arbeiten konnten sehr seltene Vertreter von Diorganobismutkationen mit 

einer Koordinationszahl von drei erhalten und vollständig charakterisiert werden 

(Abbildung 2b). Experimentelle und theoretische Analysen beider Lewis-Säure/Base-Addukte        

36-EPMe3 (E = S, Se) deuten auf einen hohen kovalenten Anteil der Bi–E Wechselwirkung hin. 

Dibenzobismepine als Liganden. Es war möglich das Dibenzobismepin-Grundgerüst als 

monoanionischen Liganden in Übergangsmetallkomplexe einzuführen. Dies gelang über 

Salzeliminierungen ausgehend von Metallat-Komplexen und 8-Cl (Schema 5). 

 

Schema 5. Synthese von Übergangsmetallkomplexen mit einem Dibenzobismepin-Liganden 
ausgehend von 8-Cl. Na(thf)x[ÜM] = Na[Co(CO)4], Na(thf)[Fe(CO)2Cp], Na(thf)3[Mn(CO)5). x = 0, 1, 
3. 
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Von den dargestellten Komplexen zeigten 10, 13-L (L = PPh3, PCy3, tBuNC) und 15 eine 

ausreichend hohe Stabilität in Lösung und im Festkörper, sodass diese in moderaten bis guten 

Ausbeuten isoliert und vollständig charakterisiert werden konnten. Die dargestellten 

Übergangsmetallbismutane sind gelb bis rot gefärbte Verbindungen, und UV-vis 

spektroskopische Untersuchungen in Verbindung mit TD-DFT Berechnungen wiesen auf eine 

Population von σ*(Co–CCO)-Orbitalen durch Bestrahlung hin. Eine Olefin-Übergangsmetall-

Wechselwirkung wurde folglich durch photochemisch induzierte CO-Eliminierung realisiert, 

wobei die Synthese chiraler Cobaltkomplexe durch Nutzung der hemilabilen Olefinfunktionalität 

im Ligandrückgrat über Olefin-Koordination/Olefin-Dissoziations-Reaktionen untersucht wurde 

(Schema 6).  

 

Schema 6. Alternierende Olefin-Koordination/Olefin-Dissoziations-Reaktionen führen zur 
schrittweisen Einführung unterschiedlicher Liganden, sodass chirale Cobaltkomplexe erhalten 
werden. 

Erste vielversprechende Ergebnisse, unter anderem der Erhalt von 16, wurden für die cobalt-

basierten Komplexe erhalten. Insbesondere die Auftrennung von Enantiomerengemischen, sowie 

die Abtrennung von bei der Synthese entstehenden Nebenprodukten, bedarf weiterer 

Untersuchungen. Die photochemisch induzierte CO-Eliminierung am Eisenkomplex 10 führten 

zum Erhalt des chiralen Komplexes 11 als racemisches Gemisch. 

Mit den Arengruppen enthalten Dibenzobismepine weitere Donorfunktionalitäten neben der 

Olefineinheit, sodass es möglich war 7 und 8-I als rigide, ditope Aren-Donoren für weiche Lewis-

Säuren, im Speziellen als Liganden für Tl+, einzuführen. So wurde entweder ein 

Koordinationspolymer im Festkörper (37[BArF24]) oder ein molekulares Lewis-Säure/Base-Paar 

(38[BArF24]) erhalten (Schema 7).  



XVI ZUSAMMENFASSUNG UND AUSBLICK 

233 

 

Schema 7. Erfolgreiche Einführung von Dibenzobismepinen in die Koordinationssphäre von Tl+. 

Die Festkörperstrukturen beider Verbindungen zeigen eine bisher unbeschriebene, tetra-Aren 

Koordination der Thallium(I)-Kationen. Zusätzliche quantenchemische Berechnungen 

offenbarten, dass auch bisher beispiellose Olefin→Tl+ Wechselwirkungen in Verbindungen dieser 

Art auftreten. Durch DOSY-NMR-spektroskopische und massenspektrometrische 

Untersuchungen konnte gezeigt werden, dass die Wechselwirkung zwischen Bismepinen und 

Thallium in Lösung aufrechterhalten wird. Laut durchgeführten DFT Rechnungen wird die 

Inkorporation von Bi in das Ligandgerüst (statt der leichteren Homologen N–Sb) begleitet von 

elektronischen und geometrischen Veränderungen, was zusammen mit starken 

Dispersionswechselwirkungen zu der Stabilität der Verbindungen 37[BArF24] und 38[BArF24] 

signifikant beiträgt. Dies resultiert in steigender Stärke der Ligand-Thallium Wechselwirkung in 

der Reihe N < P < As < Sb < Bi. 

Ausgehend von dem kationischen Dibenzobismepin [8-thf2][SbF6] war es möglich zwei 

Platinkomplexe mit unterschiedlicher Ligandenumgebung herzustellen (Abbildung 3).  
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Abbildung 3. Im Rahmen dieser Arbeit synthetisierte Bismut-Platin Komplexe. 

Die strukturellen Parameter beider Verbindungen im Festkörper, sowie durch DFT Rechnungen 

erhaltene Ergebnisse, sprechen für eine kovalente Bi–Pt Wechselwirkung in beiden Komplexen, 

wobei sowohl Bi→Pt, als auch Bi←Pt Donor/Akzeptor-Wechselwirkungen prinzipiell möglich 

sind.  

Bei Umsetzung von [8-thf2][SbF6] und einer weiteren kationischen Bismutspezies mit einem 

Os(II)-Komplex wurde deutlich, dass die Bildung von Lewis-Säure/Base-Addukten mit Bi–Os 

Wechselwirkung durch sterische Hinderung am Ligandgerüst erschwert wird. Os–Bi 

Wechselwirkungen werden quantenchemischen Berechnungen zufolge durch Erniedrigung des 

sterischen Anspruchs zugänglich, sodass (in silico) Komplexe erhalten werden, die nicht nur eine 

Os→Bi Wechselwirkung, was aufgrund des kationischen Bismutfragments zu erwarten wäre, 

sondern auch ausgeprägte Os←Bi Bindungswechselwirkungen zeigen (Schema 8). Dies und die 

zuvor dargestellten Ergebnisse unterstreichen die breite Vielfalt an Koordinationsmodi und 

elektronischer Struktur, die Dibenzobismepin-Spezies in (Übergangsmetall-)Komplexen 

einnehmen können.  

 

Schema 8. Reduktion des sterischen Anspruchs an einem Osmium(II)-Komplex führt zur 
Ausbildung von Os–Bi Donor/Akzeptorwechselwirkungen. 

Dimethylbismut-Kationen. Die Synthese der ersten mononuklearen Alkylbismut-Kation Spezies 

gelang durch Metathese von BiMe2Cl mit AgSbF6 in guten Ausbeuten. Die gelbe Verbindung zeigt 

Absorptionen im Bereich des sichtbaren Lichts, wobei die Anregungen zu einer Population eines 

bismut-zentrierten Molekülorbitals mit starkem p-Orbitalcharakter ausgehend von einem σ(Bi–

C)-Orbitals führen. Die Synthese von Lewis-Basen-Addukten ausgehend von 21 gelang mit einer 
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Reihe an neutralen Donor-Liganden, wobei lediglich das Pyridin-Addukt eine ausreichend hohe 

Stabilität für eine Isolierung und vollständige Charakterisierung zeigte (Schema 9).  

 

Schema 9. Synthese von Lewis-Basen-Addukten von 21. 

Neben dem Hexafluoroantimonat-Salz konnten die ersten Vertreter von Bismut-Kationen mit 

Cyanoborat-Anionen hergestellt und charakterisiert werden. Im Gegensatz zum SbF6-Salz können 

in den farblosen Cyanoborat-Verbindungen hinreichend flüchtige neutrale Donoren durch 

Trocknung im Vakuum entfernt werden, sodass, trotz der Synthese in THF oder Pyridin, die 

Lösungsmittel-freien Kontaktionenpaare erhalten werden. Durch geeignete Wahl des               

[BHn(CN)4-n]-Anions kann die Stärke der Kation-Anion-Wechselwirkung laut DFT Rechnungen 

gesteuert werden. 

Ausgehend von 21 gelang durch Umsetzung mit BiMe3 die Synthese von 39, der ersten 

dinuklearen Bismutspezies mit dativer Bi→Bi Wechselwirkung (Schema 10). 

 

Schema 10. Darstellung der ersten dinuklearen Bismutverbindung mit dativer Bi→Bi 
Wechselwirkung. 

39 zeigt in Lösung einen auf der NMR Zeitskala schnellen Austausch der Methylliganden. Durch 

Tieftemperatur-NMR-spektroskopischen Untersuchungen und Linienformanalyse konnten die 

thermodynamischen Parameter für den Methylaustausch erhalten werden, welche durch DFT 

Rechnungen bestätigt werden konnten. Mechanistisch wird angenommen, dass die beiden 

Bismutfragmente in 39 zunächst dissoziieren, und im nachfolgenden elektrophilen Angriff einer 

[BiMe2]+-Einheit an einer Methylgruppe eines BiMe3-Moleküls ein Strukturmotiv der Art                           

Bi–(µ2-CH3)–Bi mit verbrückender trigonal-planarer Methyleinheit gebildet wird. Die 

verbrückende Methyleinheit ist nach den erhaltenen DFT Ergebnissen sp2-hybridisiert, wodurch 

diese Reaktion das erste Beispiel darstellt, in dem der Methylaustausch in einem homoleptischen 
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Hauptgruppenmetallkomplex über eine SE2-(Rück)Reaktion, das elektrophile Pendant einer SN2-

Reaktion, verläuft. 

Analoge Versuche mit den Phenylderivaten [Ph2Bi(SbF6)] und BiPh3 führten ebenfalls zum Erhalt 

einer Verbindung, die einen schnellen Phenylaustausch in Lösung zeigt, allerdings konnte diese 

nicht isoliert und weiter charakterisiert werden. Tieftemperatur-NMR-spektroskopische 

Untersuchungen an dieser Verbindung zeigten, dass der Phenylaustausch auch bei Temperaturen 

von –80 °C für eine 1H NMR-spektroskopische Signalseparierung nicht ausreichend gehemmt 

wurde. Weitere Untersuchungen zum elektronischen und sterischen Einfluss der Liganden auf die 

Bildung und Stabilität von Spezies mit dativer Bi→Bi-Wechselwirkung sind jedoch sinnvoll und 

lohnenswert. 

CO-Insertion an einem kationischen Bismutamid. Im Rahmen von Untersuchungen an 

kationischen Bismutamiden innerhalb unserer Arbeitsgruppe gelang es bei Umsetzung von 40 

mit CO einen Vertreter einer bisher nicht bekannten Substanzklasse, ein kationisches 

Bismutcarbamoyl (41), durch CO Insertion darzustellen (Schema 11).  

 

Schema 11. CO-Insertion an einem kationischen Bismutamid (40). L = thf 

Unter Freisetzung von Ringspannung reagiert 40 unter milden Reaktionsbedingungen mit CO und 

zu CO isoelektronischen Isocyaniden, wobei beim berechneten Mechanismus für die CO-Insertion 

von einer schrittweisen CO-Assoziation an das Bismutzentrum unter Bildung eines Lewis-

Säure/Base-Addukts, mit nachfolgender Insertion, ausgegangen wird. Die IR-spektroskopische 

Reaktionsverfolgung stimmte mit den theoretischen Ergebnissen überein. Das Insertionsprodukt 

41 zeigt unter cyclovoltammetrischen Bedingungen einen chemisch reversiblen Redoxprozess, 

wodurch in situ (reversibel) ein Bismutradikal gebildet wird. 

Lewis-basen-freies, organometallisches Bismutiniden. Durch kontrollierte thermische 

Homolyse ausgehend von BiMe3 konnte die Spezies Bi(I)Me spektroskopisch und 

massenspektrometrisch in der Gasphase nachgewiesen werden. Das so generierte BiMe zeigt, als 

erstes bisher bekanntes metallorganisches Bismutiniden, laut DFT und Multi-Referenz 

Berechnungen einen Triplett-Grundzustand. Außerdem konnte im Rahmen dieser Arbeit die 

homolytische Bindungsdissoziationsenergie von Me2Bi–CH3 auf 210 ± 7 kJ · mol–1 beziffert 
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werden, was den in der Literatur bis dato angenommenen Wert um 15% übersteigt. Es konnte 

außerdem gezeigt werden, dass transient auftretendes BiMe in der präparativen Chemie unter 

Standardlaborbedingungen eine Rolle spielen kann, sodass in Zukunft BiMe3 als geeignetes 

Substrat zur Einführung von „BiMe“-Fragmenten dienen könnte. EPR-spektroskopische 

Untersuchungen bestätigten die Freisetzung von radikalischen Spezies aus BiMe3 bei 60 °C in 

Lösung. In Zukunft sollen geeignete Vorläufermoleküle BiR3 gewählt werden, um den 

elektronischen und sterischen Einfluss der Substituenten R auf die Bildung von 

organometallischen Lewis-basen-freien Bismutinidenen und deren elektronischer Struktur zu 

untersuchen. EPR-spektroskopische und präparative Untersuchungen mit den leichteren 

Pnictogenverbindungen AsMe3 und SbMe3 deuten auf eine geringere Reaktivität hinsichtlich einer 

homolytischen Me2E–CH3 (E = As, Sb) Bindungsspaltung hin. Weitere spektroskopische und 

theoretische Untersuchungen an den leichteren Homologen stehen aus.
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XVII  Experimental 

1 General Considerations 

Due to the air- and moisture-sensitive nature of the compounds used and synthesized, all 

experiments were carried out using standard Schlenk techniques under a dry argon atmosphere 

(Argon 5.0) or in gloveboxes from MBraun, Inert or GS Glovebox Systemtechnik, unless specified 

otherwise. Due to the high toxicity of thallium and mercury compounds, reactions involving these 

were carried out in the glovebox whenever possible, and contaminated consumables were 

collected and disposed separately. Contaminated glassware was washed with aqueous HCl prior 

to the standard cleaning procedure. Experiments with SbF5 were carried out in a glovebox and all 

equipment used was subsequently quenched in an aqueous Ca(OH)2 ice bath. All solvents were 

dried over suitable drying agents (n-pentane and n-hexane over NaK-alloys, ethanol over 

sodium/diethyl phthalate, difluorobenzene and acetonitrile over molecular sieves 4 Å or 3 Å, 

benzene and toluene over sodium, diethyl ether and tetrahydrofuran over Na/benzophenone or 

K/benzophenone, dichloromethane and chloroform over P2O5), distilled under an argon 

atmosphere and stored over molecular sieves. Deuterated solvents (tetrahydrofuran-d8, benzene-

d6, dichloromethane-d2, chloroform-d1, pyridine-d5, acetonitrile-d3) were degassed in three 

freeze-pump-thaw cycles and stored over 4 Å or 3 Å molecular sieves. 

1.1 Analytical Methods 

Unless stated otherwise, NMR spectra were recorded at room temperature (approximately 23 °C) 

on the following Bruker devices: Avance 300 spectrometer, an Avance 400 spectrometer or an 

Avance 500 spectrometer. Either the residual proton signal of the solvent or the solvent signal 

itself was used for locking 1H and 13C{1H} NMR spectra. The chemical shifts are provided in ppm 

using the following external standards: SiMe4 (1H, 13C), [BF3 ∙ OEt2] (11B), CFCl3 (19F), Al(NO3)3 

(27Al), SiMe4 in CDCl3 (29Si), 85% H3PO4 (31P), SeMe2 plus 5% C6D6 (77Se) and TeMe2 plus 5% C6D6 

(125Te). NMR resonances were assigned using standard 2D NMR experiments, and unless stated 

otherwise, 13C and 31P NMR spectra were recorded 1H decoupled. 

Elemental analyses (C, H, N, S) were obtained by means of combustion and gas chromatographic 

analysis on a Carlo-Erba or Leco instrument. 

UV-vis measurements were performed under an inert gas atmosphere (glovebox) in quartz glass 

cuvettes (10 mm) on a UV5 Mettler Toledo UV-vis Excellence or a JASCO-V600 spectrometer. 

