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At the beginning of this thesis, a short and general introduction is given and the 

research objectives are described. After the presentation of the different chapters, 

a comprehensive conclusion of this work is given followed by the appendix, which 

includes lists of the used abbreviations and numbered compounds. 

 

The chapters have a uniform design and are subdivided equally. They start with a 

graphical abstract, an abstract followed by the author contribution. There the 

individual part of each author for this work is described in detail. Furthermore, the 

main part is divided into a short introduction, results and discussion, conclusion, 

supporting information and references. The numeration of the chapters 

(compounds, schemes, figures, etc.) begins anew as well as the numeration of the 

corresponding references.  
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1 Introduction  

 

ĂDie Natur und das Unerforschliche, das hinter ihr verborgen bleibt und Verehrung 

fordert, hat dem Chemiker eine Orgel mit nun schon über 100 verschiedenen 

Tönen zur Verfügung gestellt, auf der er komponieren und musizieren darf. Er kann 

aber auch dem immer noch unendlich schöneren Spiel ihrer selbst lauschend und 

forschend nachgehenñ [1]  

Ernst Otto Fischer  

Banquet Speech ï Nobel Price (1973) 

 

These words from Ernst Otto Fischer are an excerpt of his speech at the Nobel banquet in 

1973.[1] Freely translated this citation means, that nature and the unfathomable provide the 

chemists an organ with more than 100 different sounds on which they can compose and play. 

Furthermore, they can listen to the endless beautiful play and pursues them scientifically. 

Fischer exemplifies with his metaphoric description the unlimited possibilities given in 

chemistry. It is ubiquitous and an aspect in every part of the universe, nature and life. The 

combination of elements, the reaction or interaction between them and the variation of external 

influences, enables expansion of the collection of compositions or replacement of some notes. 

Therefore, it can be said that the discovery of the elements brought the possibility to expand 

the chemical insights and focused research.  

The discovery of the chemical elements occurred one by one over the last thousand years. 

Their history started already in antiquity and as evidenced by old records 12 elements were 

already known.[2] Alchemy, a part of the natural philosophy in the 13th till 17th century, leads 

to an extension of the spectrum. Even if alchemists never succeeded in the conversion of base 

metals to gold or its synthetic preparation, they revealed the preparation of arsenic, zinc and 

phosphorus, respectively. However, the peak of the discovery of the elements started in the 

18th century[2] and is with a number of 118 still rising.[3] With the increasing number of elements, 

attempts were made to divide them into categories, based on their properties. This resulted in 

the periodic table of the elements, an essential tool for every chemist.  

Not only the number of elements has increased over the centuries, but also the understanding 

of how compounds are formed, which properties can be expected or exploited and how the 

desired goals can be achieved. Step by step we learn how the world is built up and how we 

can benefit from that knowledge, even though we only know so little. 
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1.1 Phosphorus, Arsenic and Antimony ï A Short Overview 

The elements phosphorus, arsenic and antimony represent elements of the pnictogen group. 

Even if they are located in the same group in the periodic table and show some similarities, 

also huge differences in their properties are present. While phosphorus represents a 

non-metal, the metallic character increases within the group and arsenic and antimony are 

already metalloids with differences in their reactivity and properties. Therefore, the areas of 

applications are huge and their usage in industry and nature is widely varying.  

Phosphorus constitutes an essential component in living organisms, mostly in the form of 

phosphoric acid esters and phosphates. Therefore, 700 g of phosphorus can be found in an 

average human adult and the daily requirement is about 1-1.2 g phosphorus. Mainly, it is stored 

in bones and teeth in form of hydroxyapatite (Ca5(PO4)3(OH)), it can be found in phospholipids 

in cell membranes or as a building block for macromolecules like DNA or ATP.[3,4] Furthermore, 

phosphorus containing compounds are used in industry in large scale. The main application 

areas are the usage of sodium-, potassium- or ammonium-phosphates in fertilizers in 

agriculture or cleaning agents.[3ï5] Phosphorus containing compounds are also used as 

auxiliary materials in flame retardants, corrosion inhibitors or plasticizers. For the industrial 

synthesis of elemental phosphorus, apatites (Ca5(PO4)3(OH,F,Cl)) with a high level of fluoride 

are used.[3,4]  

Phosphorus is present in the three allotropic modifications, white, black and red phosphorus. 

