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Abstract 

The content of this thesis is presented into three parts. The first part mainly focuses on expanding the 

scope of this class of group 4 1-metallacyclobuta-2,3-dienes. Two new phenyl-substituted dilithiated 

ligand precursors and four new 1-metallacyclobuta-2,3-dienes were synthesized and fully characterized. 

Solid state NMR and EPR spectroscopy, as well as cyclic voltammetry were used for the first time on 

these complexes to gain a better understanding of the nature of these complexes. The second part of this 

thesis focuses on synthesis, characterization and reactivity towards carbodiimides of a set of ring-

strained group 4 ansa-metallocene-based 1-metallacyclobuta-2,3-dienes Cp’2M(Me3SiC3SiMe3) (M = 

Ti, Zr; Cp’ = indenyl or tetrahydroindenyl based ansa-Cp lignad). The reactions with carbodiimides 

(RN=C=NR) produced, depending on the substituents of the carbodiimide, either 2-aza-1-

metallacyclobut-3-ene (R = i-Pr, Cy and p-Tol) or 2-aza-1-metallacychexa-2,4,5-triene complexes (R = 

SiMe3). The third part explores the reactivity of 1-metallacyclobuta-2,3-dienes with diazenes. 

Depending on different metal centers, either N-N double bond cleavage occurs with Zr complexes, or 

diazene insertion into the Ti-C bond was observed when using Ti analogs. 

 

Zusammenfassung 

Diese Arbeit ist in drei Teile gegliedert. Der erste Teil dieser Arbeit konzentriert sich auf die 

Erweiterung dieser Klasse von Gruppe 4 1-Metallacyclobuta-2,3-dienen. Zwei neue phenylsubstituierte 

dilithiierte Ligandenvorstunfen und vier neue 1-Metallacyclobuta-2,3-diene wurden synthetisiert und 

vollständig charakterisiert. Festkörper-NMR- und EPR-Spektroskopie sowie Cyclovoltammetrie 

wurden zum ersten Mal auf diese Komplexe angewandt, um ein besseres Verständnis der Natur dieser 

Komplexe zu ermöglichen. Der zweite Teil konzentriert sich hauptsächlich auf die Synthese, 

Charakterisierung und Reakitivtät gegenüber Carbodiimiden einer Reihe von ringgespannten 1-

Metallacyclobuta-2,3-dienen auf der Basis von ansa Gruppe 4 Metallocenen Cp’2M(Me3SiC3SiMe3) (M 

= Ti, Zr; Cp’ = Indenyl oder Tetrahydroindenyl auf der Basis von ansa-Cp lignad). Bei den Reaktionen 

mit Carbodiimiden (RN=C=NR) entstanden je nach Substituenten des Carbodiimids entweder 2-Aza-1-

metallacyclobut-3-ene (R = i-Pr, Cy, und p-Tol) oder 2-Aza-1-metallacychexa-2,4,5-triene (R = SiMe3). 

Im dritten Teil wird die Reaktivität von 1-Metallacyclobuta-2,3-dienen gegenüber Diazenen untersucht. 

Abhängig vom Metallzentrum wurde entweder eine N-N Doppelbindungsspaltung bei Verwendung von 

Zr als Metallzentrum oder eine Diazeninsertion in die Ti-C Bindung bei Verwendung von Ti als 

Metallzentrum beobachtet. 
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1 Introduction 

Driven by today’s urgent need for a sustainable, carbon-neutral society, researchers are investing a 

great deal of effort into developing more environmentally friendly methods and technologies in the 

chemical industry.[1] Catalysts offer an excellent opportunity to minimize energy consumption and waste 

generation in industrial production processes compared to the reactions using stoichiometric reagents.2 

Understanding reaction mechanisms and the catalytic process is an important step in designing more 

efficient catalysts. The metallacycles of group 4 metals, particularly of titanium and zirconium, have 

proved to be very important key intermediates and can be used as model compounds for highly reactive 

catalytically relevant species in a number of catalytic processes. Their in-depth studies have led to a 

detailed understanding of catalytic cycles, confirmed their mechanism and allowed the identification of 

important catalytic intermediates, e.g. in the metallocene-based Ziegler-Natta olefin polymerization 

reaction, which is being improved with increasing efficiency.3 

The all-carbon strained metallacycles are derivatives of carbocyclic compounds in which a metal 

atom replaces at least one carbon atom (i.e., isoelectronic exchange of hydrocarbon fragments by [M:], 

which are carbene analogues) with a high degree of unsaturation or small ring size. Incorporation of 

unsaturation into smaller cyclic structures leads to an increase in ring strain. These complexes are often 

believed to violate the norm and are considered unstable. However, by choosing the right metal center 

and through control of the substituents, organometallic chemists have consistently synthesized those 

metallacycles of varying ring sizes and with a high degree of unsaturation since last century. Examples 

include metalla-cyclopropenes,4 -cycloallenes,5 -cyclocumulenes6 and -cycloalkynes,7 (or, according to 

the ring size, they can be divided into 3-, 4-, 5-, and 7-membered metallacycles) (Figure 1). This 

synthetic diversity provides an opportunity to understand the stoichiometric and catalytic reactions of 

organometallic compounds, at same time they also contribute significantly to our understanding of their 

reactivity and catalytic potential in the field of organometallic chemistry. 

 

Figure 1. Examples for metalla-cyclopropenes, -cycloaallenes, -cyclocumulenes and -cycloalkynes with 

different ring size. 
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1.1 Three-membered metallacycles 
Research focusing on the chemistry of group 4 three-membered metallacycles of titanium and 

zirconium began at about same time in the 1980s in different research groups. In 1980, Richard Threlkel, 

a PhD student in the Bercaw group at California Institute of Technology reported in his PhD thesis8 a 

series of complexes of the type Cp2*M(RC2R) (M = Ti, Zr, R = Me, Ph, Cp* = η5-

pentamethylcyclopentadienyl; 1-R and 2, Figure 2) synthesized from dinitrogen complexes 

(Cp*2Ti)2N2 or (Cp*2ZrN2)2N2 and characterized by NMR, IR, elemental analysis, and mass 

spectrometry. He described these complexes as a monomeric monoacetylene complexes. By observing 

the reactions of Cp*2Ti(PhC2Ph) (1-Ph) with H2, he conjectured the dissociation of alkyne and the 

formation of highly reactive [Cp*2Ti] species. 