EPR spectroscopic experiments were carried out on a Bruker X-band spectrometer (9.38 GHz; 

ELEXSYS E580 CW/FT), which is equipped with an Oxford Instruments helium cryostat (ESR900) 

and a MercuryiTC temperature controller. Spectra were recorded using 0.2 mW or 0.4 mW 
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microwave power and 0.5 G field modulation at 100 kHz. The softwares MATLAB 8.0 and EasySpin 

4.5.1 toolbox were used for simulations. 

IR spectra were recorded either in solution or in pure substance on a JASCO FT/IR-6200 type A 

spectrometer using a cuvette equipped with a KBr window. 

Photochemical experiments were carried out under a mercury vapor lamp of the type LOT 

Quantum Design LSB740 (I = 19 A, U = 26 V, 400–500 W) with IR filters irradiating at 210–600 nm, 

in a MPDSBasic photonCABINET photoreactor from KARLBIEDEN, equipped with photoLAB LED 

radiation sources of wavelengths 365 (Φe = 43.2 W), 460 (Φe = 26.6–45.0 W), 525 (Φe = 9.0–

15.2 W) and 625 nm (Φe = 12.2–20.0 W). thermoCONTROL 100 functions as the cooling unit. All 

experiments were carried out using borosilicate glassware. Further experiments were carried out 

with Avance LED lamps (P = 3 W) at wavelength maxima of 400 nm, 455 nm or 525 nm. 

Cyclic voltammetry was performed on a Gamry Instruments Reference 600 potentiostat. For this 

purpose, a standard three-electrode construction was employed using a platinum disk working 

electrode, a platinum wire counter electrode, and a silver wire, separated by a Vycor membrane, 

serving as the reference electrode. The ferrocene/ferrocenium redox couple was used as an 

internal standard for referencing the measured potential. Tetra-n-butylammonium 

hexafluorophosphate ([nBu4N][PF6], 0.1 M) was used as the electrolyte. Experiments were carried 

out under an argon atmosphere in a glovebox at ambient temperature. 

Melting points were determined on an OptiMelt apparatus from SRS with a heating rate of                  

10 °C · min–1. 

GCMS data were recorded on an Agilent 7890A gas chromatograph (column: HP-5MS 5% 

methylphenylsiloxane, 27 cm, Ø 0.25 mm, film: 0.25 μm; injector: 250 °C; oven: 40 °C (8 min), 20 °C 

to 280 °C (5 min); He (1.5 mL · min–1)) equipped with an Agilent 5975C mass detector with triple-

axis detector and a FID detector in EI mode. 

High-resolution mass spectrometry was carried out on an Exactive Plus HRMS device with an 

Orbitrap detector from Thermo-Scientific using the ionization method specified. 

Crystal data were collected either with a Bruker Apex II diffractometer with CCD area detector 

and a multi-mirror monochromator or with a Bruker D8-QUEST diffractometer with CCD area 

detector and multi-mirror monochromator using MoKα radiation (λ = 0.71073 Å). The respective 

solid-state structures were solved using intrinsic phase methods (ShelXT), refined with the ShelX 

software package and developed using Fourier techniques.[250–252] All non-hydrogen atoms were 

refined anisotropically. Hydrogen atoms were assigned to idealized positions or, if possible, found 

directly. The crystallographic data used in the publications were deposited with the Cambridge 

Crystallographic Data Center (CCDC) and are available at 
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https://www.ccdc.cam.ac.uk/structures. The images of the solid-state structures were created 

with the Mercury software. 

DFT calculations were carried out with the Gaussian program,[103] with 6-31G(d, p)[78] (H, B, C, N, 

O, F, P, S, Cl) or LanL2DZ[108–110] (Co, Se, Sb, Te, Os, Tl, Bi) as the basis sets used, as well as the 

B3LYP and CAM-B3LYP functionals.[104] The D3 version of the Grimme dispersion model with the 

original D3 damping function was used.[106] Frequency analyses of the reported structures showed 

no imaginary frequencies for ground states and exactly one imaginary frequency for transition 

states. Thermodynamic parameters were calculated at a temperature of 298.15 K and a pressure 

of 1.00 atm. NBO analyses were carried out with the NBO 7 program version.[177] 

 

2 Synthesis and Characterization 

The following numbering scheme was used for reporting NMR chemical shifts for bismepine 

compounds: 

 

2.1 Experimental Part for Chapter V 

Reaction of 2-iodo-2-methyl-6-heptene with 1 or 10 mol% [Ph2Bi{Mn(CO)5}] (1) as catalyst. 

The reaction was carried out as described in the literature.[72] 

10 mol%: After 5 h at ambient temperature the consumption of the starting material and the 

formation of 2-(iodomethyl)-1,1-dimethylcyclopentane was observed with a yield of 91% 

(determined by GCMS analysis). 

1 mol%: After 2 d at ambient temperature the full consumption of the starting material was 

observed. 1H and 13C NMR spectroscopic analyses of the reaction mixture indicate the formation 

of 3-iodo-1,1-dimethylcyclohexane as the main product with a yield of 90%, besides the formation 

of 2-(iodomethyl)-1,1-dimethylcyclopentane (10%, determined by GCMS and 1H NMR 

spectroscopic analyses). 

1H and 13C NMR spectroscopic analyses of the main product: 

1H NMR (500 MHz, CDCl3): δ = 0.91 (s, 3H, 8-CH3), 0.91 (s, 3H, 9-CH3), 1.20 (m, 1H, 5-CH2), 1.45–

1.51 (m, 3H, 4,5-CH2), 1.82 (m, 1H, 6-CH2), 1.87 (m, 1H, 2-CH2), 2.14 (m, 1H, 2-CH2), 2.41 (m, 1H, 

6-CH2), 4.36 (m, 1H, 1-CHI) ppm. 
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13C NMR (126 MHz, CDCl3): δ = 24.09 (s, 8/9-CH3), 24.95 (s, 4-CH2), 28.55 (s, 1-CHI), 32.99 (s, 8/9-

CH3), 35.22 (s, 3-C(CH3)2), 37.91 (s, 5-CH2), 40.67 (s, 6-CH2), 53.64 (s, 2-CH2) ppm. 

 

Reaction of 3 with 2,5-di-tert-butyl-1,4-benzoquinone. 2,5-Di-tert-butyl-1,4-benzoquinone 

(3.10 mg, 14.0 µmol) was added to a solution of 3 (8.60 mg, 14.0 µmol) in benzene-d6 (0.5 mL). 

The orange solution turned yellow. After 3.5 h at 60 °C the reaction mixture was stirred at ambient 

temperature for 2 d. The obtained green suspension was filtered, leading to a colorless filtrate. 

The filtrate was layered with n-pentane (0.5 mL). After 2 d at ambient temperature small amounts 

of a crystalline solid of 4 were obtained by filtration and characterized by X-ray diffraction 

analysis. 

 

Reaction of 3 with Ph4Bi2. Ph4Bi2 (11.7 mg, 16.0 µmol) was added to a solution of 3 (10.0 mg, 

16.0 µmol) in toluene (0.5 mL). The reaction mixture was stirred for 30 min, filtered and the 

filtrate was layered with n-pentane (1 mL). After 1 d at –30 °C a red crystalline solid was obtained 

by filtration and dried in vacuo. The product was identified as 5 by X-ray diffraction analysis.[77] A 

yield was not determined.  

 

[(C14H10)Bi{Mn(CO)5}] (9). In a J. Young NMR tube 8-Cl (15.0 mg, 35.5 μmol) and 

Na(thf)3[Mn(CO)5] (15.4 mg, 35.5 μmol) were dissolved in benzene-d6 (0.5 mL). The brown 

suspension was frozen at 0 °C and after the addition of THF-d8 (0.1 mL) the suspension was 

allowed to warm to ambient temperature. Insoluble materials were removed by filtration and the 

brownish-red filtrate was analyzed by 1H and 13C NMR spectroscopy, revealing the selective 

formation of one new species. Isolation of 9 did not succeed due to decomposition during work-

up.  

1H NMR (300 MHz, C6D6/THF-d8, 5:1): δ = 6.61 (s, 2H, 7,8-CH), 6.97 (ddd, 2H, 4JHH = 1.4 Hz,                                  

3JHH = 7.2 Hz, 3JHH = 7.3 Hz, 4,11-C6H4), 7.07 (ddd, 2H, 4JHH = 1.4 Hz, 3JHH = 7.4 Hz, 3JHH = 7.6 Hz, 3,12-

C6H4), 7.27 (dd, 2H, 4JHH = 1.4 Hz, 3JHH = 7.4 Hz, 2,13-C6H4), 7.58 (dd, 2H, 4JHH = 1.4 Hz, 3JHH = 7.3 Hz, 

5,10-C6H4) ppm. 

13C NMR (75 MHz, C6D6): δ = 128.06 (s, 3,12-C6H4, overlap with solvent resonance), 128.57 (s, 

4,11-C6H4), 133.85 (s, 2,13-C6H4), 134.44 (s, 7,8-CH), 137.63 (s, 5,10-C6H4), 146.20 (s, 6,9-C6H4), 

203.99 (s, br, CO) ppm. 

Note: The 13C resonance for the C-1 and C-14 atoms was neither detected in the 13C NMR spectrum, 

nor in 1H, 13C HMBC experiments. This was ascribed to the high quadrupole moment of the 209Bi 

nucleus (100%, I = 9/2, quadrupole moment Q = –0.4 · 10–28 · m–2), which broadens the 
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resonances of atoms bonded to the Bi center to such an extent that they may not be observable 

under standard conditions.  

[(C14H10)Bi{Fe(CO)2Cp}] (10). A solution of Na(thf)[FeCp(CO)3] (35.6 mg, 130 μmol) in THF 

(2.5 ml) was added to a solution of 8-Cl (54.9 mg, 130 μmol) in THF (2.5 ml) at –78 °C in small 

portions. After stirring for 30 min at –78 °C the reaction mixture was allowed to warm up to 

ambient temperature and stirred for a further 30 min. All volatiles were removed under reduced 

pressure and the residue was extracted with toluene (6 mL) and filtered. The filtrate was layered 

with n-pentane (7 mL). After 3 d at –30 °C 10 was obtained as a dark red solid by filtration and 

dried in vacuo. Yield: 46.0 mg, 80.0 μmol, 63%. 

1H NMR (400 MHz, C6D6): δ = 4.06 (s, 5H, Cp), 6.91 (s, 2H, 7,8-CH), 7.09–7.13 (m, 4H, 3,12-C6H4, 

4,11-C6H4), 7.25–7.28 (m, 2H, 5,10-C6H4), 8.13 (dd, 2H, 4JHH = 1.8 Hz, 3JHH = 7.1 Hz, 2,13-C6H4) ppm.  

13C NMR (101 MHz, C6D6): δ = 83.30 (s, Cp), 127.30 (s, 4,11-C6H4), 129.72 (s, 3,12-C6H4), 130.65 

(s, 5,10-C6H4), 134.56 (s, 7,8-CH), 135.41 (s, br, 1,14-C6H4), 139.04 (s, 2,13-C6H4), 144.72 (s, 6,9-

C6H4), 212.49 (s, CO) ppm.  

IR (neat): 𝜈CO = 1972 (s), 1926 (s) cm–1.  

UV-vis (THF): λmax = 362 nm, onset at 450 nm. 

Elemental analysis: Anal. calc. (%) for C21H15BiFeO2 (564.17 g · mol–1): C 44.71, H 2.68; found:             

C 45.10, H 2.73. 

 

[{κ2C,κ1Bi-(C14H10)Bi}Fe(CO)Cp] (11). A solution of 10 (20.0 mg, 34.5 μmol) in benzene-d6                

(0.5 mL) was irradiated (525 nm) for 5 h. Small amounts of black, insoluble solid were removed 

by filtration and the obtained dark red solution was layered with n-pentane (1 mL). After 16 h at                    

–30 °C 11 was obtained as a dark red, crystalline solid by filtration and dried in vacuo. Yield:                

11.0 mg, 19.9 μmol, 58%.  

1H NMR (400 MHz, C6D6): δ = 3.88 (s, 5H, Cp), 4.66 (d, 1H, 3JHH = 10.5 Hz, 7-CH), 5.03 (d, 1H, 

3JHH = 10.5 Hz, 8-CH), 6.77 (dd, 1H, 3JHH = 7.2 Hz, 3JHH = 7.3 Hz, 12-C6H4), 6.75–7.00 (m, 3H, 3-C6H4, 

4,11-C6H4), 7.16 (m, 1H, 5-C6H4, overlap with solvent signal), 7.48 (d, 1H, 3JHH = 7.6 Hz, 10-C6H4), 

7.76 (d, 1H, 3JHH = 7.2 Hz, 13-C6H4), 7.87 (d, 1H, 3JHH = 7.3 Hz, 2-C6H4) ppm.  

13C NMR (101 MHz, C6D6): δ = 69.66 (s, 7-CH), 73.53 (s, 8-CH), 81.30 (s, Cp), 125.27 (s, 4-C6H4), 

125.85 (s, 12-C6H4), 126.00 (s, 3-C6H4), 126.29 (s, 11-C6H4), 128.73 (s, 10-C6H4), 130.31 (s, br,                  

1-C6H4), 132.08 (s, 5-C6H4), 132.48 (s, br, 14-C6H4) 135.41 (s, 2-C6H4), 137.00 (s, 13-C6H4), 153.34 

(s, 6-C6H4), 158.43 (s, 9-C6H4), 220.22 (s, CO) ppm.  

IR (neat): 𝜈CO = 1930 (s) cm–1.  
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UV-vis (THF): λmax = 353 nm. 

Elemental analysis: Anal. calc. (%) for C20H15BiFeO (536.16 g · mol–1): C 44.80, H 2.82; found:               

C 44.60, H 2.71. 

 

[{(C14H10)Bi}2Fe(CO)4] (12). A suspension of Na2Fe(CO)4 (5.1 mg, 23.7 μmol) in THF (2 mL) was 

added dropwise to a solution of chloro-bismepine 8-Cl (20.0 mg, 47.4 μmol) in THF (2 mL). The 

reaction mixture was stirred for 2 h at ambient temperature, after which all volatiles were 

removed under reduced pressure. The residue was extracted with toluene (3 x 1 mL) and filtered. 

The filtrate was layered with n-pentane and stored at –30 °C. After 16 h 12 was isolated as a red, 

crystalline solid by filtration and dried in vacuo. Yield: 11.8 mg, 12.5 μmol, 53%. 

1H NMR (400 MHz, C6D6): δ = 6.66 (s, 4H, 7,8-C2H2), 7.00 (dd, 4H, 3JHH = 7.6 Hz, 3JHH = 7.5 Hz, 4,11-

C6H4), 7.07 (dd, 4H, 3JHH = 7.5 Hz, 3JHH = 7.1 Hz, 3,12-C6H4), 7.30 (d, 4H, 3JHH = 7.6 Hz, 5,10-C6H4), 

7.55 (d, 4H, 3JHH = 7.1 Hz, 2,13-C6H4) ppm.  

13C NMR (101 MHz, C6D6): δ = 127.70 (s, 3,12-C6H4), 133.98 (s, 2,13-C6H4), 134.34 (s, 5,10-C6H4), 

137.45 (s, 4,11-C6H4), 139.56 (s, 7,8-C2H2), 146.09 (s, 6,9-C6H4), 152.57 (s, 1,14-C6H4), 244.56 (s, 

CO) ppm.  

Elemental analysis: Anal. calc. (%) for [C32H20Bi2FeO4] (942.31 g ∙ mol–1): C 40.79, H 2.14; found: 

C 40.92, H 2.19. 

IR (neat): 𝜈CO = 2040 (s), 1981 (w), 1961 (s), 1933 (w) cm–1. 

UV-vis (THF): λmax = 362 nm, onset at ca. 450 nm.  

 

[(C14H10)Bi{Co(CO)4}] (13). 8-Cl (15.0 mg, 35.5 μmol) and Na[Co(CO)4] (6.90 mg, 35.5 μmol) 

were dissolved in benzene-d6 (0.5 mL) and THF-d8 (0.1 mL). The obtained suspension was filtered. 

Due to decomposition during work-up, 13 was only characterized in solution.  