The latter represents a kind of intermediate modification between white and black phosphorus 

and can be divided into subgroups of crystalline phases (violet- or Hittorfôs phosphorus and 

fibrous phosphorus) and amorphous phases (red phosphorus).[6,7,8] An overview of the 

structural framework of the allotropes is given in figure 1. The thermodynamically stable 

modification is black phosphorus. However, the conversion time of the other modifications is 

relatively small at r.t. and atmospheric pressure and therefore they are isolable. White 

phosphorus represents the most important modification, since it is used as starting material to 

form the other modifications.[3,8] The structure of white phosphorus consists of discrete P4 

tetrahedra (figure1)[9] and can be obtained by an electrothermal process using apatites as raw 

materials. It represents the only soluble modification in organic solvents, which enables an 

extensive application in chemistry.[3] Annealing of P4 over 200 °C leads to conversion into the 

amorphous red phosphorus.[3] By increasing temperature it reorganizes and the crystalline 

fibrous modification is obtained above 500 °C.[8] Further annealing leads to the formation of 

the violet modification, which is also called the Hittorf´s phosphorus.[7] Both consist of parallel 

arranged pentagonal tubes with alternating phosphorus units [P2]-[P8]-[P2]-[P9] (cf. figure 1) 

and the cubes are crosslinked via the [P9] unit.[10] A single layer in violet phosphorus is 

constructed of parallel orientated tubes, which are crosslinked with another layer in 
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perpendicular orientation. Fibrous phosphorus consists of the same pentagonal tubes 

connected parallel via the [P9] unit to double strands.[8] Orthorhombic black phosphorus can 

be obtained by annealing white phosphorus up to 200 °C under a pressure of 12 kbar. This 

modification has the highest density and therefore its formation is favored at higher pressures. 

The structure is based on six membered rings forming a layer with a zigzag conformation.[11] 

Depending on the applied pressure and additives (Hg, As) also the rhombohedral black 

phosphorus and cubic, metallic phosphorus is formed. The rhombohedral modification also 

consists of six membered rings forming a layer, while in this case the rings are arranged 

diagonally among each other (exo conformation).[3,12] 

 

Figure 1: Overview of selected allotropic modifications of phosphorus, arsenic and antimony, respectively. 

Arsenic, as the heavier homolog of phosphorus, is mostly known for its poisonous nature. 

Especially āwhite arsenicó (As2O3) was used for many murders in the last centuries.[13,14] 

However, arsenic is an important element in nature and industry. Arsenic is considered as a 

trace element for the human body and even for animals and plants. In an average human body, 

3.5 mg can be found.[3] Nowadays many applications for arsenic and its compounds in 

pharmaceuticals, herbicides and insecticides exist. Furthermore, arsenic is used as an alloy 

additive or semiconductor component.[3,14]  
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The element antimony is known since antiquity. Over time antimony and its compounds were 

used as eye make-up or for skin medication.[3,15,16] A typical application in middle age was the 

usage of pellets of antimony as a laxative.[3,15,16] Even nowadays pharmaceuticals including 

antimony are used. However, the main application is the usage as an additive in 

semiconductors to harden soft metals like tin or lead.[3,15,16] 

Comparable with the modifications of phosphorus and arsenic, antimony occurs in similar 

modifications. The thermodynamically most stable modifications represent grey arsenic and 

grey antimony, which have the same structure as rhombohedral black phosphorus (figure 1). 

Tempering of grey arsenic over 616 °C leads to the formation of the labile yellow arsenic. It 

consists of discrete As4 tetrahedra, analog to white phosphorus.[3,17] Yellow arsenic is highly 

light- and air-sensitive and thus has to be treated with care. Comparable Sb4 units are only 

known in gas phase or trapped in a solid neon matrix.[18]  

1.2 En Ligand Complexes 

En or polypnictogen ligand complexes are complexes containing at least one pnictogen atom 

directly bound to a metal center and not bearing any organic substituents. The first reported 

complex which covers this category was [(CO)3Co(Ẽ3-As3)] (I, figure 2), synthesized in 1969 

from Dahl et. al.[19] Already one year later the same group succeeded in the preparation of the 

first Sbn ligand complex [{(CO)3Co}4(µ3-Sb)4] (II) by the reaction of Co(OAc)2ĀH2O with SbCl3.[20] 

In the same period, Ginsberg and Lindsell also reported on the synthesis of 

[(PPh3)3RhCl(Ẽ2-P4)] (III), a polyphosphorus ligand complex of rhodium.[21]  

 

 

Figure 2: Overviewe of the first En ligand complexes (E = As (I), Sb (II), P (III)). 