 
Figure 2. Overview of most kinds of three-membered metallacycles. 
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Later, the Vol’pin group in Moscow did a lot of work in titanocene three-membered metallacycles 

chemistry, which was inextricably linked to their background in organosilicon chemistry.9 After several 

unsuccessful attempts, in 1982, Vladimir V. Burlakov from Vol’pin’s group isolated the complex 

Cp2Ti(η2-PhC2Ph) (3) in analytically pure state, but the crystals suitable for single crystal X-ray analysis 

could not be obtained. Later in 1985, Bercaw and co-workers briefly mentioned the complexes 

Cp*2Ti(η2-PhC2Ph) and Cp*2Ti(η2-MeC2Me) (1-R),10 but unfortunately, also without single crystal X-

ray structure. In 1988, Uwe Rosenthal joined Vol’pin’s group as a postdoctoral associate, and with the 

knowledge of the successful synthesis of a nickel(0) complex with bis(trimethylsilyl)acetylene, 

(Ph3P)2Ni(η2-Me3SiC2SiMe3),11 he then proposed bis(trimethylsilyl)acetylene as the ideal candidate to 

prepare the stable, additional ligand free titanocene-alkyne complex Cp2Ti(η2-RC2R). In the same year, 

they reported the first Cp2Ti(η2-Me3SiC2SiMe3) complex (4) as a golden yellow solid by reduction of 

Cp2TiCl2 with magnesium in the presence of bis(trimethylsilyl)acetylene in THF at room temperature 

(Figure 3).12 Since then, using the same method, a number of titanium complexes of the type Cp’2Ti(η2-

Me3SiC2R) were prepared, e.g. Cp’ = Cp*, R = Me3Si (5)13, Ph (6)14 Cp’ = Cp, R = Ph (7-Ph), as well 

as Cp’ = Cp, R = t-Bu, n-Bu, n-Pr. (7-R). 15  Later, a complete series of the (C5H5-nMen)2Ti(η2-

Me3SiC2SiMe3) (5) complexes has been obtained by Mach and co-workers.16 

 
Figure 3. Synthesis of Cp2Ti(η2-Me3SiC2SiMe3). 

In case of zirconium, the first zirconocene alkyne complexes were reported by Buchwald and 

Takahashi independently in 1986. These zirconocene-alkyne complexes were obtained only with 

additionally coordinated electron donating ligands, e.g., PMe3 or PMePh2. Well-defined zirconocene 

alkyne complexes of the type Cp2Z(PMeR2)(acetylene) were obtained for the cyclic acetylenes 

benzyne17,19 and cyclohexyne 18,19 (10), as well as for linear acetylenes R1C2R2 where R1 = H, R2 = n-

Bu20 and R1 = R2 = Ph (11).21 These complexes were generally synthesized from Cp2ZrClH (Schwartz 

reagent) according to Figure 417,18,19,20 or from Cp2Zr(PMe3)2 or Cp2Zr(PMe3)(η2-olefin) complexes by 

adding the corresponding substituted alkyne.21 

 
Figure 4. Synthesis of Cp2Zr(PMe3)(η2-RC2R) starting from Cp2ZrClH. 

Later in 1991, Erker and Zwettler use a zirconacyclopentadiene complex and reacted it with a tenfold 

excess of trimethylphosphine at 70 °C, observing the liberation of one equivalent of 

phenyltrimethylsilylacetylene and the formation of Cp2Zr(PMe3)(η2-Me3SiC2Ph) (12, Figure 5).22 Then 
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they found the complex 12 loses its alkyne ligand and forms another very reactive species, which is 

believed to be [Cp2Zr].  

 
Figure 5. Synthesis of Cp2Zr(PMe3)(η2-SiMe3C2Ph). 

Inspired by the successful synthesis of Cp2Ti(η2-Me3SiC2SiMe3) (4), in 1993 Rosenthal and co-

workers followed the same reaction route, using magnesium as reduction reagent and 

bis(trimethylsilyl)acetylene as stabilizing ligand, successfully synthesized and isolated the first 

phosphine ligand free zirconium complex Cp2Zr(THF)(η2-Me3SiC2SiMe3) (8-THF, Figure 6). 23 

Different from the previous examples, zirconium complex 8 does not coordinate to any phosphine ligand, 

but to a THF molecule. The interaction between zirconium and THF was described as a weak interaction 

based on NMR spectroscopy, where only one NMR signal of both SiMe3 groups and the Cp ligands 

could be observed in 1H and 13C NMR spectroscopy. This apparent equivalence of the two halves of the 

alkyne in solution can be explained by a fast exchange of free and coordinated THF molecules. However, 

when dissolved in hydrocarbon solvents like benzene, pentane or hexane, or exposure to high vacuum 

environment, decoordination of THF will occur, leading to a follow up Cp ring C-H activation reaction 

and formation of the dinuclear σ-alkenyl complex 23 (Figure 6).  

 
Figure 6. Synthesis of Cp2Zr(THF)(η2-Me3SiC2SiMe3) and dimerization upon loss of coordinated THF. 

This can be avoided by addition of pyridine into the system, resulting in a simple THF – pyridine 

exchange, yielding a more stable complex Cp2Zr(py)(η2-Me3SiC2SiMe3) (8-py). 24  This pyridine-

stabilized complex can further exchange the stabilizing ligand with N-methyl-ε-caprolactam, forming a 

Cp2Zr(N-Me-ε-caprolactam)(η2-Me3SiC2SiMe3) complex.25 When treating complex 8-L with acetone, 

the Cp2Zr(acetone)(η2-Me3SiC2SiMe3) existed only in an equilibrium with its metallacyclic isomer, a 

zirconadihydrofuran complex (24, Figure 7).26 

 
Figure 7. Reaction of Cp2Zr(L)(η2-Me3SiC2SiMe3) (8-L) with acetone. 
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According to later studies, this weak coordination of the solvent molecule can be modulated by the 

steric profile of the Cp ligands. For example, in the complexes (C5H5-nMen)2Zr(η2-Me3SiC2SiMe3) 

reported by Mach and co-workers,27 when n = 3, 4 or 5, the THF solvent molecule will not coordinate 

to the zirconium anymore. For n = 2, the coordinated THF can be removed by high vacuum, indicated 

by a color change of the complex from honey-yellow to turquoise, but will not lead to its dimerization. 