1H NMR (500 MHz, C6D6/THF-d8, 5:1): δ = 6.72 (s, 2H, 7,8-CH), 7.06 (dd, 2H, 3JHH = 7.7 Hz, 

3JHH = 7.3 Hz, 4,11-C6H4), 7.20 (d, 2H, 3JHH = 7.5 Hz, 5,10-C6H4), 7.27 (dd, 2H, 3JHH = 7.3 Hz,                           

3JHH = 7.5 Hz, 3,12-C6H4), 8.47 (d, 2H, 3JHH = 7.7 Hz, 2,13-C6H4) ppm.  

13C NMR (126 MHz, C6D6/THF-d8, 5:1): δ = 131.17 (s, 3,12-C6H4), 132.25 (s, 7,8-C6H4), 133.10 (s, 

5,10-C6H4), 138.66 (s, 4,11-C6H4), 142.43 (s, 2,13-CH), 151.40 (s, 6,9-C6H4), 200.99 (s, CO) ppm. 

The carbon atoms corresponding to 1,14-C6H4 were not observed in the 13C NMR spectrum due to 

quadrupole broadening caused by the 209Bi nucleus. 

IR (THF): 𝜈CO = 2075 (s), 2036 (w), 2019 (s), 1989 (s) cm–1. 
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UV-vis (THF): λmax = 369 nm, onset at 510 nm. 

 

[{κ2C,κ1Bi-(C14H10)Bi}Co(CO)3] (14). A suspension of 8-Cl (20.0 mg, 47.3 µmol) and Na[Co(CO)4] 

(9.20 mg, 47.3 µmol) in a mixture of toluene/THF (0.7 mL, 1:0.05) was irradiated (525 nm) for 

45 h. The suspension was filtered and the filtrate was layered with n-pentane (1.5 mL). After 16 h 

at –30 °C 14 was obtained by filtration and dried in vacuo. Yield: 10.0 mg, 18.3 µmol, 39%. 

1H NMR (500 MHz, C6D6): δ = 5.11 (s, 2H, 7,8-CH), 6.95 (m, 4H, 3,12-C6H4, 4,11-C6H4), 7.31 (d, 2H, 

3JHH = 7.5 Hz, 5,10-C6H4), 7.39 (d, 2H, 3JHH = 7.1 Hz, 2,13-C6H4) ppm. 

13C NMR (126 MHz, C6D6): δ = 75.60 (s, 7,8-CH), 126.50 (s, 4,11-C6H4), 127.55 (s, 3,12-C6H4), 

131.64 (s, 5,10-C6H4), 134.08 (s, 2,13-C6H4), 147.66 (s, br, 1,14-C6H4), 154.64 (s, 6,9-C6H4), 207.00 

(s, br, CO) ppm.  

Elemental analysis: Anal. calc. (%) for C17H10O3CoBi (530.17 g · mol–1): C 38.51, H 1.90; found: 

C 38.41, H 2.05. 

IR (neat): 𝜈CO = 2003 (s) cm–1.  

UV-vis (THF): λmax = 346 nm, onset at 420 nm. 

 

[(C14H10)Bi{Co(CO)3(PPh3)}] (13-PPh3). A solution of PPh3 (10.6 mg, 0.04 mmol) and 

Na[Co(CO)4] (7.8 mg, 40.3 μmol) in THF (2.0 mL) was added dropwise to a solution of 8-Cl 

(17.0 mg, 40.3 μmol) in THF (1 mL) at –78 °C. After 30 min at –78 °C the reaction mixture was 

stirred for a further 15 min at ambient temperature. All volatiles were removed under reduced 

pressure and the residue was extracted with toluene (6 mL) and filtered. The filtrate was layered 

with n-pentane (6 mL). After 3 d at –30 °C 13-PPh3 was isolated by filtration as an orange solid 

and dried in vacuo. Yield: 18.4 mg, 22.8 μmol, 58%. 

1H NMR (400 MHz, C6D6): δ = 6.87 (s, 2H, 7,8-CH), 6.99–7.07 (m, 9H, para-PPh3, meta-PPh3), 7.09 

(ddd, 2H, 4JHH = 1.2 Hz, 3JHH = 7.3 Hz, 3JHH = 7.6 Hz, 4,11-C6H4), 7.24 (d, 2H, 3JHH = 7.6 Hz, 5,10-C6H4), 

7.32 (ddd, 2H, 4JHH = 1.2 Hz, 3JHH = 7.3 Hz, 3JHH = 7.9 Hz, 3,12-C6H4), 7.64–7.72 (m, 6H, ortho-PPh3), 

8.92 (d, 2H, 3JHH = 7.9 Hz, 2,13-C6H4) ppm. 

13C NMR (101 MHz, C6D6): δ = 127.22 (s, 4,11-C6H4), 128.99 (d, 3JPC = 10.2 Hz, meta-PPh3), 130.36 

(s, 5,10-C6H4), 130.74 (d, 4JPC = 3.0 Hz, para-PPh3), 131.45 (s, 3,12-C6H4), 133.55 (d, 2JPC = 11.3 Hz, 

ortho-PPh3), 133.98 (s, 7,8-CH), 135.13 (d, 1JPC = 44.3 Hz, ipso-PPh3), 139.54 (s, 2,13-C6H4), 143.36 

(s, 6,9-C6H4), 145.38 (s, br, 1,14-C6H4) 201.61 (d, 2JPC = 16.9 Hz, CO) ppm. 

31P NMR (121 MHz, C6D6): δ = 68.22 (s, PPh3) ppm. 

IR (neat): 𝜈CO = 1927 (s), 1944 (s), 2010 (w) cm–1.  
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UV-vis (THF): λmax = 382 nm, onset at 480 nm. 

Elemental analysis: Anal. calc. (%) for C35H25BiCoO3P (792.47 g · mol–1): C 53.05, H 3.18; found: 

C 53.05, H 3.09. 

 

[{κ2C,κ1Bi-(C14H10)Bi}Co(CO)2(PPh3)] (14-PPh3). A solution of 13-PPh3 (34.8 mg, 40.0 μmol) 

in benzene-d6 was irradiated (455 nm) for 5 h. Small amounts of a black, insoluble precipitate 

were removed by filtration and the yellow filtrate was layered with n-pentane (2 mL) and 

stored at ambient temperature. After 16 h 14-PPh3 was isolated as an orange solid by 

filtration and dried in vacuo. Yield: 16.3 mg, 20.0 μmol, 50%.  

1H NMR (300 MHz, C6D6): δ = 4.60 (d, 2H, 3JHP = 7.0 Hz, 5,6-CH), 6.94–7.01 (m, 13H, para-PPh3, 

3,8-C6H4, 2,9-C6H4, meta-PPh3), 7.33–7.36 (m, 2H, 4,7-C6H4), 7.59–7.66 (m, 6H, ortho-PPh3), 7.70–

7.73 (m, 2H, 1,10-C6H4) ppm. 

13C NMR (126 MHz, C6D6): δ = 76.24 (s, 7,8-CH), 126.35 (d, 4JPC = 12.1 Hz, 4,11-C6H4), 128.62 (s, 

3,12-C6H4) 128.94 (d, 3JPC = 9.4 Hz, meta-PPh3), 130.18 (s, 5,10-C6H4), 130.51 (d, 4JPC = 2.2 Hz, para-

PPh3), 133.51 (s, 2,13-C6H4), 133.94 (d, 2JPC = 10.7 Hz, ortho-PPh3), 135.09 (d, 1JPC = 1.2 Hz, ipso-

PPh3), 143,11 (s, br, 1,14-C6H4), 156.79 (d, 3JPC = 5.7 Hz, 6,9-C6H4), 205.15 (s, br, CO) ppm.  

31P NMR (121 MHz, C6D6): δ = 73.94 (s) ppm. 

Elemental analysis: Anal. calc. (%) for H25CoBiC34O2P (764.45 g · mol–1): C 53.42, H 3.30; found: 

C 53.71, H 3.34. 

IR (neat): 𝜈CO = 1975 (s), 1923 (s) cm–1.  

UV-vis (THF): λmax = 360 nm, 435 nm. 

 

[(C14H10)Bi{Co(CO)3(PCy3)}] (13-PCy3). A brown solution of PCy3 (28.4 mg, 100 μmol) and 

Na[Co(CO)4] (18.3 mg, 94.6 µmol) in THF (1.5 mL) was added to a colorless solution of 8-Cl 

(40.0 mg, 94.6 µmol) in THF (1.5 mL) at –78 °C. The dark red suspension was stirred for 2 h at                

–78 °C, then for 15 h at ambient temperature. All volatiles were removed under reduced pressure. 

The residue was extracted with toluene (3.0 mL), filtered and the filtrate was layered with n-

pentane (3 mL). 13-PCy3 was obtained as an orange solid after 16 h at –30 °C, filtered and dried 

in vacuo. Yield: 25.0 mg, 30.8 µmol, 32%. 

1H NMR (400 MHz, C6D6): δ = 1.08–1.20 (m, 9H, PCy3), 1.49–1.57 (m, 9H, PCy3), 1.71 (m, 6H, PCy3), 

2.01–2.10 (m, 9H, PCy3), 6.89 (s, 2H, 7,8-C2H2), 7.11 (dd, 2H, 3JHH = 7.6 Hz, 3JHH = 8.1 Hz, 4,11-C6H4), 

7.25 (d, 2H, 3JHH = 7.6 Hz, 5,10-C6H4), 7.39 (dd, 2H, 3JHH = 7.4 Hz, 3JHH = 8.1 Hz, 3,12-C6H4), 8.90 (d, 

2H, 3JHH = 7.4 Hz, 2,13-C6H4) ppm. 
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13C NMR (101 MHz, C6D6): δ = 26.57 (d, 4JPC = 1.2 Hz, 4-CH2, PCy3), 27.78 (d, 2JPC = 10.2 Hz, 2,6-CH2, 

PCy3), 30.46 (s, 3,5-CH2, PCy3), 37.74 (d, 1JPC = 18.6 Hz, 1-CH, PCy3), 127.18 (s, 3,12-C6H4), 130.23 

(s, 2,13-C6H4), 131.23 (s, 5,10-C6H4), 134.08 (s, 4,11-C6H4), 139.22 (s, 7,8-C2H2), 143.48 (d,                           

4JPC = 1.0 Hz, 6,9-C6H4), 144.09 (s, 1,14-C6H4), 202.95 (s, CO) ppm.  

31P NMR (162 MHz, C6D6): δ = 78.55 (s, PCy3) ppm.  

IR (neat): 𝜈CO = 1998 (w), 1932 (s), 1913 (s) cm–1. 

UV-vis (THF): λmax = 369 nm, onset at ca. 430 nm. 

Elemental analysis: Anal. calc. (%) for C35H43BiCoO3P (810.61 g · mol–1): C 51.86, H 5.35; found: 

C 50.60, H 6.48.8 

 

[{κ2C,κ1Bi-(C14H10)Bi}Co(CO)2(PCy3)] (14-PCy3). A solution of 13-PCy3 (13.0 mg, 16.0 μmol) in 

benzene-d6 (1 mL) was irradiated (360 nm) for 7.5 h. The suspension was filtered. 14-PCy3 was 

obtained as yellow needles after 16 h at ambient temperature by slow evaporation of the solvent 

and dried in vacuo. Yield: 10.0 mg, 12.7 μmol, 79%. 

1H NMR (400 MHz, C6D6): δ = 0.98–1.19 (m, 9H, PCy3), 1.35–1.50 (m, 6H, PCy3), 1.49–1.55 (m, 3H, 

PCy3), 1.60–1.72 (m, 6H, PCy3), 1.77–1.89 (m, 3H, PCy3), 2.01 (m, 6H, PCy3), 5.24 (d, 2H,                               

3JHP = 5.6 Hz, 7,8-C2H2), 6.98 (dd, 3JHH = 6.9 Hz, 2H, 3JHH = 7.3 Hz, 4,11-C6H4), 7.08 (dd, 2H,                                

3JHH = 6.9 Hz, 3JHH = 7.3 Hz, 3,12-C6H4), 7.63 (d, 2H, 3JHH = 7.3 Hz, 5,10-C6H4), 7.74 (d, 2H,                                 

3JHH = 6.9 Hz, 2,13-C6H4) ppm. 

1H NMR (400 MHz, CDCl3): δ = 1.29 (m, 9H, PCy3), 1.46 (m, 6H, PCy3), 1.76 (s, br, 3H), 1.90 (m, 9H, 

PCy3), 2.02 (m, 6H, PCy3), 4.96 (d, 2H, 3JHP = 5.7 Hz, 7,8-C2H2), 7.03 (ddd, 2H, 4JHH = 1.3 Hz,                               

3JHH = 7.2 Hz, 3JHH = 7.3 Hz, 4,11-C6H4), 7.09 (ddd, 2H, 4JHH = 1.3 Hz, 3JHH = 7.5 Hz, 3JHH = 6.9 Hz, 3,12-

C6H4), 7.42 (dd, 2H, 4JHH = 0.7 Hz, 3JHH = 6.4 Hz, 5,10-C6H4), 7.73 (dd, 2H, 4JHH = 1.1 Hz, 3JHH = 6.9 Hz, 

2,13-C6H4) ppm. 

13C NMR (101 MHz, C6D6): δ = 26.52 (s, 4-CH2, PCy3), 28.00 (d, 2JPC = 9.4 Hz, 2,6-CH2, PCy3), 30.07 

(s, 3,5-CH2, PCy3), 36.27 (d, 1JPC = 13.4 Hz, 1-CH, PCy3), 72.57 (s, 7,8-C2H2), 125.59 (s, 4,11-C6H4), 

125.92 (s, 3,12-C6H4), 129.31 (s, 5,10-C6H4), 134.80 (s, 2,13-C6H4), 143.17 (s, 1,14-C6H4), 157.37 

(s, 6,9-C6H4), 205.83 (s, CO) ppm.  

13C NMR (101 MHz, CDCl3): δ = 26.60 (s, 4-CH2, PCy3), 27.99 (d, 2JPC = 9.5 Hz, 2,6-CH2, PCy3), 30.37 

(s, 3,5-CH2, PCy3), 36.53 (d, 1JPC = 13.1 Hz, 1-CH, PCy3), 73.36 (s, 7,8-C2H2), 126.16 (s, 4,11-C6H4), 

126.41 (s, 3,12-C6H4), 129.57 (s, 5,10-C6H4), 135.28 (s, 2,13-C6H4), 143.79 (s, 1,14-C6H4), 157.69 

(s, 6,9-C6H4), 205.83 (s, CO) ppm.  

                                                        
8 The elemental analysis obtained does not conform to scientific requirements. 
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31P NMR (162 MHz, C6D6): δ = 68.49 (s, PCy3) ppm.  

31P NMR (162 MHz, CDCl3): δ = 68.11 (s, PCy3) ppm.  

IR (neat): 𝜈CO = 1969 (s), 1933 (s) cm–1. 

UV-vis (THF): λmax = 350 nm, 430 nm. 

Elemental analysis: Anal. calc. (%) for C34H43BiCoO2P (782.60 g · mol–1): C 52.18, H 5.54; found: 

C 53.69, H 5.59.9 

 

[(C14H10)Bi{Co(CO)(tBuNC)}] (13-tBuNC). To a suspension of 8-Cl (72.0 mg, 170 μmol) and 

Na[Co(CO)4] (32.7 mg, 170 μmol) in a mixture of toluene (3 mL) and THF (0.5 mL) was added tert-

butylisonitrile (14.1 mg, 19.1 μL, 170 μmol). After 1 h the dark red suspension was filtered and 

the filtrate was layered with n-pentane (3 mL). After 16 h at –30 °C 13-tBuNC was obtained as a 

red solid by filtration and dried in vacuo. Yield: 64.3 mg, 105 μmol, 62%. 

1H NMR (400 MHz, C6D6): δ = 0.59 (s, 9H, CH3), 6.78 (s, 2H, 7,8-C2H2), 7.06 (dd, 2H,                                    

3JHH = 7.1 Hz, 3JHH = 7.8 Hz, 4,11-C6H4), 7.16–7.24 (m, 4H, 3,12-C6H4, 5,10-C6H4), 8.82 (d, 2H,                          

3JHH = 7.3 Hz, 2,13-C6H4) ppm. 