Even if the first discovery of such complexes was already 50 years ago, the synthesis and 

reactivity of En ligand complexes are still an active field of chemical research. Especially for 

phosphorus and arsenic, a variety of such complexes are known so far. For their synthesis, 

the conversion of white phosphorus and yellow arsenic on transition metal centers or main 
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group compounds led to success.[22ï25] This resulted in numerous examples of which a small 

overview is given in figure 3. However, the number of polyantimony ligand complexes is rather 

limited. Responsible for this is the lack of suitable antimony sources for synthesis, such as Sb4. 

Additionally, the high light- and air-sensitivity of antimony containing compounds and the weak 

Sb-Sb bond[26] complicates the working process. Nevertheless, meanwhile there are some 

representatives known (figure 3). Over time it was possible to synthesize complexes with 

different numbers of pnictogen atoms. While there are several representatives including En 

units with n = 1-6, higher numbers are rather limited. 

There are many representatives with a single pnictogen atom bound to one or more metal 

centers. Remarkable examples are the complexes [(N3N)WE] (N3N = N(CH2CH2NSiMe3)3; 

E = P (IVa),[27] As (IVb),[28] Sb (IVc)[29]), bearing a tungsten pnictogen triple bond. For n = 2 

also different coordination modes of the E2 unit have been observed. For instance, the E2 unit 

can be a part of a tetrahedron formed with two molybdenum fragments [(CpMo(CO)2)2(Õ,Ẽ2:2-

E2)] (E = P (Va)[30], As (Vb),[31] Sb (Vc)[32]). Similar compounds for E = P and As are also known 

with chromium and tungsten.[31,33] In VIa and VIb the E2 unit is a part of a triple decker complex, 

where two E2 dumbbells are coordinated by two [Cp'''Co] fragments (Cp''' = C5H2
tBu3, E = P, 

As), respectively.[34] Furthermore, threefold coordination of a tungsten center is possible in the 

antimony complex [{(CO)3W}2(µ3,Ẽ2:2:2-Sb2)] (VII), reported by Franck et. al. in 1982.[35] If the 

pnictogen unit is extended to n = 3 mostly cyclo-E3 ligands are known, which coordinate to one 

or two metal fragments, as shown in figure 3 by the complexes [CpRNi(Ẽ3-E3)] (E = P 

(VIIIa),[36,37] As (VIIIb)[37]), [(Cp'''Ni)2(Õ,Ẽ3:3-P3)] (IX)[38] or [CpMo(CO)2(Ẽ3-Sb3)] (X).[32] A further 

extension of the polypnictogen unit leads to a variety of complexes with different coordination 

modes. Some of them are also depicted in figure 3. An E4 chain can be formed and stabilized 

by two metal fragments as demonstrated by the prismane shaped complex [(LNi)2(Õ,Ẽ3:3-E4)] 

(E = P (XIa, XII),[37,39] As (XIb);[37] L = 4iPrCp, L1) or the triple decker complex 

[(CpRFe)2(Õ,Ẽ4:4-E4)] (E = P (XIIIa),[40] As (XIIIb),[40ï42] CpR = Cp''', CpBIG, Cp*). Furthermore, E4 

cycles or butadiene-like E4 ligands can be formed and coordinated by one or two metal 

fragments. In the case of the synthesis of XIIIb also a bonding isomer with a cyclo-As4 ligand 

is observed.[41] Another interesting example of such a representative is XIV reported in 2017, 

which contains an aromatic P4 unit.[43] Schulz et al. demonstrated the formation of compounds 

containing an Sb4 unit by the reduction of Cp*4Sb4. Therefore, the reaction with [L2Mg]2 and 