Also, when using geometrically constrained ligand such as chiral ansa-metallocene, rac-(ebthi)Zr(η2-

Me3SiC2SiMe3) (rac-(ebthi) = rac-ethylenebis-(4,5,6,7-tetrahydro-1-indenyl), 13-Zr, Figure 2) stable 

complexes can be isolated without any additional stabilizing ligand. In this case, pyridine or (S)-(-)-

nicotine can be added as the stabilizing ligand (14-L, Figure 2). 28  As the chiral group 4 ansa-

metallocene complexes are important in stereoselective synthesis and enantioselective reactions, 

Peulecke and Rosenthal then synthesized a series of group 4 ansa-metallocene alkyne complexes 15, 17 

and 18 (Figure 2).29 Later in 1998, Rosenthal and co-workers investigated the influence of metals, 

alkyne substituents, Cp substitution and additional ligands on the stability of bridged and unbridged η2-

alkyne titanocene and zirconocene complexes.30  The reduction of complex MeSi2(C5H4)TiCl2 with 

magnesium in the presence of PhC2Ph in THF at room temperature does not give the expected titanocene 

complex MeSi2(C5H4)Ti(η2-PhC2Ph), instead, the corresponding five-membered ring complex 

MeSi2(C5H4)Ti(η2-C4Ph4) was obtained. This coupling reaction is commonly observed for 

coordinatively and electronically unsaturated tolane complexes like Cp2Ti(η2-PhC2Ph) (3).31 By using 

bis(trimethylsilyl)acetylene, the complex MeSi2(C5H4)Ti(η2-MeSi3C2SiMe3) 16 can be isolated. When 

using the unbridged complex (thi)2TiCl2 (thi = η5-tetrahydroindenyl) as starting material in the reaction 

with different alkyne ligands, complexes 19, 20 and 21 can be obtained. In case of zirconocene, the 

(thi)2Zr(L)(η2-MeSi3C2SiMe3) complexes with additional stabilizing ligand THF (22-THF) or pyridine 

(22-py) can be obtained. A reversible THF elimination was found in complex 22-THF when increasing 

the temperature to the give green complex without THF coordination, which was confirmed by NMR 

spectroscopy at variable temperature. 

As the scope of these titanocene- and zirconocene-alkyne complexes expanded, their reactivity was 

gradually discovered and further studied by researchers. There are two general possibilities of the 

reactivity: when considering these metallocene-alkyne complexes as metallacyclopropenes (with the 

metal in the +4 oxidation state), the insertion of substrate into the metal carbon bond of the 

metallacyclopropene ring (path I in Figure 8) is more likely to happen, and could be followed by 

cycloreversion and elimination of alkyne. In contrast, when considering it as acetylene π-complexes 

(with the metal in the +2 oxidation state), the dissociation of the alkyne with formation of a reactive 14 

valence electron metallocene fragment [Cp2M(II)] could occur (path II in Figure 8). This specie is 

subsequently trapped by reaction with substrates. 
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Figure 8. Insertion vs. dissociation reactivity of metallocene alkyne complexes. 

During a series of reactivity investigations of titanocene- and zirconocene-alkyne complexes, the 

alkyne was believed as an excellent placeholder ligand which sufficiently stabilizes the metallocene 

fragment and which can be released quantitatively under mild conditions to generate the unstable and 

highly reactive 14 valence electron [Ti(II)] or [Zr(II)] source. These reactions are often influenced by 

the steric properties of the substrate, the stoichiometry used, the solvents, and other reaction conditions. 

By using different substituted Cp ligands (Cp, Cp* and rac-(ebthi)), additional ligands L (THF and 

pyridine), and the metals (Ti and Zr) the different reactivity can be achieved. 

A wide variety of stoichiometric and catalytic reactions can be achieved by using this type of three-

membered metallacycles. Here only some selected classic reactions are given as examples. Complex 

Cp2Ti(η2-Me3SiC2SiMe3) (4) can react with two equivalents of PhC2Ph or PhC2SiMe3, producing the 

substituted titanacylopentadiene. With the unsymmetrically substituted PhC2SiMe3 the kinetically 

favored, unsymmetrically substituted titanacyclopentadiene was formed first which, after cycloreversion, 

gave the symmetrically substituted and thermodynamically more stable isomer (Figure 9).14b Due to 

steric reasons, the other symmetrical product with both Me3Si groups in the 3,4-positions was not formed. 

Later, also the bis(trimethylstannyl)acetylene, Me3SnC≡CSnMe3, was shown to react with Cp2Ti(η2-

Me3SiC2SiMe3) (4) to give the complex Cp*2Ti(η2-Me3SnC2SnMe3) by substitution of the alkyne.32 

 
Figure 9. Reaction of Cp2Ti(η2-Me3SiC2SiMe3) with different substituted acetylenes. 
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The pyridyl-substituted acetylene Me3SiC2py reacts with Cp2Ti(η2-Me3SiC2SiMe3) (4) and first forms 

the kinetically favored unsymmetrically substituted complex in addition to the symmetrically substituted 

thermodynamically more stable product (26, Figure 10). Upon standing in solution the unsymmetrically 

substituted complex will give an unusual coupling of one Cp ligand with the tetrasubstituted 

metallacyclopentadiene unit with formation of a dihydroindenyl complex (Cp activation product). Also, 

the symmetrical 3,4-(Me3Si)2 product was not formed.33 

 
Figure 10. Reaction of Cp2Ti(η2-Me3SiC2SiMe3) with pyridyl-substituted acetylene. 

Based on this alkyne exchange reactivity, several multifold coupling reactions of tris(diyne) and 

pentakis(diyne) substrates were realized by Tilley and coworkers by using Cp2Zr(py)(η2-Me3SiC2SiMe3) 

(8-py, Figure 11). With an excess of benzoic acid, the intermediate zirconacyclopentadiene complexes 

(27 and 28) produced the corresponding products of protodemetallation in high yields, which could be 

very difficult to obtain by using traditional synthesis methods, either requiring multiple, or only giving 

low yields.34 This chemistry can thus have a huge potential for the construction of novel polycyclic 

aromatic hydrocarbons (PAHs), which have a great application prospects, e.g., in cathode materials for 

aluminum-ion batteries. 