13C NMR (101 MHz, C6D6): δ = 29.39 (s, CH3), 57.20 (s, C(CH3)3), 127.22 (s, 3,12-C6H4), 130.28 (s, 

2,13-C6H4), 131.59 (s, 5,10-C6H4), 133.66 (s, 4,11-C6H4), 139.58 (s, 7,8-C2H2), 142.86 (s, 6,9-C6H4), 

146.70 (s, 1,14-C6H4), 150.80 (s, NC), 203.67 (s, CO) ppm. 

IR (neat): 𝜈CO/NC = 2167 (s, NC), 1984 (w, CO), 1934 (s, CO), 1923 (s, CO) cm–1. 

UV-vis (THF): λmax = 362 nm, onset at ca. 450 nm. 

Elemental analysis: Anal. calc. (%) for C22H19BiCoNO3 (613.31 g · mol–1): C 43.08, H 3.12, N 2.28; 

found: C 43.13, H 3.09, N 2.24. 

 

[{κ2C,κ1Bi-(C14H10)Bi}Co(CO)2(tBuNC)] (14-tBuNC). A solution of 13-tBuNC (30.0 mg, 

48.9 μmol) in benzene-d6 (1 mL) was irradiated (360 nm) for 2.5 h. The suspension was filtered 

and the filtrate was layered with n-pentane (1 mL). 14-tBuNC was obtained as yellow needles 

after 16 h at ambient temperature by filtration and dried in vacuo. Yield: 21.2 mg, 36.2 μmol, 74%. 

1H NMR (400 MHz, C6D6): δ = 0.70 (s, 9H, CH3), 5.44 (s, 2H, 7,8-C2H2), 6.93–7.02 (m, 4H, 4,11-C6H4; 

3,12-C6H4), 7.55 (s, br, 2H, 5,10-C6H4), 7.63 (d, 2H, 3JHH = 6.3 Hz, 2,13-C6H4) ppm. 

                                                        
9 The elemental analysis obtained does not conform to scientific requirements. 
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13C NMR (101 MHz, C6D6): δ = 29.80 (s, CH3), 57.19 (s, C(CH3)3), 74.53 (s, 7,8-C2H2), 126.15 (s, 3,12-

C6H4), 126.42 (s, 4,10-C6H4), 130.48 (s, 5,10-C6H4), 134.81 (s, 2,13-C6H4), 142.71 (s, 1,14-C6H4), 

156.68 (s, 6,9-C6H4), 162.21 (s, br, NC), 203.35 (s, CO) ppm.  

IR (neat): 𝜈CO/NC = 2163 (s, NC), 1983 (s, CO), 1930 (s, CO) cm–1. 

UV-vis (THF): λmax = 338 nm, onset at ca. 450 nm. 

Elemental analysis: Anal. calc. (%) for C21H19BiCoNO2 (585.30 g · mol–1): C 43.09, H 3.27, N 2.3; 

found: C 43.22, H 3.43, N 2.17. 

 

[(C14H10)Bi{Co(CO)2(tBuNC)(PCy3)}] (15). Neat PCy3 (7.19 mg, 25.6 µmol) was added to a 

solution of 14-tBuNC (15.0 mg, 25.6 µmol) in benzene-d6 (0.7 mL). After 3 h at 60 °C the obtained 

dark red suspension was filtered and the filtrate was layered with hexamethyldisiloxane (1.0 mL). 

After 16 h at ambient temperature 15 was obtained by filtration and dried in vacuo. Yield: 15.0 mg, 

17.3 µmol, 68%. 

1H NMR (400 MHz, C6D6): δ = 0.50 (s, 9H, CH3), 1.18–1.30 (m, 9H, PCy3), 1.65–1.71 (m, 9H, PCy3), 

1.81 (m, 6H, PCy3), 2.10–2.15 (m, 3H, PCy3), 2.19–2.24 (m, 6H, PCy3), 6.90 (s, 2H, 7,8-C2H2), 7.14 

(ddd, 2H, 4JHH = 1.3 Hz, 3JHH = 7.4 Hz, 3JHH = 7.7 Hz, 4,11-C6H4), 7.24 (dd, 2H, 4JHH = 1.3 Hz,                                     

3JHH = 7.7 Hz, 5,10-C6H4), 7.30 (ddd, 2H, 4JHH = 1.3 Hz, 3JHH = 7.3 Hz, 3JHH = 7.4 Hz, 3,12-C6H4), 8.95 

(dd, 2H, 4JHH = 1.2 Hz, 3JHH = 7.4 Hz, 2,13-C6H4) ppm.  

13C NMR (101 MHz, C6D6): δ = 26.48 (s, 4-CH2, PCy3), 27.70 (d, 2JPC = 10.1 Hz, 2,6-CH2, PCy3), 29.02 

(s, CH3), 30.21 (s, 3,5-CH2, PCy3), 37.25 (d, 1JPC = 17.0 Hz, 1-CH, PCy3), 54.98 (s, C(CH3)3), 126.13 (s, 

3,12-C6H4), 29.05 (s, 2,13-C6H4), 130.11 (s, 5,10-C6H4), 134.12 (s, 4,11-C6H4), 139.95 (s, 7,8-C2H2), 

142.63 (s, br, 1,14-C6H4), 143.51 (s, 6,9-C6H4), 154.83 (s, br, NC), 204.24 (d, 2JPC = 14.6 Hz, CO) ppm. 

31P NMR (162 MHz, C6D6): δ = 83.60 (s, PCy3) ppm.  

IR (neat): 𝜈CO/NC = 2116 (s, NC), 1932 (s, CO), 1881 (s, CO) cm–1. 

UV-vis (THF): λmax = 340 nm, onset at ca. 430 nm. 

Elemental analysis: Anal. calc. (%) for C39H52BiCoNO2P (865.74 g · mol–1): C 54.11, H 6.05, N 1.62; 

found: C 54.14, H 5.84, N 1.49. 

 

[{κ2C,κ1Bi-(C14H10)Bi}Co(CO)(tBuNC)(PCy3)] (16). A solution of 15 (15.0 mg, 17.3 µmol) in 

benzene-d6 (0.5 mL) was irradiated at a wavelength of 365 nm for 12 h. The reaction mixture was 

analyzed by 1H and 31P NMR spectroscopy. All volatiles were removed under reduced pressure 

and the residue was dissolved in 1,2-difluorobenzene (0.5 mL) and layered with n-pentane 

(0.5 mL). After 3 d at –30 °C small amounts of a crystalline solid were obtained by filtration, with 
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crystals suitable for X-ray diffraction analysis. Since it was not possible to isolate 16 completely, 

a yield was not determined. 

 

[{κ2C,κ1Bi-(C14H10)Bi}Co(CO)(tBuNC)((S)-Monophos)] (17). (S)-Monophos (17.7 mg, 

48.9 µmol) and THF (0.1 mL) were added to a solution of 13-tBuNC (30.0 mg, 48.9 µmol) in 

benzene (1.0 mL). After the end of gas evolution (1 h), the reaction mixture was irradiated at a 

wavelength of 365 nm for 7 h. The reaction mixture was filtered and the filtrate was layered with 

n-pentane. After 16 d at ambient temperature small amounts of a crystalline, yellow solid were 

obtained by filtration, which were suitable for X-ray diffraction analysis. Since it was not possible 

to isolate 17 completely, a yield was not determined. 

 

Reaction of 11 with HOTf. Iron complex 11 (10.0 mg, 18.6 µmol) was dissolved in benzene 

(0.5 mL). A large amount of dark solid instantly precipitated after the addition of HOTf (2.8 mg, 

18.6 µmol). The suspension was filtered and the solid was re-dissolved in THF (1 mL), whereby 

small amounts of black solid remained insoluble. The THF phase was layered with n-pentane 

(1 mL) and after 16 h at –30 °C [Fe(thf)4(OTf)2] was obtained by filtration and dried in vacuo. Yield: 

5.1 mg, 8.0 µmol, 86%. 

 

Reaction of 11 with MeOTf. Iron complex 11 (10.0 mg, 18.6 µmol) was dissolved in benzene-d6 

(0.5 mL) and MeOTf (3.1 mg, 18.6 µmol) was added. After 4 h at ambient temperature a precipitate 

formed and the 1H NMR spectrum showed an incomplete conversion of starting material 11. The 

reaction mixture was heated to 60 °C for 5.5 h, after which an almost complete consumption 

(90%) of 11 was observed by 1H NMR spectroscopy. The suspension was filtered and the solid 

was re-dissolved in THF (1 mL), whereby small amounts of black solid remained insoluble. The 

filtrate was layered with n-pentane and after 16 h at ambient temperature a crystalline solid was 

obtained, which was identified as 11 by single-crystal X-ray diffraction analysis. The mother 

liquor was layered with n-pentane (1 mL) and after 16 h at–30 °C a dark solid was obtained by 

filtration, which could not be analyzed due to the small amount of material. 

 

Reaction of 14-PPh3 with I2. 14-PPh3 (8.0 mg, 10.2 μmol) was dissolved in toluene (3 mL) and 

cooled to –78 °C. I2 (0.01 M in toluene, 1.0 mL, 10.0 μmol) was added to the solution and the 

reaction mixture was slowly warmed up to ambient temperature. The suspension was filtered and 

the filtrate was layered with n-pentane (3 mL). After 16 h at −30 °C a yellow solid had precipitated, 

which was identified as 8-I by 1H NMR spectroscopy.[82] 
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Reaction of 14 with CoCp2*. Cobalt complex 14 (10.0 mg, 19.0 μmol) and CoCp2* (6.2 mg, 

19.0 μmol) were dissolved in benzene (0.5 mL) and the reaction mixture stirred at ambient 

temperature for 2 h. The reaction mixture was filtered and the filtrate was layered with n-pentane 

(1 mL). The residue was extracted with THF, filtered and the filtrate was layered with n-pentane 

(1 mL). After 16 h at −30 °C black crystals were isolated from the THF phase by filtration and 

drying the solid in vacuo. X-ray diffraction analysis revealed the formation of [CoCp2*][Co(CO)4]. 

Yield: 11.0 mg, 21.0 μmol, quantitative. 

 

Reaction of 14 with AgOTf. Cobalt complex 14 (4.2 mg, 7.9 μmol) and AgOTf (2.1 mg, 7.9 μmol) 

were dissolved in benzene (0.5 mL). A gray precipitate formed instantly. The reaction mixture was 

filtered after 1 h at ambient temperature and the filtrate was layered with n-pentane (1 mL). The 

residue was extracted with THF, filtered, whereby small amounts of black solid remained 

insoluble and the filtrate layered with n-pentane (1 mL). After 16 h at −30 °C a yellow-gray solid 

crystallized out from both phases, which was identified as a mixture of phenanthrene and 

compound 14 in a 2:1 molar ratio in both cases according to 1H NMR spectroscopy. 

 

Reaction of 14-PPh3 with S8. Cobalt complex 14-PPh3 (5.0 mg, 6.50 µmol) and S8 (0.1 mg, 

0.81 µmol) were dissolved in benzene-d6 (0.5 mL) and the reaction mixture was heated to                 

60 °C for 16 h. The black insoluble precipitate was removed by filtration from the green 

suspension. The filtrate was layered with n-pentane (1.5 mL) and stored at ambient temperature. 

After 3 d an orange solid (18) had precipitated, which was isolated by filtration and dried in vacuo. 

A yield was not determined.  

1H NMR (400 MHz, C6D6): δ = 6.64 (s, 4H, 7,8-CH), 7.25–7.28 (m, 4H, C6H4), 7.25–7.28 (m, 4H, C6H4), 

8.98 (d, 4H, 3JHH = 8.0 Hz, C6H4) ppm.  

One resonance in the 1H NMR spectroscopic experiment was not visible because of the presence 

of overlapping resonances from at least two by-products, one of which is non-coordinating PPh3 

according to 1H NMR spectroscopy. 

 

Reaction of 17 with S8. The chelate complex 17 (10 mg, 12 μmol) was dissolved in benzene 

(0.5 mL). 100 μL of a S8 solution (0.12 M in benzene, 0.30 mg, 12 μmol) were added to this solution, 

the reaction mixture turning black after two minutes. 50% conversion to an unknown product 

was determined by 31P NMR spectroscopy. Another 150 μL of the S8 solution (0.12 M in benzene, 

0.45 mg, 18 μmol) were added. Complete conversion was determined by 31P NMR spectroscopy, 
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so that the reaction mixture was filtered and the filtrate was layered with n-pentane (1 mL). The 

isolation of a product did not succeed. 

 

Table 6. Summary of other attempts to synthesize 7. 

Entry starting material reagents 
reaction 

conditions 
result 

1 
(Z)-1,2-bis-(2-

bromphenyl)ethene 

Zn (6.5 eq.), CoBr2(0.14 eq.), 
allylchloride (0.34 eq.), 

BiCl3 (0.67 eq.) 
THf, r.t.  phenanthrene 

2 
(Z)-1,2-bis-(2-

bromphenyl)ethene 

Zn (6.5 eq.), CoBr2(0.14 eq.), 
allylchloride (0.34 eq.), 

BiCl3 (0.67 eq.) 
MeCN, –40 °C phenanthrene 

3 
(Z)-1,2-bis-(2-

bromphenyl)ethene 

Bi metal, TMSCl (5%), LiI 
(0.13 eq.) 

THF, r.t. no reaction 

4 
(Z)-1,2-bis-(2-

bromphenyl)ethene 
Bi metal, TMSCl (5%), LiI 

(0.13 eq.) 
THF, 70 °C no reaction 
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Table 7. Reactions of bismepine species with transition metal complexes. 

Entry precursor 
transition metal 

complex 
reaction conditions result 

1 7 [Cr(CH3CN)3(CO)3] benzene, r.t. no reaction 

2 7 [Cr(C6H6)(CO)3] 400 nm, r.t. 
broad 1H NMR 
spectrum, no 

products isolated 

3 7 [W(CO)6] THF/MeCN, hν 
conversion to 

unknown compound 

4 7 [W(CO)3(CH3CN)3] severala recovery of 7 

5 7 [Fe(CO)5] 
a) hν, 1 h, THF 
b) 7, THF, r.t. 

recovery of 7 

6 7 [FeCp2Cl] benzene/THF, r.t. 8-Cl 

7 7 [ClRh(CO)2]2 benzene, 60 °C, 5 d recovery of 7 

8 7 [Rh(coe)2Cl]2 severala recovery of 7 

9 7 [Rh(PiPr3)2(N2)Cl] benzene, r.t. 
recovery of 7, 

Rh(Cl)2(PiPr3)2 

10 7 [Ni(cod)2] benzene/THF, r.t. recovery of 7 

11 7 Pd(II)acetate benzene, r.t. phenanthrene 

12 7 [Pd(CH3CN)4][BF4] DCM, 50 min, 60 °C 8-Cl 

13 7 [Pt(nbe)3] severala recovery of 7 

14 7 [Pt(PCy3)2] toluene, –78 °C 
color change, 

decomposition 

15 7 CuCl severala recovery of 7 

16 7 AgOTf benzene, 80 °C, 5 d phenanthrene, 8-OTf 

17 7 AuCl(SMe2) benzene, r.t. phenanthrene, 8-Cl 

18 7 AuCl(PPh3) benzene, 60 °C recovery of 7 

19 8-Cl Mo(CO)3(CH3CN)3 benzene, r.t. 7 

20 8-Cl [W(CO)6] 
a) hν, 1 h, THF 

b) THF, r.t. 
phenanthrene, 

recovery of 8-Cl 

21 8-Cl [Mn(CO)5]2 severala recovery of 8-Cl 

22 8-Cl [Fe(CO)2Cp]2 severala phenanthrene, 7 

23 8-Cl [Co(CO)4]2 severala phenanthrene, 7 

24 8-Cl [Rh(PiPr3)2(N2)Cl] benzene, r.t. recovery of 8-Cl 

25 8-Cl [Pt(PCy3)2] benzene, r.t. decomposition 

26 8-Cl AuCl(SMe2) benzene, r.t. phenanthrene 

27 8-Cl AuCl(PPh3) benzene/THF, 60 °C 
gold mirror, recovery 

of 8-Cl 

hν: irradiation with a mercury vapor lamp. a. If no reaction was observed at ambient temperature, 
several conditions were applied one after another: 60 °C, 80 °C, hν (400 nm), hν (Hg vapor lamp). 
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2.2 Experimental Part for Chapter VIII 

19-Cl. Route A. MeBiCl2 (10 mg, 33.9 µmol) and Tl[BArF24] (72.4 mg, 67.8 µmol) were dissolved 

in pyridine (1.5 mL). A precipitate formed and was removed by filtration. The filtrate was layered 

with toluene (2 mL) and after 3 d at –30 °C a colorless crystalline solid had precipitated, which 

was isolated by filtration and dried in vacuo. Yield: 26 mg, 16.8 µmol, 50%. 