[L1Ga] leads to the polyantimony complexes [(L3Mg)4(µ4,Ẽ2:1:1:1:1:1-Sb4)] (XV) and 

[(L2Ga)2(Õ,Ẽ1:1:1:1-Sb4)] (XVI), respectively.[44] E5 units usually have a cyclic form and possess 

an aromatic character. The best known representatives are pentaphosphaferrocene, 

pentaarsaferrocene and their derivatives (cf. XVIIa,[45] XVIIb,[46] XVIIIa[47] and XVIIIb[47,48] in 

figure 3). It is also possible to form triple decker complexes, where the E5 cycle is coordinating 

two metal fragments as shown in [(CpRCr)2(Õ,Ẽ5:5-E5] (E = P (XIXa),[49] As (XIXb)[48,50]). Similar 

compounds are also known for manganese and molybdenum.[51] Furthermore, the synthesis 
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of the triple decker complex [Cp'''Mo(Õ,Ẽ5:5-Sb5)MoCpR] (XX, CpR = Ẽ5-C5H2
tBu2Me) was 

reported by Rösler et. al., synthesized by the reaction of tBu4Sb4 with [Cp'''Mo(CO)3Me].[52]  

 

Figure 3: Selected En ligand complexes, sorted by the number of the atoms in the En unit. 
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If the number of the polypnictogen unit is higher than 5, the number of corresponding 

complexes decreases. E6 units are stabilized as a chair type cycle, shown in the titanium 

complex [(Cp*Ti)2(Õ,Ẽ1:1:1:1:1:1-P6)] (XXI),[53] or as planar benzene like ligands shown in the 

complexes [(CpRMo)2(Õ,Ẽ6:6-E6)] (E = P (XXIIa),[54] As (XXIIb)[55]). In the case of phosphorus, 

such complexes are also known with V, Nb, or W[56] Furthermore, some examples exist 

containing an As6 prismane, where all rectangular faces are coordinated by a metal fragment 

(cf. XXIIIa, XXIIIb and XXIV, figure 3).[40,57] Remarkable examples of complexes with larger 

polypnictogen units are the iron and magnesium complexes XXVa, XXVb and XXVI.[58] They 

bear a realgar like E8 cage, formed by the polypnictogen atoms. In 2010 it was even possible 

to extend the polypnictogen units in a neutral complex up to n = 12.[59]  

In summary, the number of En ligand complexes is steadily increasing and therefore a variety 

of different structural motifs and coordination modes are already observed. However, 

compared to polyphosphorus compounds much less is known for polyarsenic compounds. The 

number decreases enormously for polyantimony ligand complexes. Even if not all known 

compounds are depicted in figure 3, they can almost be counted on two hands.  

1.3 The Concept of Transfer Reactions 

In general, conventional synthetic methods like thermolysis and photolysis are used for the 

synthesis of the desired En ligand complexes. Furthermore, complexes containing unsaturated 

fragments can provide the opportunity for the synthesis of new structural motifs. In the case of 

phosphorus and arsenic, the metastable and highly reactive E4 modification white phosphorus 

and yellow arsenic are mostly used as starting materials, respectively.[22,24,25,60] Due to the 

missing antimony analogue, i.e. yellow antimony (Sb4), organo-substituted compounds such 

as R4Sb4 (R = Cp*, tBu) or compounds like SbCl3 or Sb(NMe2)3 are used as molecular antimony 

source. However, some disadvantages arise from the mentioned reaction paths. In 

thermolysis, often harsh reaction conditions are needed and hence the thermodynamically 

most stable products are formed. In addition to this, usually more than one product is formed. 

Photolysis reactions are limited to compounds bearing labile ligands and bonds. Furthermore, 

the work with light-sensitive compounds is more complicated.  

Therefore, the usage of transfer reactions could be of advantage. This concept is based on En 

ligand complexes of early transition metals and facilitates the synthesis of a variety of 

unprecedented compounds. Transfer reactions are normally based on metathesis reactions, 

which proceed under mild reaction conditions. In scheme 1, a schematic description of a 

general transfer reaction is given. A polypnictogen unit (En) bound to an early transition metal 

fragment (M) is transferred to later transition metal or main group fragments (M'). The formation 

of thermodynamically more stable compounds (MX) is the driving force. In doing so, higher 
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yields and selectivity, compared to conventional methods, could be achieved and the mild 

conditions enable the formation of metastable compounds that are not accessible by other 

means. Furthermore, it would be a promising tool in the case of the formation of Asn and Sbn 

ligand complexes, respectively, which can not be, as stated above, synthesized via 

conventional routes. 