 
Figure 11. Examples of multifold couplings of tris- and pentakis(diynes) with Cp2Zr(py)(η2-Me3SiC2SiMe3) to 

PAHs and protodemetallation. 

Staubitz and coworkers presented and compared intermolecular coupling reactions of several 

heterodisubstituted alkynes and octadiynes RC≡C(CH2)4C≡CR (R = SnMe3, Bpin, 4-thiophenyl, 2-

methoxy, 2-bromo- and 2-iodo-4-thiophenyl etc.) to give zirconacyclopentadienes comparing Negishi’s 

reagent and the Rosenthal’s reagent Cp2Zr(py)(η2-Me3SiC2SiMe3) (8-py, Figure 12).35 The result shows 
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that 8-py was much more efficient for the synthesis of zirconacyclopentadienes in most of the cases with 

respect to yield, stability of the zirconacyclopentadiene, and reaction time. 

 
Figure 12. Reactivity of Cp2Zr(py)(η2-Me3SiC2SiMe3) with bis-substituted octadiynes and the formation of 1-

zirconacyclopenta-2,4-dienes. 

In the reaction of complex Cp2Ti(η2-Me3SiC2SiMe3) (4) with butadiynes RC≡C-C≡CR (R = Ph, t-Bu) 

in 2:1 ratio, formation of binuclear complexes 31 with intact C4 units between the two titanium centers 

was observed.36 The diynes were transformed to zigzag butadiene ligands between to metallocene cores. 

The five-membered titanacyclocumulenes (1-metallacyclopenta-2,3,4-trienes, Cp2Ti(η4-RC=C=C=CR, 

30) were formed with a ratio of 1:1 (Figure 13).37 Such five-membered metallacyclocumulenes are very 

unusual, showing an almost planar arrangement of the metallacycle with three C-C double bonds 

(discussed in detail in section 1.2.2). 

 
Figure 13. Complex Cp2Ti(η2-Me3SiC2SiMe3) react with butadiynes. 

Some nitrogen-containing compounds can also react with these three-membered metallacycles. 

Reaction of 1,4-diaza-1,3-dienes with titanocene- or zirconocene-alkyne complexes resulted in the 

formation of diazametallacylopentenes with the C-C double bond additionally coordinated to the metal 

center. In contrast, the reaction of titanocene complexes with 2,3-diaza-1,3-dienes showed a more 

diverse reactivity, giving diazametallacyclopentenes (32), bis(imide) complexes (33) or 

diazametallacyclopropanes (34) by N-N bond cleavage (Figure 14).38 

 
Figure 14. Reaction 1,4-diaza-1,3-dienes with titanocene or zirconocene alkyne complexes. 
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In 2010, Rosenthal and co-workers reported the reaction of alkyne complexes Cp’2(L)M(η2-

Me3SiC2SiMe3) (Cp’ = Cp, rac-ebthi; M = Ti, Zr; L = pyridine) with azobenzene to give the diazene 

complexes (Figure 15, top). Furthermore, three different products (35 - 36) could be isolated when using 

Cp*2Ti(η2-Me3SiC2SiMe3) (5, Figure 2) react with azobenzene (Figure 15, bottom).39 

 
Figure 15. Reactions of Cp’2(L)M(η2-Me3SiC2SiMe3) with azobenzene. Top: ligand exchange reaction; bottom: 

ligand exchange and N-N bond cleavage. 

A variety of products can be obtained by reacting Cp2Ti(η2-Me3SiC2SiMe3) (4) with different 

substituted carbodiimides (RN=C=NR; R = SiMe3, Cy, i-Pr, p-Tol) depending on the used solvent, 

reaction temperature and times. A summary is presented in Figure 16.  

 
Figure 16. Summary of the reactions of Cp2Ti(η2-Me3SiC2SiMe3) with carbodiimides. 
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The reaction of Cp2Ti(η2-Me3SiC2SiMe3) (4) with different carbodiimide substrates RN=C=NR’ (R 

= t-Bu, R’ = Et; R = R’ = i-Pr, t-Bu, SiMe3, 2,4,6-Me-C6H2, 2,6-i-Pr-C6H3) was investigated by 

Rosenthal and co-workers in 2012.40 They found that the product complexes show dismantlement, 

isomerization or C-C coupling of the applied carbodiimide substrates, respectively, to form mono-, di- 

and tetranuclear titanium(III) complexes. By using the N,N’-diphenylformamidine in the reaction with 

Cp2Ti(η2-Me3SiC2SiMe3) (4), the formation of four-membered heterometallacyclic complex Cp2Ti(κ2-

N,N’-PhN-C(H)-NPh) can be observed. 41  Both complexes Cp2Ti(η2-Me3SiC2SiMe3) (4) and 

Cp2Zr(py)(η2-Me3SiC2SiMe3) (8-py) react with carbodiimides RN=C=NR (R = Cy (39), i-Pr (42), p-Tol 

(51)), leading to the formation of five-membered hetero-metallacycloallenes.42 Interestingly, when the 

complex Cp2Ti(η2-Me3SiC2SiMe3) (4) react with carbodiimides RN=C=NR at room temperature, 

instead of many different products observed earlier, Tonks and co-workers found the formation of an 

unusual four-membered metallacyle Cp2Ti(κ2-C,C-t-BuN=C=Nt-Bu) (43), which is the first example of 

a complex with an κ2coordination mode of a heterocumulene featuring a free carbene at the central C 

atom.43 

Because of the diverse and extraordinary reactivity of these three-membered metallacycles, despite 

the important contributions from the past 35 years, these compounds offer a lot of potential for further 

applications. This includes the development of new synthesis methods of these type complexes as well 

as the new applications. From the very first Mg(0) reduction of Cp2TiCl2 in 1988, to using n-butyllithium 

to reduce Cp2TiCl2 in 1993,44 to using Cp2TiCl2 in the reaction with Me2HSiC2SiMe2H,45 until recent 

work where Cp2TiCl2 react with EtMgBr in the presence of Me3SiC2SiMe3,46 the methods of preparing 

such complexes are also constantly improving, aiming obtain higher yields and more efficient operations. 