Route B. BiCl3 (50.0 mg, 0.16 mmol) was added to a solution of Tl[BArF24] (0.16 g, 0.16 mmol) in 

pyridine (1.5 mL). The precipitate was removed by filtration and the filtrate was layered with n-

pentane (2 mL). After 16 h at –30 °C a colorless solid was isolated by filtration and dried in vacuo. 

Yield: 0.17 g, 0.11 mmol, 70%. 

1H NMR (400 MHz, CD2Cl2): δ = 7.48 (m, 10H, meta-C5H5N), 7.55 (s, br, 4H, para-BArF24), 7.72 (s, 

br, 8H, ortho-BArF24), 7.93 (t, 5H, 3JHH = 6.1 Hz, para-C5H5N), 8.76 (d, 10H, 3JHH = 4.8 Hz, ortho-

C5H5N) ppm. 

11B NMR (128 MHz, CD2Cl2): δ = −6.6 (s, BArF24) ppm.  

13C NMR (100 MHz, CD2Cl2): δ = 117.87 (m, para-C6H3(CF3)2), 124.98 (q, 3JCF = 272.2 Hz, CF3), 

125.96 (s, meta-C5H5N), 129.27 (quartquart, 2JCF = 31.6 Hz, 4JCF = 2.7 Hz, meta‐(3,5‐C6H3(CF3)2), 

135.18 (s, br, ortho-C6H3(CF3)2), 139.77 (s, para-C5H5N), 147.84 (s, ortho-C5H5N), 162.20 (q, 

1JBC = 49.9 Hz, ipso-C6H3(CF3)2) ppm.  

19F NMR (376 MHz, CD2Cl2): δ = −62.9 (s, CF3) ppm.  

Elemental analysis: Anal. calc. for C32H12BBiCl2F24(py)4.5 (1497.67 g · mol–1): C 43.67, H 2.32, N 

4.20; found: C 43.35, H 2.52, N 4.36.10 

 

19-Br. BiBr3 (50.0 mg, 0.11 mmol) was added to a solution of Tl[BArF24] (0.11 g, 0.11 mmol) in 

pyridine (1.5 mL). The precipitate was removed by filtration and the filtrate was layered with n-

pentane (2 mL). After 16 h at –30 °C a colorless solid was isolated by filtration and dried in vacuo. 

Yield: 0.12 g, 98.3 μmol, 86%. 

1H NMR (400 MHz, CD2Cl2): δ = 7.45 (m, 10H, meta-C5H5N), 7.55 (s, br, 4H, para-BArF24), 7.72 (s, 

br, 8H, ortho-BArF24), 7.91 (t, 5H, 3JHH = 6.1 Hz, para-C5H5N), 8.95 (d, 10H, 3JHH = 4.9 Hz, ortho-

C5H5N) ppm. 

11B NMR (128 MHz, CD2Cl2): δ = −6.6 (s, BArF24) ppm.  

                                                        
10 The pyridine donor ligands can be partially removed in vacuo. 
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13C NMR (100 MHz, CD2Cl2): δ = 117.82 (m, para-C6H3(CF3)2), 124.95 (q, 3JCF = 271.8 Hz, CF3), 

126.37 (s, meta-C5H5N), 129.27 (quartquart, 2JCF = 31.5 Hz, 4JCF = 2.8 Hz, meta‐(3,5‐C6H3(CF3)2), 

135.15 (s, br, ortho-C6H3(CF3)2), 140.10 (s, para-C5H5N), 148.42 (s, ortho-C5H5N), 162.11 (q, 

1JBC = 48.9 Hz, ipso-C6H3(CF3)2) ppm.  

19F NMR (376 MHz, CD2Cl2): δ = −62.9 (s, CF3) ppm.  

Elemental analysis: Anal. calc. for C32H12BBiBr2F24(py)4.0 (1546.42 g · mol–1): C 40.34, H 2.08, N 

3.62; found: C 40.69, H 1.82, N 3.50.11 

 

19-I. BiI3 (50.0 mg, 84.7 μmol) was added to a solution of Tl[BArF24] (87.5 mg, 84.7 μmol) in 

pyridine (1.0 mL). The precipitate was removed by filtration and the filtrate was layered with n-

pentane (2 mL). After 16 h at –30 °C an orange solid was isolated by filtration and dried in vacuo. 

Yield: 0.12 g, 72.0 μmol, 85%. 

1H NMR (400 MHz, CD2Cl2): δ = 7.36 (m, 10H, meta-C5H5N), 7.55 (s, br, 4H, para-BArF24), 7.72 (s, 

br, 8H, ortho-BArF24), 7.87 (t, 5H, 3JHH = 7.7 Hz, para-C5H5N), 8.88 (d, 10H, 3JHH = 3.4 Hz, ortho-

C5H5N) ppm. 

11B NMR (128 MHz, CD2Cl2): δ = −6.6 (s, BArF24) ppm.  

13C NMR (100 MHz, CD2Cl2): δ = 117.86 (m, para-C6H3(CF3)2), 124.97 (q, 3JCF = 272.5 Hz, CF3), 

126.05 (s, meta-C5H5N), 129.25 (quartquart, 4JCF = 2.3 Hz, 2JCF = 29.2 Hz, meta‐(3,5‐C6H3(CF3)2), 

135.18 (s, br, ortho-C6H3(CF3)2), 139.02 (s, para-C5H5N), 150.41 (s, ortho-C5H5N), 162.64 (q, 

1JBC = 50.6 Hz, ipso-C6H3(CF3)2) ppm.  

19F NMR (376 MHz, CD2Cl2): δ = −62.9 (s, CF3) ppm.  

Elemental analysis: Anal. calc. (%) for C32H12BBiI2F24(py)3.5 (1602.87 g · mol–1): C 37.09, H 1.86, 

N 3.06; found: C 37.33, H 2.12, N 2.91.12 

 

Reaction of BiCl3 with SePMe3. BiCl3 (54.2 mg, 0.17 mmol) and SePMe3 (40.0 mg, 0.26 mmol) 

were suspended in methanol (3 mL) and stored at ambient temperature for 16 h without stirring. 

The black precipitate was removed by filtration and the yellow filtrate dried in vacuo. The residue 

was extracted with THF (4 mL) to give a colorless solution after filtration. Layering the solution 

with n-pentane (4 mL) led to a yellow coloration at the interface. Yellow crystals of BiCl3(SePMe3)n                  

                                                        
11 The pyridine donor ligands can be partially removed in vacuo. 

12 The pyridine donor ligands can be partially removed in vacuo. 
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(n = 2, 3) were obtained after 1 d at –30 °C, which were isolated by filtration and dried in vacuo. 

Yield: 58 mg, 92.9 μmol, 72%.13 

Material suitable for single-crystal X-ray diffraction analyses of several samples revealed the 

formation of BiCl3(SePMe3)2 and BiCl3(SePMe3)3. A composition ratio was not determined. 

In methylene chloride solution, the product decomposes completely after 2 d at 60 °C. 

1H NMR (500 MHz, CD2Cl2): δ = 1.94 (d, 9H, 2JPH = 13.3 Hz, PMe3) ppm. 

1H{31P} NMR (500 MHz, CD2Cl2): δ = 1.90 (s with satellites, 9H, 3JSeH = 65.0 Hz, PMe3) ppm. 

13C NMR (126 MHz, CD2Cl2): δ = 1.90 (d, 9H, 1JCP = 49.2 Hz, PMe3) ppm. 

31P{1H} NMR (202 MHz, CD2Cl2): δ = 9.43 (d, 1JSeP = 338.1 Hz, SePMe3) ppm. 

77Se NMR (100 MHz, CD2Cl2): δ = –44.2 (s, br, detected via 1H, 77Se HMBC experiments) ppm. 

 

21-benzaldehyde. 21 (85.6 mg, 180 μmol) was dissolved in DCM (2 mL) and benzaldehyde 

(38.2 mg, 360 µmol, 36.4 µl) was added. The colorless solution was layered with n-pentane (2 mL). 

After 1 d at –30 °C 21-benzaldehyde was obtained as a colorless crystalline solid by filtration and 

dried in vacuo. Yield: 79 mg, 0.12 mmol, 63%. 

1H NMR (500 MHz, CD2Cl2): δ = 2.03 (s, 6H, CH3), 7.63 (t, 4H, 3JHH = 7.87 Hz, H3/H5), 7.82 (t, 2H, 

3JHH = 7.47 Hz, H4), 8.00 (d, 4H, 3JHH = 7.01 Hz, H2/C6), 9.96 (s, 2H, CHO) ppm. 

13C NMR (126 MHz, CD2Cl2): δ = 53.14 (CH3), 129.56 (s, C3/C5), 131.57 (s, C2/C6), 135.42 (s, C4), 

136.99 (s, C1), 198.47 (s, CHO) ppm. 

19F NMR (470 MHz, CD2Cl2): δ = –121.9 (s, SbF6) ppm. 

Elemental analysis: Anal. calc. (%) for C16H18BiF6O2Sb (687.05 g · mol–1): C 27.97, H 2.62, found: 

C 27.99, H 2.62. 

Melting point: 115 °C. 

 

21-MeCN. 21 (20.0 mg, 42.1 µmol) was dissolved in DCM (2 mL) and MeCN (3.40 mg, 84.2 µmol, 

4.43 µl) was added. The colorless solution was layered with n-pentane (2 mL). After 1 d at –30 °C 

21-MeCN was obtained as a colorless crystalline solid by filtration. The solid started to melt after 

5 min at ambient temperature. Yield: 14 mg, 27.1 µmol 64%. 

1H NMR (400 MHz, CD2Cl2): δ = 1.75 (s, 6H, MeCN), 2.25 (s, br, 6H, BiMe2) ppm. 

                                                        
13 The yield is based on the assumption that only BiCl3(SePMe3)2 was present.  
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21-thf. 21 (20.0 mg, 42.1 µmol) was dissolved in DCM (2 mL) and THF (6.10 mg, 84.2 µmol, 

6.86 µl) was added. The colorless solution was layered with n-pentane (2 mL). After 1 d at –30 °C 

21-thf was obtained as a colorless crystalline solid by filtration. The solid started to melt after 

5 min at ambient temperature. Yield: 10.0 mg, 16.2 µmol 38%. 

1H NMR (400 MHz, CD2Cl2): δ = 1.87 (s, 6H, CH3), 1.97(m, 4H, β-thf), 3.89 (m, 4H, α-thf) ppm. 

13C NMR (101 MHz, CD2Cl2): δ = 26.11 (s, β-thf), 48.73 (s, br, BiMe2), 72.11 (s, α-thf) ppm.  

19F NMR (376 MHz, CD2Cl2): δ = –132.0 ppm. 

ESI-MS (THF): positive mode (%): calc. for [Me2Bi]+, m/z = 239.0268; found m/z = 239.0268 (20), 

negative mode, calculated for [SbF6]–: m/z = 239.8948, found m/z = 239.8942 (100). 

 

[BiMeF(py)3]2[SbF6]2 (22). Storing the contact ion pair 21 as a solid at ambient temperature for 

several days led to a discoloration. Dissolving this solid with pyridine and layering the colorless 

solution with n-pentane led to the formation of small amounts of a crystalline material, which was 

suitable for single-crystal X-ray diffraction analysis and revealed the formation of 22. A yield was 

not determined due to insufficient amounts of material. However, several repeats of this 

experiment led to the isolation of 21-py in nearly quantitative yield. 

 

Dimethylbismuth dicyanodihydridoborate (23-DHB). A solution of Cs[BH2(CN)2] (10.8 mg, 

54.6 µmol) in THF (1.5 mL) was added to a solution of BiMe2Cl (15.0 mg, 54.6 µmol) in THF                       

(1 mL). After the addition of methylene chloride (0.5 mL) the precipitate was removed by 

filtration and the filtrate was layered with n-pentane (2 mL). After 16 h at –30 °C colorless crystals 

of 23-DHB were obtained by filtration and dried in vacuo. Yield: 16.0 mg, 52.5 µmol, 96%. 

1H{11B} NMR (500 MHz, THF-d8): δ = 1.22 (s, 2H, BH2(CN)2), 1.51 (s, 6H, CH3) ppm.  

1H NMR (500 MHz, THF-d8): δ = 1.22 (q, br, 2H, 2JBH = 97.9 Hz, BH2(CN)2), 1.51 (s, 6H, CH3) ppm. 

11B NMR (160 MHz, THF-d8): δ = –42.1 (t, 2JBH = 97.9 Hz, BH2(CN)2) ppm. 

11B{1H} NMR (160 MHz, THF-d8): δ = –42.1 (s, BH2(CN)2) ppm. 

13C NMR (126 MHz, THF-d8): δ = 36.46 (s, CH3), 135.26 (s, br, CN) ppm. 

IR (neat): 𝜈CN/BH = 2393 (s, BH), 2195 (s, CN) cm–1. 

 

Dimethylbismuth tricyanohydridoborate (23-MHB). A solution of Ag[BH(CN)3] (10.8 mg,            

54.6 µmol) in a mixture of THF (1.5 mL) and pyridine (0.2 mL) was added to a solution of BiMe2Cl 

(15.0 mg, 54.6 µmol) in THF (1 mL). The precipitate was removed by filtration and the filtrate was 
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layered with n-pentane (2 mL). After 16 h at –30 °C colorless crystals of 23-MHB were obtained 

by filtration and dried in vacuo. Yield: 13.0 mg, 39.5 µmol, 72%. 

1H{11B} NMR (400 MHz, THF-d8): δ = 1.58 (s, 6H, CH3), 1.88 (s, 1H, BH(CN)3) ppm.  

1H NMR (400 MHz, THF-d8): δ = 1.58 (s, 6H, CH3), 1.88 (q, br, 1H, 2JBH = 98.0 Hz, BH(CN)3) ppm. 

11B NMR (128 MHz, THF-d8): δ = –39.8 (d, 2JBH = 98.0 Hz, BH(CN)3) ppm. 

11B{1H} NMR (128 MHz, THF-d8): δ = –39.8 (s, BH(CN)3) ppm. 

13C NMR (100 MHz, THF-d8): δ = 40.35 (s, CH3), 127.49 (q, 1JBC = 68.4 Hz, CN) ppm. 

 

Table 8. Reactions of organometallic bismuth halides BiRnX3-n (n = 1, 2) with cyanohydridoborate 
salts that did not lead to the desired product. Standard work-up: Filtration, layering with n-
pentane and storage at –30 °C. 

Entry Ct[BHn(CN)4-n] R3-nBiXn 
reaction 

conditions 
result 

1 Ag[BH(CN)3] Ph2BiCl 
i) DCM 
ii) Et2O/THF 
iii) 1,2-DFB, 90 °C 

recovery of Ph2BiCl 

2 Ag[BH(CN)3] Ph2BiI 
DCM, 1,2-DFB, THF, 
pyridine 
r.t., 60 °C, 80 °C 

no reactiona,b 

3 K[BH2(CN)2] Me2BiCl THF, r.t. no reactiona,b 

4 Na[BH3(CN)] Me2BiCl 1,2-DFB, r.t. 
black suspension, 

unselective reactiona 

5 Na[B(CN)4] Me2BiCl 
i) DCM, r.t. 
ii) THF, r.t. 

no reactiona,b 

6 Ag[B(CN)4] Me2BiCl pyridine, Et2O, r.t. 

formation of a precipitate, 
isolation of a colorless 

solid which decomposes 
after 5 h at r.t. to a black 

material 

7 Cs[BH2(CN)2] MeBiBr2 THF, r.t. 

yellow precipitate, 
isolation of yellow solid: 

containing no methyl 
groupa 

4 Ag[BH(CN)3] MeBiBr2 THF/pyridine, r.t. 
isolation of a colorless oil, 

containing no methyl 
groupa 

Ct = cation. 1,2-DFB = 1,2-difluorobenzene. a: according to 1H NMR spectroscopy. b: the formation 
of a precipitate (probably CtX, X = Cl, I) did not occur. 