 

Scheme 1: Schematic description of a transfer reaction. (M = early transition metal, M' = later transition metal or 

main group compound, En = polypnictogen unit, X = any group) 

First reports on the application of transfer reactions were already published in the late 1980s. 

Different groups described independently the synthesis of main group heterocycles by the 

reaction of organozirconium and organotitanium complexes with compounds of the form RECl2 

(E = P, As).[61] Later on, Regitz et. al. published the synthesis of some organophosphorus 

compounds starting from [Cp2Zr(Ẽ1:1-C2
tBu2P2)].[62]  

One of the first transfers of an intact En unit, started by the corresponding ligand complex, was 

published by Scherer et. al. in 1995. They used derivatives of pentaphosphaferrocene XVIIIa 

and pentaarsaferrocene XVIIIb to transfer the E5 unit to heavier homologs ruthenium and 

osmium, respectively (A, scheme 2).[47] Furthermore, Cummins et. al. took advantage of this 

concept. A remarkable example was published in 2009. The synthesis of the metastable 

tetrahedral compound P3As was achieved by the transfer of a P3
- unit of [(ODipp)3Nb(Ẽ3-P3)] 

to AsCl3 (B).[63] 

 

Scheme 2: Selected examples of transfer reactions. 
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With the advantages of transfer reactions in mind, our group used the ionic complex 

[Ag(Ẽ2-As4)2][TEF] (TEF = Al{OC(CF3)3}4) to synthesize gold and ruthenium based complexes 

bearing an almost intact As4 tetrahedron as ligand (C).[64] Furthermore, the complexes 

[Cp''2Zr(Ẽ1:1-E4)] (E = P, As) show a high potential to release the E4 unit in presence of suitable 

halogenated reaction partners.[41,65] In doing so, the reaction with [Cp'''FeBr]2 leads to the 

transfer of the As4 unit in form of a chain and the formation of an iron triple decker complex (D, 

left).[41] We also succeeded in the synthesis of heteroaromatic sila-phospha and sila-arsa-

derivatives of benzene using [PhC(NtBu)2SiCl] as reagent (D, right).[65] This overview shows 

the possibilities given with the concept of transfer reactions. Therefore, this could be the way 

to go for the synthesis of Sbn ligand complexes. As mentioned before, there are some 

challenges concerning their preparation, which can be remedied by the advantages of such 

metathesis reactions. However, a suitable starting material must be found, where an ideally 

big polyantimony unit is bound to an early transition metal.  
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2 Research Objectives 

As presented in the introduction the concept of transfer reactions gives the possibility for the 

synthesis of so far not accessible polypnictogen ligand complexes. The first objective is the 

search for a suitable starting material for the transfer of a polypnictogen unit. Prior works 

showed the high potential of the zirconium complexes [Cp''2Zr(Ẽ1:1-E4)] (E = P, As) to release 

the pnictogen unit in presence of halogenated reaction partners. Furthermore, in 2017 

A. E. Seitz made reports on the synthesis of the triple decker complex 

[(Cp''Zr)2(Õ,Ẽ1:1:1:1:1:1 Sb6)]. Compared to already known results, this antimony complex could 

be used to transfer the antimony unit to later transition metals and gain Sbn ligand complexes 

with unprecedented structural motifs. Accordingly, the first research objective of this work 

focused on: 

¶ Transfer of polypnictogen moieties from zirconium to nickel fragments starting from 

[Cp''2Zr(Ẽ1:1 E4)] (E = P, As) 