Future application of these complexes could include main group chemistry, where already now unusual 

new bonding modes and valence states of main group compounds are realized.47 
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1.2 Five-membered metallacycles 
In addition to three-membered metallacycles, five-membered titana- and zirconacycles represent 

another important part in the chemistry of metallacycles. The types of symmetrically substituted five-

membered metallacycles are summarized in Figure 17.  

 
Figure 17. Formation of group 4 five-membered metallacycles (M = group 4 metal fragment). 

1-metalla-cyclopentanes, -cyclopent-3-enes48 and -cyclopenta-2,4-dienes49 are well investigated and 

have found use in many important stoichiometric and catalytic reactions. These metallacycles possess 

more substituents and show a lower degree of saturation compared to 1-metallacycloallenes, 1-

metallacyclopent-3-ynes and 1-metallacyclopenta-2,3,4-trienes, which also have much higher ring strain. 



Introduction 

12 

In this chapter, the synthesis of highly ring strained five-membered metallacycles, 1-metallacyclopent-

3-ynes (chapter 1.2.1), 1-metallacyclopenta-2,3,4-trienes (chapter 1.2.2) and 1-metallacyclopenta-2,3-

dienes (chapter 1.2.3) as well as the progress of research on their reactivity will be discussed. 

1.2.1 Synthesis and reactivity of 1-metallacyclopent-3-yne complexes 

In 1996 Maercker and co-workers found the 1-titanacyclopent-3-yne as an intermediate in the reaction 

of the cumulene complex Cp2Ti(η2-Me2C=C=C=CMe2) and [Cp2Ti].50 The first 1-zirconacyclopent-3-

ynes (45) were synthesized by Suzuki and co-workers in 2002. They used [Cp’2Zr], generated using the 

Negishi method, and 1,4-disubstituted (Z)-butatrienes RHC=C=C=CHR (R = Me3Si, t-Bu) as starting 

materials (Figure 18).7a  

 
Figure 18. Formation of 1-zirconacyclopent-3-ynes in the reaction of [Cp’2Zr] with 1,4-disubstituted (Z)-

butatrienes. 

Later Suzuki and co-workers showed that 1-zirconacyclopent-3-ynes could be produced by the 

reaction of Cp2ZrCl2 and 1,4-dichlorobut-2-yne with Mg. They claimed this compound as first 

“unsubstituted” metallacyclopent-3-yne (46, Figure 19).7b 

 
Figure 19. Formation of unsubstituted 1-metallacyclopent-3-yne in the reaction of Cp2ZrCl2 with 1,4-

dichlorobut-2-yne. 

The 1-titanacyclopent-3-yne (47) was obtained at the same time in the reaction of two equivalents of 

the Ti(II) source Cp2Ti(η2-Me3SiC2SiMe3) (4) with 1,4-dichlorobut-3-yne in which one [Cp2Ti] reacts 

to produce Cp2TiCl2 and H2C=C=C=CH2 and the second equivalent coordinates the butatriene, giving 

the unsaturated 1-titanacyclopent-3-yne. Complex 47 can react with another equivalent Cp2Ti(η2-

Me3SiC2SiMe3) (4) to give 2,5-dititanabicyclo[2.2.0]hex-1(4)-ene (48, Figure 20).51 

 

Figure 20. Formation of 1-titanacyclopent-3-yne complex in the reaction of Cp2Ti(η2-Me3SiC2SiMe3) with 1,4-

dichlorobut-3-yne. 
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In 2005, Rosenthal and co-workers reported that the metallacyclopent-3-ynes react with the Lewis 

acid B(C6F5)3 under ring opening of the metallacycle and formation of the zwitterionic complexes (49 

and 50, Figure 21). The corresponding Zr complexes are active single-component catalysts for ethylene 

polymerization.52 

 
Figure 21. Reactions of 1-metallacyclopent-3-ynes with B(C5F6)3. 

In 2008, Suzuki and co-workers reported the synthesis of 1-zirconacyclopenta-2,3-dienes using a 

different method.5b By treating the Zr(II) source Cp2Zr(PMe3)2 with 1,1,6,6-tetrakis(4-ethylphenyl)-

1,2,3,4,5-hexapentaene, a 2,5-bisalkylidene-1-zirconacyclopent-3-yne (51) can be obtained. Then, this 

1-zirconacyclopent-3-yne (51) can form a di-anionic species (52) when reacted with strong reducing 

agents such as lithium powder or potassium graphite. The subsequent protonation of this di-anionic 

species will then lead to the formation of 1-zirconacyclopent-3-ene (53) as main product and 1-

zirconacyclopenta-2,3-diene (54) as minor part (Figure 22). 

 
Figure 22. Formation of 1-zirconacyclopenta-2,3-dienes. 
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Because of the unique structure, the 1,3-butadiynes can react as bridging ligands. The 1-

zirconacyclopent-3-yne forms a cycloalkyne complex (55) with “Cp2Zr(PMe3)”, containing a C4 unit 

between the metals, described as a 1-zirconacyclopent-3-yne Cp2Zr(η4-H2C4H2). The same reactivity is 

observed with late transition metal fragments such as with the nickel(0) complex L2Ni(η2-C2H4) (L = 

PPh3 or PCy3) to give the analogous dinuclear complexes Cp2Zr[μ-(η4-H2C4H2)]NiL2 (L = PPh3 or PCy3, 

56, Figure 23).53 The formed 1-zirconacyclopent-3-ene unit in these complexes is not planar. 

 
Figure 23. Cis-complexation of 1-zirconacyclopentynes to early and late transition metal fragments. 

1.2.2 Synthesis and reactivity of 1-metallacyclopenta-2,3,4-triene complexes 

As further examples for highly unsaturated metallacycles, 1-metallacyclopenta-2,3,4-triene 

complexes have also been well studied since the 1990s. The first stable 1-zirconacyclopenta-2,3,4-triene, 

Cp2Zr(η4-t-BuC4-t-Bu) (58B), was obtained from the reaction of Cp2Zr(pyridine)(η2-Me3SiC2SiMe3) (8-

py) with 1,3-butadiyne t-BuC≡C-C≡C-t-Bu.6b Later, the titanacyclocumulenes Cp2Ti(η4-RC4R) (57A, 

R = t-Bu, Ph) were also obtained by using a similar reaction procedure starting from Cp2Ti(η2-

Me3SiC2SiMe3) (4) and RC≡C-C≡CR (Figure 24).6c 

 
Figure 24. Formation of 1-metallacyclocumulenes in the reaction of Cp2M(L)(η2-Me3SiC2SiMe3) complexes 

with 1,3-butadiyne. 