[BiPh2(SbF6)] (25). A solution of AgSbF6 (43.1 mg, 126 μmol) in 1,2-difluorobenzene (2 mL) was 

added to a solution of BiPh2Cl (50.0 mg, 126 μmol) in 1,2-difluorobenzene (2 mL). The reaction 

mixture was stirred for 2 h, then the precipitate was removed by filtration and the light yellow 

solution was layered with n-pentane (5 mL). After 16 h at –30 °C 25 was obtained as a yellow solid 

by filtration and dried in vacuo. Yield: 57.0 g, 95.3 μmol, 76%. 
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Single crystals of 25 suitable for X-ray diffraction analysis were obtained by layering a solution of 

25 in DCM with n-pentane and storage at –30 °C for 16 h. Due to the crystals melting at ambient 

temperature during crystal picking, the X-ray diffraction data obtained is not of a quality sufficient 

for the discussion of bonding parameters. 

The compound decomposes with the formation of benzene when exposed to vacuum for longer 

periods of time (>2 h, even in silanized glassware). In solution, when exposed to light, the 

compound decomposes with the formation of biphenyl (~20% decomposition after 6 h). In the 

dark, a solution of 25 in CD2Cl2 is stable for several days. 

1H NMR (400 MHz, CD2Cl2): δ = 7.63 (t, 2H, 3JHH = 7.3 Hz, para-C6H5), 8.08 (t, 4H, 3JHH = 7.4 Hz, meta-

C6H5), 8.55 (d, 4H, 3JHH = 7.5 Hz, ortho-C6H5) ppm.  

13C NMR (101 MHz, CD2Cl2): δ = 131.34 (s, para-C6H5), 134.79 (s, meta-C6H5), 138.76 (s, ortho-

C6H5), 214.76 (s, ipso-C6H5, detected by 1H, 13C HMBC experiments) ppm. 

19F NMR (376 MHz, CD2Cl2): δ = –122.2 (s) ppm.  

Elemental analysis: Anal. calc. (%) for C12H10BiSbF6 (597.95 g · mol–1): C 24.06, H 1.68, found: 

C 23.98, H 1.75. 

Melting point: 58 °C.  

 

5H-Dibenzo[b,f]bismepine-5-yl tetrachloroaluminate (8-AlCl4). 8-Cl (6.0 mg, 14.2 μmol) was 

dissolved in benzene-d6 (0.4 mL) and aluminum(III)chloride (1.9 mg, 14.3 μmol) was added, 

yielding a yellow solution. Multinuclear NMR spectroscopic analyses of the reaction mixture 

showed a complete conversion to 8-AlCl4. Due to decomposition in the solid state, the product 

was not isolated.  

1H NMR (400 MHz, C6D6): δ = 6.31 (s, 2H, 7,8-C2H4), 7.01 (dd, 2H, 3JHH = 7.5 Hz, 3JHH = 7.6 Hz, 

4,11-C6H4), 7.48 (dd, 2H, 3JHH = 7.5 Hz, 3JHH = 7.6 Hz, 3,12-C6H4), 7.65 (d, 2H, 3JHH = 7.6 Hz, 5,10-C6H4), 

8.58 (d, 2H, 3JHH = 7.5 Hz, 2,13-C6H4) ppm.  

13C NMR (400 MHz, C6D6): δ = 129.78 (s, 4,9-C6H4), 131.27 (s, 7,8-C2H4), 133.97 (s, 3,12-C6H4), 

136.78 (s, 2,13-C6H4), 137.72 (s, 5,10-C6H4), 143.24 (s, 6,9-C6H4), 204.30 (s, br, 1,14-C6H4, only 

detected via 1H, 13C HMBC NMR experiments) ppm.  

27Al NMR (104 MHz, C6D6): δ = 103.1 (br, AlCl4
–) ppm.  

 

5H-Dibenzo[b,f]bismepine-5-yl tetrabromoaluminate (8-AlBr4). 8-Br (10.0 mg, 21.4 µmol) 

was dissolved in benzene-d6 (0.4 mL) and aluminum(III)bromide (5.70 mg, 21.4 µmol) was added 

at ambient temperature. After 4 h the resulting solution was layered with n-pentane (2 mL) and 
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stored for 20 h at ambient temperature. The brown precipitate of 8-AlBr4 was isolated by 

filtration, washed with n-pentane (2 mL) and dried in vacuo. Yield: 10.0 mg, 13.6 µmol, 64%. 

1H NMR (400 MHz, C6D6): δ = 6.36 (s, 2H, 7,8-C2H2), 7.01 (dd, 2H, 3JHH = 7.6 Hz, 3JHH = 7.6 Hz, C6H4), 

7.42 (dd, 2H, 3JHH = 7.5 Hz, 3JHH = 7.5 Hz, C6H4), 7.57 (d, 2H, 3JHH = 7.8 Hz, C6H4), 8.69 (d, 2H, 

3JHH = 7.6 Hz, C6H4) ppm.  

27Al NMR (104 MHz, C6D6): δ = 84.5 (br, AlBr4
−), 94.2 (br, AlBr3) ppm.  

 

26[SbF6]. A solution of [Pt(cAACMe)(PCy3)] (8.0 mg, 10.5 μmol) in pyridine (1.5 ml) was added to 

a solution of [8-thf2][SbF6] (10.0 mg, 13.04 μmol) in pyridine (1.5 mL). The obtained yellow 

solution was layered with n-pentane (3 mL). After 2 d at –30 °C 26[SbF6] was obtained as a yellow 

solid by filtration and dried in vacuo. Yield: 10.0 mg, 8.46 μmol, 80% in 70% purity. 

1H NMR (400 MHz, pyridine-d5): δ = 0.43 (s, 6H, CH3), 1.11 (s, 3H, CH3), 1.12 (s, 3H, CH3), 1.46 (s, 

12H, CH3), 2.64–2.76 (m, 2H, CH), 5.59 (s, 2H, H-7, H-8), 7.14–7.20 (m, 3H, CH), 7.20–7.24 (m, 2H, 

C5H5N, overlap with solvent signal), 7.29 (dd, 2H, 3JHH = 7.3 Hz, 3JHH = 7.9 Hz, H-3, H-12), 7.33 (d, 

2H, 3JHH = 7.6 Hz, H-5,H-10), 7.52 (dd, 2H, 3JHH = 7.3 Hz, 3JHH = 7.9 Hz, H-2, H-13), 7.56–7.61 (m, 1H, 

C5H5N, overlap with solvent signal), 8.04 (d, 2H, 3JHH = 7.2 Hz, H-2, H-13), 8.72–8.73 (m, 2H, C5H5N) 

ppm. 

The 1H NMR spectroscopic resonances for the CH2 groups of the cAACMe ligand could not be 

separated from resonances of the impurities present in the sample.  

 

27[SbF6]. A colorless solution of [8-thf2][SbF6] (10 mg, 13 μmol) in THF (1 ml) was combined 

with a solution of [Pt(PCy3)2] (10 mg, 13 μmol) in THF (1 ml) yielding a dark red solution. An 

excess of tBuNC was added to the solution resulting in a color change to yellow. The solution was 

layered with n-pentane (2.5 mL) and after 16 h at –30 °C 27[SbF6] was obtained as a yellow solid 

by filtration and dried in vacuo. Yield: 10 mg, 7.9 μmol, 61%.  

1H NMR (500 MHz, THF-d8): δ = 1.71 (s, 18H, C(CH3)3), 1.31–1.42 (m, 9H, Hax.-22., Hax.-23, Hax.-24), 

1.56–1.67 (m, 6H, Hax.-21, Hax.-25), 1.74–1.85 (m, 7H, β-thf, Heq.-23) 1.88–1.97 (s, br, 6H, Heq.-22, 

Heq.-24), 1.98–2.08 (s, br, 6H, Heq.-21, Heq.-25), 2.43–2.52 (m, 3H, H-20), 3.59–3.66 (m, 4H, α-thf) 

6.93 (s, 2H, H-7, H-8), 7.17 (ddd, 2H, 4JHH = 1.4 Hz, 3JHH = 7.3 Hz, 3JHH = 7.3 Hz, H-4, H-11), 7.23 (ddd, 

2H, 4JHH = 1.5 Hz, 3JHH = 7.3 Hz, 3JHH = 7.5 Hz, H-3, H-12), 7.40 (dd, 2H, 4JHH = 1.2 Hz, 3JHH = 7.6 Hz, H-

5, H-10), 8.11 (dd, 2H, 4JHH = 1.2 Hz, 3JHH = 7.3 Hz, H-2, H-13) ppm. 

13C NMR (126 MHz, THF-d8): δ = 26.19 (s, THF, β-CH2), 26.80 (s, C-23), 28.00 (d, 1JCP = 11.0 Hz, C-

22, C-24), 29.49 (s, C-17, C-18, C-19), 30.65 (dd, 2JCP = 15.6 Hz, 3JCPt = 15.6 Hz, C-21, C-25), 36.57 

(dd, 1JCP = 20.9 Hz, 2JCPt = 19.7 Hz, C-20), 60.71, (s, C-16), 68.02 (s, THF, α-CH2), 128.05 (s, C-3,                       
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C-12), 128.97 (s, C-4, C-11), 130.44 (s, C-5, C-10), 137.54 (s, C-7, C-8), 140.32 (s, C-2, C-13), 141.20 

(s, C-6, C-9), 146.10 (s, C-1, C-14) ppm. 

 

Reaction of Ph2Bi-OTf with XeF2. Benzene-d6 (0.5 mL) was added to Ph2Bi(OTf) (15.0 mg,                 

29.0 µmol) and XeF2 (4.9 mg, 29.0 µmol). After 20 min at ambient temperature gas evolution has 

ceased and a 1H NMR spectroscopic analysis indicated an incomplete reaction. The reaction 

mixture was stirred for 2 d at ambient temperature. After filtration and layering the filtrate with 

n-pentane (0.7 mL) the colorless solution was stored at –30 °C. After 2 d at –30 °C [BiPh3][OTF]2 

was isolated as a crystalline, colorless solid by filtration and dried in vacuo. Yield: 8.0 mg, 10.8 

µmol, 37%. 

The compound was analyzed by single-crystal X-ray diffraction analysis and by comparison to 

spectral data available in the literature.[232] 

 

Reaction of 21 with XeF2. To a solution of 21 (10.0 mg, 21.1 µmol) in CD2Cl2, XeF2 (3.6 mg,                  

21.1 µmol) was added at ambient temperature. After 20 min at ambient temperature gas evolution 

has ceased and multinuclear NMR spectroscopic analyses indicated an incomplete conversion of 

21 to at least four new species containing fluorine atoms according to 19F NMR spectroscopy. Since 

an isolation of one of these species did not succeed, this approach was discarded. 

 

Reaction of SbF3 with 8-Cl. SbF3 (4.2 mg, 23.7 µmol) was added to a solution of 8-Cl (10.0 mg, 

23.7 µmol) in benzene-d6 (0.5 mL) and the suspension was heated to 60 °C for 2 d. A new 

heteropine species was detected via 1H NMR spectroscopic analysis in a 1:1 ration with the 

starting material 8-Cl. An excess of SbF3 (14.0 mg, 78.8 µmol) was added and the reaction mixture 

was heated to 60 °C for another 16 h. The ratio of new heteropine species to starting material rose 

to 2.6:1 as determined by 1H NMR spectroscopic analysis and the reaction mixture was stirred at 

60 °C for a further 16 h. At this point the 1H NMR spectroscopic analysis indicated a 8.9:1 ratio of 

the new species versus starting material. The suspension was filtered and the filtrate was layered 

with n-pentane (1 mL). After 16 h at ambient temperature colorless crystals were obtained by 

filtration, which were identified as starting material 8-Cl by single-crystal X-ray diffraction 

analysis. The mother liquor was layered with n-pentane (0.5 mL) and after 16 h at ambient 

temperature colorless crystals were obtained by filtration. X-ray diffraction analysis identified the 

crystals as the stibepine {C14H10}SbCl. The mother liquor was then dried in vacuo and 1H and 19F 

NMR spectroscopic analyses indicated the selective formation of {C14H10}SbCl. A yield was not 

determined.  
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Table 9. Summary of reactions of [8-thf2][SbF6] with transition metal complexes. 

Entry 
transition metal 

complex 
reaction conditions result 

1 [Mn2(CO)10] DCM, 525 nm, 19 h formation of 8-Cl 

2 [Fe2(CO)9] DCM, 30 min, 60 °C 
formation of black precipitate, 

partial recovery of 
[8-thf2][SbF6] 

3 [Fe(CO)2Cp]2 DCM, r.t. 
unselective reaction, 

formation of phenanthrene 

4 [Os3(CO)12] DCM, 19 h, 60 °C 
phenanthrene, reaction 
mixture became viscous  

5 [Rh(cod)Cl]2 THF, r.t. 
unselective reaction, 

formation of phenanthrene, 
black precipitate 

6 Ni(cod)2 THF, r.t. 
unselective reaction, 

formation of phenanthrene, 
black precipitate 

7 AuCl(PPh3) THF, r.t. 
[Au(PPh3)2][SbF6], recovery of 

[8-thf2][SbF6] 

8 [Pt(IMes)(PCy3)] THF, r.t. decomposition 

9 [Pt(PCy3)2Cl2] THF, r.t. polymerization of THF 

10 [Pt(nbe)3] THF, r.t. polymerization of THF 

IMes = 1,3-dimesitylimidazol-2-ylidene. 

2.3 Experimental Part for Chapter XIV 

Reaction of BiMe3 with o-chloranil. BiMe3 (13.0 mg, 51.2 μmol) and o-chloranil (12.6 mg, 

51.2 μmol) were heated to 120 °C for 16 h. The resulting dark red-brown residue was extracted 

with pyridine (5 mL) and filtered. All volatiles in the filtrate were removed under reduced 

pressure and the residue was washed with n-pentane (1.5 mL), benzene (1.5 mL) and methylene 

chloride (2 mL) and dried in vacuo. The brown powder was dissolved in THF (2 mL) and layered 

with n-pentane. After 30 d at –30 °C small amounts of a crystalline solid, by-product 29, were 

obtained by filtration, which were sufficient for an X-ray crystallographic analysis but for no other 

analysis or yield determination.  

A repeat of the experiment with subsequent mass spectrometric analysis suggests an unselective 

reaction, the desired product 28 being present in traces. 

ASAP-MS (negative mode): Calcd. for [C7H3BiCl4O2]•–, m/z = 467.8969; found: 467.8703 (5%).  

 

(SePh)2BiMe. Neat BiMe3 (17.0 mg, 66.4 μmol) and Se2Ph2 (20.7 mg, 66.4 μmol) were combined 

in a J. Young NMR tube. The mixture was heated to 120 °C for 20 h. After cooling to ambient 

temperature benzene (0.5 mL) was added resulting in a red suspension. Filtration and storage of 
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the filtrate yielded (SePh)2BiMe as a light yellow solid after 2 d at ambient temperature. 

(SePh)2BiMe was isolated by filtration and dried in vacuo. Yield: 7.0 mg, 13.1 μmol, 20%. 

1H NMR (400 MHz, C6D6): δ = 1.09 (s, 3H, CH3), 6.89 (t, 2H, 3JHH = 7.4 Hz, para-C6H5), 6.98 (t, 4H, 

3JHH = 7.4 Hz, meta-C6H5), 7.48 (d, 2H, 3JHH = 7.4 Hz, ortho-C6H5) ppm.  

13C NMR (100 MHz, C6D6): δ = 30.80 (s, CH3, detected via 1H, 13C HSQC experiments), 127.68 (s, 

para-C6H5), 128.78 (s, meta-C6H5), 137.24 (s, ortho-C6H5), 137.79 (s, ipso-C6H5) ppm.  

77Se NMR (76 MHz, C6D6): δ = 223.1 (s, SePh) ppm.  