¶ Determination of the influence of reaction condition and steric impacts on the reaction 

outcome during the transfer of the E4 units from [Cp''2Zr(Ẽ1:1-E4)] (E = P, As) to nickel 

fragments 

¶ Usage of the zirconium-based Sbn ligand complex [(Cp''Zr)2(Õ,Ẽ1:1:1:1:1:1-Sb6)] to transfer 

the polyantimony unit to iron, cobalt and nickel for the preparation of Sbn ligand 

complexes with unprecedented structural motifs 

Besides the transfer of intact polypnictogen units of [Cp''2Zr(Ẽ1:1-E4)] (E = P, As), also the 

functionalization is of great interest to possibly modify the chemical properties and learn about 

their reactivity. Therefore, the second research objective deals with: 

¶ Investigation of the coordination behavior of [Cp''2Zr(Ẽ1:1-As4)] towards lewis acidic 

transition metal complexes and main group compounds 

¶ Reactivity of [Cp''2Zr(Ẽ1:1-E4)] (E = P, As) towards nucleophiles 

Furthermore, only a few examples of Sbn ligand complexes are known so far. One reason for 

this is the lack of suitable antimony sources, which can be used for the synthesis. It was of 

special interest to synthesize novel Sbn ligand complexes to expand the spectrum. For this 

reason, the last research objective deals with: 

¶ Synthesis of Sbn ligand complexes using Cp*4Sb4 and KSb(SiMe3)2 as antimony 

sources. 
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3 E4 Transfer (E = P, As) to Ni Complexes 

V. Heinl, M. Schmidt, M. Eckhardt, M. Eberl, A. E. Seitz, G. Balázs, M. Seidl, M. Scheer, Chem. 

Eur. J. 2021, 27, 11647-11655. (DOI: 10.1002/chem.202101119) 

 

Abstract: 

The utilization of [Cp''2Zr(ɖ1:1-E4)] (E = P (1a), As (1b), Cp'' = 1,3-di-tertbutyl-cyclopentadienyl) 

as phosphorus or arsenic source, respectively, gives access to novel stable polypnictogen 

transition metal complexes at ambient temperatures. The reaction of 1a/1b with [CpRNiBr]2 

(CpR = CpBn (1,2,3,4,5-penta-benzyl-cyclopentadienyl), Cp''' (1,2,4-tri-tertbutylcyclopenta-

dienyl)) was studied, to yield novel complexes depending on steric effects and stoichiometric 

ratios. Besides the transfer of the complete En unit, a degradation as well as aggregation can 

be observed. Thus, the prismane derivatives [(Cp'''Ni)2(ɛ,ɖ3:3-E4)] (2a (E = P); 2b (E = As)) or 

the arsenic containing cubane [{(Cp'''Ni)3(ɛ3-As)(As4)] (5) are formed. Furthermore, the 

bromine bridged cubanes of the type [(CpRNi)3{Ni(ɛ-Br)}(ɛ3-E)4]2 (CpR = Cp''': 6a (E = P), 6b 

(E = As), CpR = CpBn: 8a (E = P), 8b (E = As)) can be isolated. Here, a stepwise transfer of En 

units is possible, with a cyclo-E4
2- ligand being introduced and unprecedented triple-decker 

compounds of the type [{(CpRNi)3Ni(ɛ3-E)4}2(ɛ,ɖ4:4-E'4)] (CpR = CpBn, Cp'''; E/E' = P, As) are 

obtained.  
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3.1 Author Contribution 

¶ Synthesis and complete characterization of the compounds 6b, 10a, and 11a. Improved 

Synthesis of the compounds 4, 5, 6a and 10b as well as completed characterization of 

2b, 4, 5, 9a and 10b were performed by V. Heinl. 

¶ Synthesis and complete characterization of the compounds 8a, 8b, 12a and 12b were 

performed by M. Schmidt during her Ph.D. thesis (University of Regensburg, 2016). 

¶ First Synthesis and parts of the characterization of the compounds 2b, 4 and 5 were 

performed by M. Eckhardt during her Ph.D. thesis (University of Regensburg, 2014).  

¶ First synthesis and characterization of the compounds 2a and 6a were performed by 

M. Eberl during her Ph.D. thesis (University of Regensburg, 2011).  

¶ First synthesis and parts of the characterization of the compounds 9a and 10b were 

performed by A. E. Seitz 

¶ Computational studies were performed by G. Balázs. 

¶ M. Seidl recalculated the X-ray structures.  

¶ The Manuscript was written by V. Heinl except parts of the computational details 

(G. Balázs). 