Exposure of decamethylzirconocene bis(acetylide) complex Cp*2Zr(σ-C≡CR)2 to sunlight resulted in 

C-C coupling of the alkynyl groups to give the 1-metallacyclopenta-2,3,4-triene complexes Cp*2Zr(η4-

RC4R) (R = Ph, SiMe3, Me) in high yields.54 The reduction of Cp*2ZrCl2 with magnesium in the 

presence of the hexatriyne t-Bu-C≡C-C≡C-C≡C-t-Bu yielded the unsymmetrically substituted 
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Cp*2Zr(η4-t-Bu-C4-C≡C-t-Bu) (58B). In contrast, with Cp*2TiCl2 the titanacyclopropene Cp2Ti(η2-t-Bu-

C≡CC2C≡C-t-Bu) (57B), containing two alkynyl substituents was obtained (Figure 25).55 

 
Figure 25. Reductions of Cp*2MCl2 in the presence of hexatriynes. 

The interaction of a free, non-coordinated triple bond of polyyne systems with the larger metal center 

zirconium may lead to the observed three- or five-membered metallacycles, or an equilibrium between 

η2- and η4 coordination. This can be assigned as “sliding” behavior for Cp*2Zr type complexes (Figure 

26).  

 
Figure 26. Sliding of a zirconocene along the backbone of a triyne 

The mesomerism of metallacycles and π-complex and the equilibrium between η2- and η4-

coordination make things more difficult to understand. Both components of the equilibrium mixture can 

react with each other to afford an unsymmetric complex in which a titanacyclopentadiene is anellated 

to a titanacyclopentene (59 and 60, Figure 27), and the influences of Cp ligands and the metal center 

also leads to a reactivity difference for these systems. The real bonding situation in metallacyclopentynes 

and metallacyclocumulenes with its consequences for their reactivity still needs further, more systematic, 

investigation. 
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Figure 27. Coupling of 1-metallacyclocumulene. 

Besides the Cp ligands, there are also some examples of half-sandwich or non-metallocene 

metallacyclocumulenes. For example, the first half-sandwich titanacyclocumulene complexes 

containing linked amido-cyclopentadienyl ligands, (η5:η1-C5Me4SiMe2N-t-Bu)Ti(η4-RC4R) (61, R = t-

Bu, SiMe3), were prepared by reaction of the dichloride complex (η5:η1-C5Me4SiMe2N-t-Bu)TiCl2 with 

magnesium in the presence of disubstituted 1,3-butadiynes (Figure 28).56 

 
Figure 28. Formation of half-sandwich metallacyclocumulenes. 

Ashe and co-workers reported the formation of a set of zirconacyclocumulenes of the type (η6-

C5H5BX)2Zr(η4-RC4R) (62, X = i-Pr2N, R = Ph; X = Ph, R = Ph; X = Ph, R = Et) by using bis(1-

boratabenzene)bis(trimethylphosphine)zirconium(II) complexes, reacted with 1,3-diynes RC≡C-C≡CR 

(Figure 29).57 

 
Figure 29. Formation of non-metallocene-based 1-metallacyclocumulenes. 

A theoretical study by Jemmis and Giju showed that titana- and zircona-cyclocumulenes are 

thermodynamically more stable compared to the isomeric bis σ-acetylide complexes.58 All four carbon 

atoms of the former diyne have p orbitals occupied by one electron perpendicular to the plane of the 

metallacycle, the sp-hybridized internal C atoms possess additional p orbitals in that plane, which are 

used for donor bonding to the metal center. For Ti and Zr the central double bond is intact and there is 

no d-π* back-bonding for the formal oxidation state +4, with a d0 electron count. In contrast, for late 
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transition metal complexes such as the hypothetical “nickelacyclocumulene” the central C-C bond was 

calculated to be longer than the other two C-C bonds, having back-bonding interaction between the filled 

metal d orbitals and the in-plane empty π* orbital of the central C-C bond.59 Other studies of the 

energetics of the metal-free organic structure cyclopentyne and its organometallic analogs obtained by 

replacing the CH2 groups by the metallocene [Cp2Ti:] and [Cp2Zr:] showed that the relative energies of 

the compounds are dramatically altered in the transition metal analogues. The metallacyclocumulenes 

are comparable in energy to the metallacyclopropenes and the bis-alkynyl complexes. Lin and co-

workers suggested that the zirconocene complex is better described by resonance hybrids involving a 

metallacyclopentyne and a butatriene complex Lewis structure.60 

The zirconacyclocumulene Cp*2Zr(η4-Me3SiC4SiMe3) reacted with two equivalents of carbon 

dioxide to form a cumulenic dicarboxylate complex (63) by a formal twofold insertion into M-C bond 

of the η4-complex (Figure 30).54 

 
Figure 30. Carbon dioxide insertions into a 1-zirconacyuclocumulene. 

It is not clear whether the zirconacyclocumulene reacts as an η2 or η4-complex. Acidolysis of the 

insertion product did not yield the corresponding [3]cumulenic dicarboxylic acid or ester. Liu and co-

workers described an elegant route to cis-[3]cumulenic diols (65) by the reaction of alkynylated 

zirconacyclopentenes with ketones for which zirconacyclocumulenes (64) were assumed as 

intermediates, formed by extrusion of ethylene (Figure 31).61 This reaction is related to the carbon 

dioxide insertion mentioned above. 

 
Figure 31. Formal twofold ketone insertion into a 1-zirconacyclocumulene. 