 

AsMe3. To a three-necked flask equipped with a dropping funnel with pressure compensation and 

an adapter for inert gas/vacuum, methylmagnesium bromide (1.0 M in nBu2O, 95.3 mL, 

95.3 mmol) was added. A solution of AsBr3 (10.0 g, 31.8 mmol) in nBu2O (20 mL) was added 

dropwise over 2 h at 0 °C. After complete addition the reaction mixture was stirred for a further 

2 h at 0 °C then for 16 h at ambient temperature. The dropping funnel was removed and a Vigreux 

column (h = 19 cm, Ø = 3 cm) equipped with a distillation apparatus and a Schlenk tube was added 

to the three-necked flask. The reaction mixture was distilled at atmospheric pressure and an oil 

bath temperature of 90 °C. The receiver Schlenk tube was cooled with liquid nitrogen to collect 

the AsMe3 distillate. Yield: 3.26 g, 27.2 mmol, 85% (containing <3 mol% nBu2O). Boiling point: 53–

55 °C.[253] 

1H NMR (400 MHz, C6D6): δ = 0.76 (s, 9H, CH3) ppm. 

 

SbMe3. Methylmagnesium bromide (3.0 M in Et2O, 86.6 mmol, 29.8 mL) was added to a suspension 

of SbCl3 (6.82 g, 29.9 mmol) in diethyl ether (100 mL) at 0 °C. The reaction mixture was stirred at 

0 °C for 15 min, then 1.5 h at ambient temperature. The suspension was filtered and diethyl ether 

was removed partially by distillation at 50 °C (oil bath temperature). The residue was distilled at 

90 °C and 5 · 10–3 mbar to give SbMe3 as a colorless oil. Yield: 1.40 g, 8.07 mmol, 27% (containing 

10 mol% Et2O). 

1H NMR (400 MHz, C6D6): δ = 0.60 (s, 9H, CH3) ppm. 

 

Bi(allyl)3 (31). A suspension of BiCl3 (5.04 g, 16.0 mmol) in diethylether (60 mL) was cooled with 

a water bath. Allylmagnesium chloride (2 M in THF, 24.0 mL, 48.0 mmol) was added portionwise 

resulting in a coloration to yellow. After 1 h at ambient temperature the resulting grey suspension 

was filtered and the yellow filtrate was distilled at 1.4 mbar at ambient temperature. The oily 
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residue was extracted with n-pentane (20 mL) and filtered. The solvent was removed at 1.3 mbar 

yielding 31 as a yellow liquid after another filtration. Yield: 1.98 g, 5.96 mmol, 37%. 

 

Reaction of Bi(allyl)3 with BiCl3. BiCl3 (37.9 mg, 120 μmol) was added to a solution of Bi(allyl)3 

(20.0 mg, 60.2 μmol) in CD2Cl2 (0.5 mL). The reaction mixture was filtered and the filtrate layered 

with n-pentane (0.5 mL) and stored at –30 °C. After 5 d at –30 °C yellow crystalline Bi(allyl)2Cl 

was obtained by filtration and dried in vacuo. Yield: 10.0 mg, 30.6 μmol, 51%. 

1H NMR (500 MHz, C6D6): δ = 3.62 (d, 4H, 3JHH = 10.9 Hz, CH2), 6.43 (m, 1H, CH) ppm. 

 

Bi(SPh)2(C3H5) (32). Neat Bi(C3H5)3 (6.2 mg, 18.6 µmol) was added to a solution of Bi(SPh)3                 

(20 mg, 37.3 µmol) in CD2Cl2 (0.5 mL). After 3 h at ambient temperature the yellow suspension 

was filtered and layered with n-pentane (0.5 mL). The first fraction of 32 was obtained after 1 d 

at –30 °C as yellow, crystalline needles by filtration and dried in vacuo. The mother liquor was 

stored at –30 °C for a further 1 d, enabling the isolation of a second fraction of crystalline 32, which 

was dried in vacuo. Yield of combined fractions: 21 mg, 44.8 µmol, 80%. 

1H NMR (500 MHz, C6D6): δ = 2.17 (dd, 2H, 4JHH = 0.7 Hz, 3JHH = 6.8 Hz, 1-CH2), 4.26 (dm, 1H, 

3JHH = 8.1 Hz, cis-3-CH2CH=CH2), 4.28 (dm, 1H, 3JHH = 16.9 Hz, trans-CH2CH=CH2), 6.19 (ddt, 1H, 

3JHH = 6.8 Hz, 3JHH = 8.1 Hz, 3JHH = 16.9 Hz, CH2CH=CH2), 6.85 (tt, 2H, 4JHH = 1.3 Hz, 3JHH = 7.4 Hz, para-

C6H5), 7.01 (m, 4H, meta-C6H5), 7.46 (m, 4H, ortho-C6H5) ppm.  

13C NMR (100 MHz, C6D6): δ = 64.31 (s, br, CH2CH=CH2), 119.90 (s, CH2CH=CH2), 127.38 (s, para-

C6H5), 128.62 (s, meta-C6H5), 131.10 (s, CH2CH=CH2), 135.35 (s, ipso-C6H5), 135.87 (s, ortho-C6H5) 

ppm.  

32 decomposes to Bi(SPh)3 and probably Bi(SPh)(C3H5)2 within a short period of time (~10% 

decomposition in 8 h). 

Elemental analysis: Anal. calc. for C15H15BiS2 (468.39 g · mol–1): C 38.47, H 3.23, S 13.69; found: 

C 38.24, H 3.62, S 13.41. 

 

Reaction of Bi(C3H5)3 with S2Ph2. In a Schlenk flask neat Bi(C3H5)3 (50.0 mg, 0.15 mmol) and 

S2Ph2 (32.9 mg, 0.15 mmol) were combined and the mixture was first heated to 50 °C for 16 h, 

then to 100 °C for 1 h. After the mixture had cooled to ambient temperature it was extracted with 

toluene (2 mL) and filtered. The yellow filtrate was layered with n-pentane (2 mL). After 2 d at              

–30 °C a crystalline solid was obtained by filtration and dried in vacuo. The mother liquor was 

stored at –30 °C for a further 16 h and a second fraction of a red crystalline solid was obtained by 
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filtration and dried in vacuo. The product was identified as Bi(SPh)3 by X-ray diffraction analysis 

and comparison to spectral data available in the literature.[244] Yield of combined fractions: 

20.0 mg, 0.04 mmol, 25%. 

 

Reaction of Bi(C3H5)3 with Se2Ph2. Se2Ph2 (13.8 mg, 44.1 μmol) was added to a solution of 

Bi(C3H5)3 (12.8 mg, 44.1 μmol) in benzene-d6 (0.5 mL). After 4 h at 60 °C the clear yellow solution 

turned to a green suspension with a dark precipitate (probably “bismuth black”).[16] 1H NMR 

spectroscopic analysis indicated full conversion of the starting materials to 1,5-hexadiene and 

PhSe(C3H5).  

1H NMR spectroscopic data of PhSe(C3H5)14: 

1H NMR (400 MHz, C6D6): δ = 3.18 (d, 2H, 3JHH = 7.5 Hz, CH2), 4.73 (m, 2H, CH2CH=CH2), 5.78 (ddt, 

1H, 3JHH = 7.5 Hz, 3JHH = 9.8 Hz, 3JHH = 16.9 Hz, CH2CH=CH2), 6.96 (m, 3H, meta-C6H5, para-C6H5), 

7.41 (m, 2H, ortho-C6H5) ppm.  

 

Reaction of Bi(C3H5)3 with Te2Ph2. To a solution of Bi(C3H5)3 (10.0 mg, 34.5 μmol) in C6D6 

(0.5 mL) Te2Ph2 (14.1 mg, 34.5 μmol) was added. A black solid precipitated instantly (probably 

“bismuth black”).[16] After 1 h at ambient temperature, 1H NMR spectroscopic analysis indicated 

the full conversion of the starting materials to 1,5-hexadiene and PhTe(C3H5).  

1H and 13C NMR spectroscopic data of PhTe(C3H5): 

1H NMR (400 MHz, C6D6): δ = 3.25 (d, 2H, 3JHH = 8.0 Hz, CH2), 4.57 (dm, 1H, 3JHH = 9.9 Hz, cis-

CH2CH=CH2), 4.60 (dm, 1H, 3JHH = 16.8 Hz, trans-CH2CH=CH2), 5.87 (m, 1H, CH2CH=CH2), 6.92 (t, 

2H, 3JHH = 7.0 Hz, meta-C6H5), 6.99 (t, 1H, 3JHH = 7.0 Hz, para-C6H5), 7.64 (d, 2H, 3JHH = 6.8 Hz, ortho-

C6H5) ppm.  

13C NMR (100 MHz, C6D6): δ = 11.04 (s, CH2CH=CH2), 112.92 (s, ipso-C6H5), 114.86 (s, CH2CH=CH2), 

127.80 (s, meta-C6H5) 129.34 (s, para-C6H5), 136.59 (s, CH2CH=CH2), 139.39 (s, ortho-C6H5) ppm.  

 

                                                        
14 The 1H NMR spectrum contains 0.2 equivalents of 1,5-hexadiene. 
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XVIII  List of Compounds 

1   [Ph2Bi{Mn(CO)5}]  

2   [(HC(C{Me}N(Dip))2(Cl)Ga]2Sb• 

3   [{(C14H12)S}Bi{Mn(CO)5}] 

4   [({(C14H12)S}Bi)2C6H4O2] 

5   [{(C14H12)S}Bi]2 

6   {(C14H12)S}BiCl 

7   (C14H10)3Bi2 

8-Cl   (C14H10)BiCl 

8-Br   (C14H10)BiBr 

8-I   (C14H10)BiI 

8-BF4   [(C14H10)Bi(BF4)] 

8-OTf   [(C14H10)Bi(OTf)] 

8-AlCl4   [(C14H10)Bi(AlCl4)] 

8-AlBr4  [(C14H10)Bi(AlBr4)] 

[8-thf2][SbF6]  [(C14H10)Bi(thf)2][SbF6] 

9   [(C14H10)Bi{Mn(CO)5}] 

10   [(C14H10)Bi{Fe(CO)2Cp}] 

11   [{κ2C,κ1Bi-(C14H10)Bi}Fe(CO)Cp] 

12   [{(C14H10)Bi}2Fe(CO)4] 

13   [(C14H10)Bi{Co(CO)4}] 

13-PPh3  [(C14H10)Bi{Co(CO)3(PPh3)}] 

13-PCy3  [(C14H10)Bi{Co(CO)3(PCy3)}] 

13-tBuNC  [(C14H10)Bi{Co(CO)3(tBuNC)}] 

14   [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)3] 

14-PPh3  [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)2(PPh3)] 

14-PCy3  [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)2(PCy3)] 
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14-tBuNC  [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)2(tBuNC)] 

15   [(C14H10)Bi{Co(CO)2(tBuNC)(PCy3)}] 

16   [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)(tBuNC)(PCy3)] 

17   [{κ2C,κ1Bi-(C14H10)Bi}Co(CO)(tBuNC)(S-Monophos)] 

18   [{(C14H12)S}Bi]2S 

19-Cl   [BiCl2(py)5][BArF24] 

19-Br   [BiBr2(py)5][BArF24] 

19-I   [BiI2(py)5][BArF24] 

20   BiCl3(py)2 

21   [BiMe2(SbF6)] 

21-py   [BiMe2(py)2][SbF6] 

21-benzaldehyde [BiMe2(C7H6O)2][SbF6] 

21-thf   [BiMe2(thf)2][SbF6] 

21-thf1   [BiMe2(thf)(SbF6)] 

21-MeCN  [BiMe2(MeCN)2][SbF6] 

22   [BiMeF(py)3]2·2[SbF6] 

23-DHB  [BiMe2(DHB)] 

23-MHB  [BiMe2(MHB)] 

24   tBuNBtBu 

25   [BiPh2(SbF6)] 

25-BiPh2Cl  [BiPh2(BiPh2Cl)(SbF6)] 

26   [{κ2C,κ1Bi-(C14H10)Bi}Pt(cAAC)(py)][SbF6] 

27   [{(C14H10)Bi}Pt(tBuNC)2(PCy3)][SbF6] 

28   (C6Cl4O2)BiMe 

29   [(C6Cl4O2)Bi(thf)2Cl]2 

30   C12H18NO• 

31   Bi(allyl)3 

32   (allyl)Bi(SPh)2 
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33   {(C14H12)S}Bi(SPh) 

34   {(C14H12)S}Bi(CCl3) 

35   {(C14H12)S}Bi(OTEMP) 

36-SPMe3  [(C14H10)Bi(SPMe3)][SbF6] 

36-SePMe3  [(C14H10)Bi(SePMe3)][SbF6] 

37[BArF24]  [{(C14H10)3Bi2}Tl][BArF24] 

38[BArF24]  [{(C14H10)BiI}2Tl][BArF24] 

39   [BiMe2(BiMe3)][SbF6] 

40   [Bi2(N(C6H4)Ph)2(OTf)2(thf)3] 

41   [Bi(CONPh(C6H4))(NC5H5)2][OTf] 
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Experimental 

General considerations. All air- and moisture-sensitive manipulations were carried out using 

standard vacuum line Schlenk techniques or in gloveboxes containing an atmosphere of purified 

argon. Solvents were degassed and purified according to standard laboratory procedures. NMR 

spectra were recorded on Bruker instruments operating at 300, 400 or 500 MHz with respect to 
1H. 1H and 13C NMR chemical shifts are reported relative to SiMe4 using the residual 1H and 13C 

chemical shifts of the solvent as a secondary standard. 19F NMR chemical shifts are reported 

relative to CFCl3 as external standards. NMR spectra were recorded at ambient temperature 

(typically 23 °C), if not otherwise noted. UV‐vis spectra were recorded with a UV5 Mettler Toledo 

UV‐vis‐Excellence spectrometer. Elemental analyses was obtained using a Leco, or a Carlo Erba 

instrument. Single crystals suitable for X-ray diffraction analysis were coated with 

polyisobutylene or perfluorinated polyether oil in a glovebox, transferred to a nylon loop and then 

to the goniometer of a diffractometer equipped with a molybdenum X-ray tube (λ = 0.71073 Å). 

The data obtained were integrated with SAINT and a semi-empirical absorption correction from 

equivalents with SADABS was applied. The structure was solved and refined using the Bruker 

SHELX 2014 software package. All non-hydrogen atoms were refined with anisotropic 

displacement parameters. All hydrogen atoms were refined isotropically on calculated positions 

by using a riding model with their Uiso values constrained to 1.5 Ueq of their pivot atoms for 

terminal sp3 carbon atoms and 1.2 times for all other atoms. Crystallographic data have been 

deposited with the Cambridge Crystallographic Data Centre as supplementary publication 

numbers. 2080851-2080853. These data can be obtained free of charge from The Cambridge 
Crystallographic Data Centre. 

 

For comparison with compounds 1-3, NMR spectroscopic data in the solvent CD2Cl2 was collected 

for literature-known BiMe3. 

1H NMR (500 MHz, CD2Cl2): δ = 1.11 (s, 9H, CH3) ppm. 
13C NMR (125 MHz, CD2Cl2): δ = –6.82 (br, CH3) ppm. 

 

 

[BiMe2(SbF6)](1). A solution of AgSbF6 (0.22 g, 0.63 mmol) in methylene chloride (DCM) (3 mL) 

was added to a solution of BiMe2Cl (0.17 g, 0.63 mmol) in DCM (2 mL). The precipitate was filtered 

off. All volatiles were removed from the yellow filtrate under reduced pressure to give a yellow 

powder, which was dried in vacuo. Yield: 0.22 g, 0.47 mmol, 75%. 

Single crystals suitable for X-ray diffraction analysis of 1 were obtained by layering a solution of 

1 in DCM with n-pentane and storage at –30 °C for 16 h. 

1H NMR (400 MHz, C6D6): δ = 1.47 (s, 6H, CH3) ppm. 
1H NMR (400 MHz, CD2Cl2): δ = 2.28 (s, 6H, CH3) ppm. 
13C NMR (101 MHz, C6D6): δ = 66.72 (br, CH3) ppm. 
13C NMR (101 MHz, CD2Cl2): δ = 64.38 (br, CH3) ppm. 
19F NMR (376 MHz, C6D6): δ = –123.02 (s, SbF6) ppm. 
19F NMR (376 MHz, CD2Cl2): δ = –128.44 (s, SbF6) ppm. 