¶ Supervision: M. Scheer. 

3.2 Introduction 

The synthesis and reactivity of polypnictogen transition metal complexes is an active field of 

research. Since their first discovery in the 1970s, a huge variety of such compounds has been 

synthesized so far.[1,2,3] In general, conventional synthetic methods such as the co-thermolysis 

or photolysis are used for their synthesis to convert white phosphorus and yellow arsenic, 

respectively, in the presence of corresponding transition metal complexes. These conversions 

often proceed under harsh conditions and, hence, the thermodynamically most stable 

compounds are obtained, which, however, usually results in an uncontrolled degradation and 

rearrangement of the E4 tetrahedra. A mild activation would be of great interest since it allows 

the synthesis of metastable compounds. This is in line with recent activities of mild activation 

and fixation of small molecules such as H2, N2, NH3 or CO2,[4] triggering a selective bond 

cleavage. For instance, recent studies have shown the ability of complexes containing 

ɓ-diiminato ligands (L) to activate small molecules such as N2 or P4.[5,6ï9] Depending on the 

metal center and ligand design, white phosphorus is cleaved at r.t. in different ways by forming 

dinuclear complexes such as [(LM)2{(P2)2}], [(LM)2(P4)] and [(LM)4(P8)] (M = Ni, Fe, Co).[6ï10] 

Further examples in which only one P-P bond is opened are the formation of the butterfly 

complexes [{CpRFe(CO)2}2(ɛ,ɖ1:1-E4)] (CpR = Cp''' (1,2,4-tri-tertbutyl-cyclopentadienyl), CpBIG 
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(pentakis-(4-n-butyl-phenyl)cyclopentadienyl)) and [{Cp*Cr(CO)3}2(ɛ,ɖ1:1-E4)] (Cp* = penta-

methylcyclopentadienyl) by the reaction of E4 (E = P, As) with metal carbonyl dimers.[11] By 

using the toluene complex [(Cp'''Co)2(Õ,Ẽ4:4-C7H8)], it is possible to break two P-P bonds 

simultaneously in E4 either into two E2 dumbbells to give the triple-decker complexes 

[(CpRCo)2(ɛ,ɖ2:2-E2)2] (E = P, As, CpR= Cp''', Cp*),[12] or compounds containing a cyclo-P4 unit 

as end-deck as in [(Cp'''Co)(Ẽ4-P4)][13,14] or in [{CpRu(PPh3)2}{CoCp'''}-(Õ,Ẽ1:4-P4)][CF3SO3] and 

[{CpBIGMn(CO)2}2{CoCp'''}(Õ,Ẽ1:1:4-P4}], respectively.[14]  

Beside a mild activation, the challenge is to avoid thermodynamic control to receive kinetic 

products of polypnictogen complexes. Therefore, the use of transfer reagents could be of 

advantage. These reactions proceed under very mild conditions and higher yields and 

selectivities can be achieved.[2,3,15] One interesting example was reported by Russel et al. by 

reacting [Cp2Zr(ɖ1:1-(CtBu)2P2)] with ECl3 (E = P, As, Sb) to obtain C2
tBu2P2ECl. Subsequent 

reactions lead to the formation of the cationic mixed-element compound [C2
tBu2P2E]+.[16] 

 

Scheme 1: Selected reactions using transfer reactions. 

Pentaphosphaferrocene [Cp*Fe(ɖ5-P5)] was also used to transfer a cyclo-P5 unit from iron to 

its heavier homologues ruthenium and osmium, respectively (A, Scheme 1).[17] Moreover, 

Cummins et al. described the synthesis of the diphosphaazide complex 

[(ɖ2-Mes*NPP)Nb(N[CH2
tBu]Ar)3] (Mes* = 2,4,6-tri-tert-butyl-phenyl, Ar = 3,5-Me2C6H3), which 

upon heating liberates a P2 unit that can be trapped with 1,3-cyclohexadiene to give B 

(Scheme 1).[18] In 2009, they reported the transfer of a P3
3ī unit to AsCl3 to form the neutral 

interpnictogen modification AsP3 (C, Scheme 1).[19] Another remarkable example is the 

2-phosphaethynolat anion [OCP-] which can act as a P--transfer reagent.[20] For instance, using 