Metallacyclocumulenes are discussed as key-intermediates in the coupling and cleavage of 1,3-

butadiynes. These metallacycles interact with transition metal complex fragments or a Lewis acid. By 

this process the intramolecular coordination of the central double bond of the cyclocumulene is 

converted to an intermolecular coordination. Starting from the formed μ-cis-butadiyne complexes these 

intermediates rearrange to products with cleavage or retention of the C4 chains (Figure 32). There is 
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only a very small number of examples for the coupling of vinylidene ligands to butatrienes, which 

normally should be observed. 

 
Figure 32. 1-Metallacycumulenes as key intermediates in cleavage and coupling reactions. 

1.2.3 Synthesis and reactivity of 1-metallacyclopenta-2,3-diene complexes 

The existence of 1-metallacyclopenta-2,3-diene complexes was initially predicted by Rosenthal in 

2004.62 The first examples were successfully synthesized and isolated later by Erker63, Suzuki64 and co-

workers, respectively. Compared to 1-metallacyclopent-3-ynes and 1-metallacyclopenta-2,3,4-trienes, 

1-metallacyclopenta-2,3-dienes have a lower degree of unsaturation, but the allene feature imposes a 

higher ring strain of the metallacyclic unit than in 1-metalla-cyclopentanes, -cyclopent-3-enes and -

cyclopenta-2,4-dienes. 

 
Figure 33. Formation of 1-hafnacyclopenta-2,3-dienes. 

When treating Cp2Hf(C≡CR)2 (R = SiMe3, t-Bu) with HB(C5F6)2, Erker and co-workers found the 

subsequent C-H and C-Hf σ-bond formation to give a reactive intermediate, which finally leads to the 

formation of 1-metallacyclopenta-2,3-dienes (Figure 33). Over the next few years, Erker65 and Suzuki66 

reported a series of 1-zirconacyclopenta-2,3-dienes by using low oxidation state metal complexes in 

reactions with R1-C≡C-C(R4)=C(R2R3). The selected results are summarized in Figure 34. 
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Figure 34. Formation of 1-zirconacyclopenta-2,3-dienes. 

The reactivity of 1-zirconacyclopenta-2,3-dienes with many different substrates like ketones, nitriles, 

esters, diethyl carbonate and isocyanates were mainly investigated by Suzuki and co-workers.67  

 
Figure 35. Reaction of 2,4- and 2,5-substituted 1-zirconacyclopent-2,3-dienes with ketones and nitriles. 

The reactions of 2,4-substituted 1-zirconacyclopent-2,3-dienes (67A) with ketones yield, after 

hydrolysis, alkynyl alcohols (Figure 35). For the reactions of 2,5-bis(trialkylsilyl)compounds (67D) 

with ketones, allenyl alcohols were formed. In the reactions with a nitrile, via seven-membered 1-aza-

2-zirconacyclopenta-3,4,7-trienes, pyrrole compounds could be isolated. The reactions of five-

membered zirconacycloallenes with esters and isocyanates are shown in Figure 36. From carboxylic 

esters like ethyl acetate and methyl benzoate, after hydrolysis, alkynyl ketones were formed in low yields. 

Diethyl carbonate gave moderate yields of alkynyl esters. When the starting material has substituents at 

the 2,4-position (67A), by the insertion of phenylisocyanate into the Zr-C bond, an alkynyl amide could 

be obtained. In contrast, with silyl groups at the 2,5-position of the metallacycle (67D), after hydrolysis, 

dienyl amides were obtained. 
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Figure 36. Reaction of 2,4- and 2,5-substituted 1-zirconacyclopent-2,3-dienes with esters and isocyanates. 

Additionally, several C-C bond formation reactions of the described intermediated were realized. Via 

transmetallation to copper salts and subsequent addition of allyl halides, the allylated, highly 

funtionalized organic products were obtained (Figure 37). All these examples show the diverse 

reactivity of this class of unusual five-membered metallacycles that allows for the preparation of organic 

structures with a high degree of complexity that are either only accessible through multistep procedure, 

or not accessible at all.  

 
Figure 37. Insertion of ketones and reaction of the formed intermediates via transmetallation by copper salts 

with subsequent addition of allyl halides to yield allylated products. 

A wide variety of interesting novel stoichiometric and catalytic C-C coupling and cleavage reactions 

of the five-membered group 4 complexes were found. Most of these highly functional reaction products 

have been found to be the result of unforeseeable reactivity rather than led by design. One of the reasons 

is the theoretical studies have shown that the description of these molecules is complicated because the 

influence of the metals, interacting with the unsaturated bonds in the ring.  
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1.3 Four-membered metallacycles 
Following the development of the chemistry of three- and five-membered metallacycles, a series of 

metallacycles that seemed to “violated the norm” and thus be unstable were successfully synthesized 

and isolated. A lot of organometallics chemist made great efforts in this field and are continuing to 

challenge nature. A simple comparison of the structures of five-membered metallacycloallenes with two 

double bonds and metallacyclocumulenes with three double bonds in the five-membered ring system, 

led to the question, whether the smaller four-membered metallacycles, i.e., 1-metallacyclobuta-2,3-

dienes, with two double bonds in the four-membered ring system could exist. The challenge of this 

question is whether high unsaturation and small ring systems can coexist, since it will then lead to the 

increasing ring strains, indicated by high strain energy, which will render the metallacycles highly 

unstable. 

Table 1. Carbon-, nitrogen-, phosphorus-, sulfur- and oxygen-containing four-membered metallacycles.  

All-Carbon 

 

 

 

 

C, N 

   

 

C, P 

    

N, P   

   

N, S    

 

N, C, O  
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According to the different types of atoms in the four-membered metallacycles, this class of 

compounds can be divided into two categories. One type is composed only of carbon and metal atoms, 

which is referred to as all-carbon four-membered metallacycles. The other type is a four-membered ring 

composed of heteroatoms such as N, P, O, S etc. and metal atoms (Table 168). In this chapter the 

development history and current research progress of four-membered heterometallacycles will be briefly 

introduced (chapter 1.3.1), followed by the discussion of all-carbon four-membered metallacycles 

(chapter 1.3.2). 

1.3.1 Four-membered heterometallacycles. 

Emanating from the fact that highly strained metallacycles can be stabilized by incorporation of 

heteroatoms into the cyclic unit, group 15 elements with their additional lone pair are of tremendous 

interest. Especially suitable nitrogen containing ligands are in most cases easily accessible and offer a 

wide diversity of properties. The scope of nitrogen and carbon containing ligands is of overwhelming 

variety. Selected examples of nitrogen containing four-membered metallacycles are shown in Figure 

38. 