Elemental analysis: Anal. calc. for: C2H6BiSbF6 (474.84 g/mol): C 5.06, H 1.27, found: C 5.45, H 

1.40. 

The NMR spectra obtained in C6D6 are likely represent the benzene adduct in solution instead of 

the contact ion pair. This is indicated by a color change from yellow to colorless when dissolving 
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1 in benzene. Unfortunately, attempts to crystallize the benzene adduct only lead in the 

precipitation of the contact ion pair as yellow crystals. However, reaction of 1 (20.0 mg, 42.1 μmol) 

with two equivalents of hexamethyl benzene (12.8 mg, 78.8 μmol) in CD2Cl2 (0.5 mL) resulted in 

a highfield shift of the methyl protons of 1 in the 1H NMR spectrum obtained from the reaction 

solution (Δδ = 0.5 ppm), which is in line with the results obtained for the pyridine adduct 2 (data 

for compound [BiMe2(C6Me6)n][SbF6]: 1H NMR (400 MHz, CD2Cl2): δ = 1.81 (s, 6H, BiMe2), 2.26 (s, 

36H, C6Me6) ppm.). 

 

[BiMe2(py)2][SbF6] (2). [BiMe2(SbF6)] (1) (85.6 mg, 0.18 mmol) was dissolved in DCM (2 mL), 

and pyridine (28.5 mg, 0.36 mmol, 30 µl) was added. The colorless solution was layered with n-

pentane (2 mL). After 1 d at –30 °C a colorless crystalline solid had precipitated, was isolated by 

filtration, and dried in vacuo. Yield: 97 mg, 0.15 mmol, 84%. 

 

1H NMR (400 MHz, CD2Cl2): δ = 1.79 (s, 6H, CH3), 7.60 (t, 4H, 3JHH = 6.92 Hz, H2/H6), 8.05 (t, 2H, 
3JHH = 7.75 Hz, H4), 8.64 (d, 4H, 3JHH = 4.67 Hz, H3/H5) ppm. 
13C NMR (125 MHz, CD2Cl2): δ = 33.86 (CH3), 126.86 (s, C2/C6), 140.58 (s, C4), 149.75 (s, C3/C5) 

ppm. 

 

A signal for the [SbF6]– anion in a 19F NMR experiment could not be detected due to signal broadening. 
 

Elemental analysis: Anal. calc. for: C2H6BiF6Sb(C5H5N)2 (633.00 g/mol): C 22.77, H 2.55, N 4.43 

found: C 22.96, H 2.32, N 4.77. 

 

[BiMe2(BiMe3)(SbF6)] (3). [BiMe2(SbF6)] (1) (20 mg, 42.2 µmol) was dissolved in DCM (2 mL) 

and a solution of BiMe3 (11.2 mg, 42.2 µmol) in DCM (1 mL) was added. The light yellow solution 

was stored at –30 °C. After 1 d light yellow crystals were obtained, isolated by filtration, and dried 

in vacuo. Yield: 27 mg, 37.0 µmol, 88%. 

1H NMR (500 MHz, 298.15 K, CD2Cl2): δ = 2.05 (br, 15H, CH3) ppm. 
1H NMR (300 MHz, 298.15 K, CD2Cl2): δ = 2.05 (br, 15H, CH3) ppm. 
1H NMR (300 MHz, 233.15 K, CD2Cl2): δ = 1.97 (s, 9H, Bi(CH3)3), 2.21 (s, 6H, Bi(CH3)2) ppm. 
13C NMR (126 MHz, 233.15 K, CD2Cl2): δ = 26.07 (s, CH3), 73.46 (s, CH3) ppm. 
19F NMR (470 MHz, 233.15 K, CD2Cl2): δ = –124.39 (SbF6) ppm. 

Elemental analysis: Anal. calc. for: C5H15Bi2F6Sb (728.89 g/mol): C 8.24, H 2.07, found: C 8.39, H 

1.89. 

 

Reaction of Bi2Me5SbF6 with two equivalents of pyridine. Pyridine (3.3 µL, 41 μmol) was 

added to a light yellow solution of Bi2Me5SbF6 (3) (15.0 mg, 20.6 μmol) in CD2Cl2 (0.5 mL). A 1H 

NMR spectroscopic analysis of the obtained colorless solution showed the quantitative formation 

of BiMe3 and BiMe2(py)2SbF6 (2). 
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Single Crystal X-ray Diffraction Analysis 

 

Figure S1. Cutout of the solid-state structure of [BiMe2(SbF6)] (1) (including weak intermolecular 
contacts). Displacement ellipsoids are represented at the 50% probability level. Hydrogen atoms 
are omitted for clarity. Selected bond length (Å) and angles (°): Bi1–C1, 2.215(5); Bi1–C2, 
2.223(5); Bi1–F1, 2.451(3); Bi1–F3, 2.452(3); Bi1∙∙∙F5, 3.272; Bi1∙∙∙F6, 3.452; C1–Bi1–C2, 93.0(2); 
C1–Bi1–F1, 83.91(17); C2–Bi1–F1, 87.20(17); C1–Bi1–F3, 88.60(17); C2–Bi1–F3, 86.18(17); F1–
Bi1–F3, 169.73(11); Sb1–F1–Bi1, 160.53(17). 

 

 

Figure S2. Molecular structure of [BiMe2(py)2][SbF6] (2) in the solid state. Displacement ellipsoids 
are shown at the 50% probability level. Hydrogen atoms and second, crystallographically 
independent [SbF6]– anion which is present in the unit cell are omitted for clarity (the overall 
occupancy of each [SbF6]– moiety is 0.5). Selected bond length (Å) and angles (°): Bi1–C7, 
2.223(12); Bi1–C6, 2.235(12); Bi1–N1, 2.519(7); Bi1–N1’, 2.519(7); Bi1∙∙∙F1, 3.483(7); C7–Bi1–
C6, 92.3(5); C7–Bi1–N1, 86.35(16); C6–Bi1–N1, 86.08(16); C7–Bi1–N1, 86.35(16); C6–Bi1–N1, 
86.08(16); N1–Bi1–N1’, 169.1(3). 
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Figure S3. Cutout of the solid state structure of [Bi2Me5(SbF6)] (3) (including weak intermolecular 
interactions). Displacement ellipsoids are shown at the 50% probability level. Hydrogen atoms 
are omitted for clarity. Three of the four [SbF6]– anions exceed one formula unit and belong to 
neighboring Bi2Me5SbF6 units. Selected bond length (Å) and angles (°): C4–Bi2, 2.24(2); C5–Bi2, 
2.24(2); C1–Bi1, 2.219(18); Bi1–C2, 2.21(2); Bi1–C3, 2.223(18); Bi1–Bi2, 3.0005(11); Bi2∙∙∙F3, 
2.809(12); Bi1∙∙∙F1, 3.212; Bi1–F2, 3.177; Bi2∙∙∙F1, 3.366; Bi2∙∙∙F2, 3.275; Bi1∙∙∙F5, 3.274; C2–Bi1–
C1, 97.7(7); C2–Bi1–C3, 103.1(8); C1–Bi1–C3, 101.6(7); C2–Bi1–Bi2, 120.6 (6); C1–Bi1–Bi2, 
113.9(5); C3–Bi1–Bi2, 116.8(5); C5–Bi2–C4, 94.2(8); C5–Bi2–Bi1, 90.3(5); C4–Bi2–Bi1, 91.8(5).  

 

[BiMe2(BiMe3)(SbF6)] (3) crystallizes in the monoclinic space group P21/c with Z = 4 as a 

two-component twin with the two components in a ratio of 99:1 that are related by a 180° 
rotation about the reciprocal [100] axis. 
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Variable Temperature NMR Spectroscopic Experiments 

Variable temperature 1H NMR spectroscopic experiments on CD2Cl2 solutions of compound 3 

were carried out in the temperature range of –50 °C to +25 °C. For line shape analyses the program 

TopSpin 4.0.4 of Bruker was used. At room temperature, 3 shows only one broad resonance, which 

splits into two resonances with the integral ratio 2:3 in the low-temperature scenario. The 

coalescence temperature is 16 °C.  

Since the Bruker software DNMR Lineshape Analysis has limited capabilities when exchange 

reactions are considered, the following intermolecular exchange model was used (Figure S4). The 
activation parameters were obtained from the Eyring plot (Figure S5) and are summarized in 

Table S1.  

An alternative approach, in which line shape analysis with intermolecular exchange reactions 

between two methyl groups and three equivalent methyl groups was examined, gave very similar 

results (ΔG‡ (298 K) = 13.3 kcal · mol–1).  

 

Figure S4. Exchange reactions which form the basis for the line shape analysis. 

 

Figure S5. Eyring plot of the reaction rate for the methyl exchange in Bi2Me5SbF6 (3) determined 
by line shape analysis.  
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Table S1. Activation parameters determined by line shape analysis of VT 1H NMR spectra of 
Bi2Me5SbF6 (3). 

Compound 
ΔG‡ (298 K) 
[kcal · mol–1] 

ΔH‡  
[kcal · mol–1] 

ΔS‡  
[cal · mol–1] 

k (298 K) 
[s–1] 

Bi2Me5SbF6 13.5 8.5 –16.7 1010 

 

 

Figure S6. VT 1H NMR spectra of [Bi2Me5(SbF6)] (3) in a temperature range of +25 °C to  
–50 °C. The coalescence temperature is 289.15 K (16 °C). Beginning decomposition of 
[Bi2Me5(SbF6)] (3) can be observed during the VT 1H NMR spectroscopic measurements. 
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UV/vis Spectroscopy and TD-DFT Calculations 

 

Figure S7. Experimental UV/vis spectrum of [BiMe2(SbF6)] (1) (3.4 mM) in DCM (black, absorption 
maximum at 321 nm) and calculated transitions (blue).  

Table S2. Details on lowest energy UV/vis transitions relevant to the experimental absorption 
spectrum of BiMe2SbF6 (1) as determined by TD-DFT calculations.  

Excitation λ [nm] f 
Main MO contributions 

type % 

S0 → S1 332.7 0.0333 
HOMO → LUMO 

HOMO → LUMO+1 

72 

27 

S0 → S2 268.0 0.0000 
HOMO-1 → LUMO HOMO-1 

→ LUMO+1 

27 

72 

S0 → S3 236.2 0.0079 
HOMO → LUMO 

HOMO → LUMO+1 

27 

71 
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Figure S8. Selected molecular orbitals of compound [BiMe2(SbF6)] (1) (isovalues = 0.03) with 
main contributions to transitions listed in Table S2. 
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Figure S9. Experimental UV/vis spectrum of [Bi2Me5(SbF6)] (3) (4.2 mM) in DCM (black, 
absorption maximum at 302 nm) and calculated transition (blue).  

 

 

Table S3. Details on lowest energy UV/vis transitions relevant to the experimental absorption 
spectrum of Bi2Me5SbF6 (3) as determined by TD-DFT calculations.  

Excitation λ [nm] f 
Main MO contributions 

type % 

S0 → S1 288.8 0.2792 

HOMO → LUMO 

HOMO → LUMO+1 

HOMO-1 → LUMO 

HOMO-1 → LUMO+1 

56 

21 

14 

6 
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Figure S10. Selected molecular orbitals of compound [Bi2Me5(SbF6)] (3) (isovalues = 0.03) with 
main contributions to transition S0 → S1 listed in Table S3. 
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DFT Calculations 

Energies of Compounds Investigated by DFT Calculations 

 

The energies of compounds investigated by DFT calculations are given in Table S4 (concentration 

corrections not added). Their Cartesian coordinates are given in a separate .xyz file. 

 

Table S4. Energies of calculated species. 

Entry Compound ΔG [hartree] 
Imaginary  

frequencies 
1 BiMe2SbF6 (1) –690.0794 none 
2 BiMe2(py)2SbF6 (2) –1186.7053 none 
3 BiMe3 –125.1482 none  
4 Bi2Me5SbF6 (3) –815.227712 none 
5 Bi2Me5SbF6 (4) –815.194804 none 
6 Bi2Me5SbF6 (5) –815.216688 none 
7 Bi2Me5SbF6 (TS1) –815.205027 1 
8 Bi2Me5SbF6 (6) –815.216337 none 
9 Bi2Me4 –170.514824 none 

10 N2Me5+ (7-N) –308.714929 none 
11 P2Me5+ (7-P) –882.027852 none  
12 As2Me5+ (7-As) –211.53249 none 
13 Sb2Me5+ (7-Sb) –210.094591 none 
14 Bi2Me5+ (7-Bi) –210.172091 none  
15 Me2Pn–(µ2-sp2-CH3)–PnMe2+ (8-P) –881.932491 1 
16 Me2Pn–(µ2-sp2-CH3)–PnMe2+ (8-As) –211.475067 none 
17 Me2Pn–(µ2-sp2-CH3)–PnMe2+ (8-Sb) –210.061389 none 
18 Me2Pn–(µ2-sp2-CH3)–PnMe2+ (8-Bi) –210.160652 none 
19 N2Me5+ (9-N) –308.754084 none 
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NBO Calculations 

 

Figure S11. NBO of 3 depicting the Bi→Bi bond. 

 

 

 

 

 

 

Figure S12. NBO of 6 depicting the Bi–(µ2-sp2-CH3)–Bi three-center-two-electron bond. 
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IBO Calculations 

 

(a) 

 

 

 

(b) 

 

 
3 4 

 

(c) 

 

 
6 

 

 

Figure S13. NBOs of depicting the (a) Bi→Bi bond of 3, (b) the three-center-two-electron bond of 
4, and (c) the Bi–(µ2-sp2-CH3)–Bi three-center-two-electron bond of 6. 
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EDA-NOCV Calculations 

Table S5. EDA-NOCV results (B3LYP-D3/QZ4P) for 3. The donor-acceptor and the electron-
sharing bond scenarios for the fragments BiMe3 and 1 are considered. Energy terms are given in 
kcal mol–1. For ΔEdisp, ΔEelstat, and ΔEorb, the values in parentheses show the weight of each 
contribution with respect to the total attractive interaction. For ΔEorb(1) and ΔEorb(rest), the values 
in parentheses show the weight of each contribution with respect to the total orbital interaction, 
ΔEorb. 

Energy terms 
BiMe3 + 1 

Donor-acceptor bond 

[BiMe3]+ + 1– 

Electron-sharing bond 

ΔEint –20.9 –137.1 

ΔEpauli 53.4 90.9 

ΔEelstat –35.9 (48.4%) –123.8 

ΔEdisp –3.9 (5.3%) –3.9 

ΔEorb –34.4 (46.4%) –100.3 

ΔEorb(1) –29.8 (86.7%) - 

ΔEorb-rest –4.6 (13.3%) - 
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NMR Spectra of Isolated Complexes and Reaction Mixtures 

 

 

Figure S14. 1H and 19F NMR spectra of [BiMe2(SbF6)] (1) in C6D6. 
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Figure S15. 1H NMR spectrum [BiMe2(SbF6)] (1) in CD2Cl2. 
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Figure S16. 19F and 13C NMR spectra of [BiMe2(SbF6)] (1) in CD2Cl2. 
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Figure S17. 1H and 13C NMR spectra of [BiMe2(py)2][SbF6] (2) in CD2Cl2. 
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Figure S18. 1H NMR spectrum of [BiMe2(BiMe3)(SbF6)] (3) in CD2Cl2. 
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Figure S19. 19F and 13C NMR spectra of [BiMe2(BiMe3)(SbF6)] (3) in CD2Cl2. 
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1.6 Chapter X 

Supporting Information for chapter X can be found under 

ttps://doi.org/10.1021/acs.organomet.1c00020.  

1.7 Chapter XI 

Supporting Information for chapter XI can be found under 

https://doi.org/10.1039/D0DT01663B. 

1.8 Chapter XII 

Supporting Information for chapter XII can be found under 

https://doi.org/10.1039/C9SC00278B.  

1.9 Chapter XIII 

Supporting Information for chapter XIII can be found under 

https://doi.org/10.1039/D0SC02410D.  
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