 
Figure 38. Selected examples of nitrogen containing four-membered metallacycles. 

The saturated diazametallacyclobutanes (A) azametallacyclobutanes (D) do not exhibit ring strain in 

the metallacycle. Bergman and co-workers synthesized type A complexes with group 4 metals in 2000.69 

In these examples both cyclic C-N bond lengths are in the range of a typical single bond. The structural 

motif D was also reported by the Bergman group for a zirconocene complex, displaying only single 

bonds in the central metallacycle.70 Another example was reported by the group of Beckhaus via formal 

[2+2] cycloaddition reaction of a carbodiimide to a titanallene intermediate [Cp*2Ti=C=CH2].71 

Four-membered metallacycles of the type B are well known for group 4 metals although the 

incorporation of one double bond into the cyclic system leads to an increasing ring strain. Gambarotta 

and co-workers reported the zirconocene complex Cp2Zr(Cl)[κ2-N,N-[Cy-N-C(H)-N-Cy]] possessing 

amidinato ligands in B type.72 The complex displaying the structural motif F without any substituent at 

the nitrogen atom and C=N double bond are hitherto unknown. However, complexes with only one 

nitrogen atom and a C=C double bond in the cyclic system (E) are easily accessible. 73 These compounds 

are either synthesized via [2+2] cycloaddition of an alkyne at a metal-imido species M=NR or by 

insertion reaction of a nitrogen containing substrate (azido- or diazo-compound) into the M-C bond of 

a metallacyclopropene. 1-Metallacyclodiazabuta-2,3-dienes (C) and metallacycloazabutadi-2,3-enes (G) 

were not isolated so far. 
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Another type of heterometallacycles containing phosphorus and nitrogen is well investigated. The κ2-

P,P coordination mode (Figure 39) is described for many transition metals such as Fe,74 Ni,75 Pd76 and 

Pt.74b  

 
Figure 39. Synthesis of the titanocene complex [Cp2Ti{κ2-P,P-Ph2PNPPh2}] and κ2-P,P coordination mode of a 

PNP ligand. 

In 2012, Rosenthal and co-workers reported the synthesis of highly strained heterometallacycles of 

group 4 metallocenes with N,N-bis(diphenylphosphino)amide ligands. Complexes [Cp2Ti{κ2-P,P-

Ph2PNPPh2}] (68, Figure 39) and [Cp2Zr{κ2-P,P-Ph2PNPPh2}] (69, Figure 40) were successfully 

synthesized and isolated using different methods.77 In both cases, the metal center is in the oxidation 

state +3. 

 

Figure 40. Synthesis of the zirconocene complex [Cp2Zr{κ2-P,P-Ph2PNPPh2}]. 

The chemistry of four-membered metallacycles with phosphorus and carbon containing ligand has 

been well documented over the last century. The majority of these complexes contains a neutral 

diphosphinomethane ligand R2P-C(R2)-PR2 with a sp3-hybridized carbon atom, which shows a small 

ring strain (I). 

 
Figure 41. Different four-membered metallacycles with a PCP fragment. 
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The complexes with monoanionic diphosphinomethanide ligand [R2P-C(R)-PR2]- (J) with a sp2-

hybridized carbon atom have been well studied. Karsch and co-workers described a Zr78 complex and 

an Fe 79  complex with such [R2P-C(R)-PR2] ligand. The V complex [Li(thf)4][V{κ2-P,P-

Ph2PC(H)PPh2}3] was synthesized by Gambarotta et al.80 Karsch et al. prepared both the zirconocene 

complex [Cp2Zr(Cl){κ2-P,P-Ph2PC(SiMe3)PPh2}]81 and the ate complex [Li(tmeda)2][Zr(Cl)2{κ2-P,P-

Ph2PC(SiMe3)PPh2}]. 82  Additionally, they also reported the titanocene complex [Cp2Ti{κ2-P,P-

Ph2PC(SiMe3)PPh2}] in 1993.83 The dianionic diphosphinomethandiide ligand (K) with a sp-hybridized 

carbon atom would contain two P(V) atoms in the cyclic unit and the desired allene moiety to result in 

a highly strained cyclic system. 

In 2013, Rosenthal and co-workers reported the synthesis of group 4 metallacycles with 

bis(diphenylphosphino)methanide ligands. The lithium bis(diphenylphosphino)methanides were 

prepared in-situ by the deprotonation reaction of diphosphinomethanes Ph2PC(H)(R)PPh2 (R = H, SiMe3) 

with n-BuLi. Subsequent salt metathesis reaction with Cp2TiCl2 yielded the titanocene complexes 70-H 

and 70-SiMe3. The complex 70-SiMe3 can also be obtained from the reaction of Ph2PC(H)(SiMe3)PPh2 

with Cp2Ti(η2-Me3SiC2SiMe3) at 60 oC (Figure 42).84 

 
Figure 42. Synthesis of the titanocene complexes 70. 

The related zirconocene hydrido complex 71 and hafnocene chloride complexes 72-H, 72-SiMe3 were 

prepared from lithiated bis(diphenylphosphino)methane, reacted with Schwartz reagent [Cp2ZrClH] and 

[Cp2HfCl2], respectively (Figure 43). 

 
Figure 43. Synthesis of the zirconocene hydrido complex 71 and hafnocene chlorido complexes 72-R. 
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In the same year, Rosenthal and co-workers obtained the structural motif K (Figure 41) by reacting 

two molecules of 8-py with one equivalent of diphosphinoalkyne, resulting in the formation of 

complexes 73A and 73B as a mixture (Figure 44, top). In the 31P NMR spectrum, two different 

resonances appear at 15.3 and 8.4 ppm, clearly indicating the dimeric nature of complex 73A in solution. 

Besides these two signals, a different set of resonances appears at 12.0 and -15.7 ppm with a P-P 

coupling constant 3J = 190.2 Hz, which was tentatively assigned to the structure of the four-membered 

metallacycle 73B, the possible resonance form of the monomeric 73B (Figure 44, bottom).85 

 
Figure 44. Synthesis of the complex 73A and resonance with monomeric 73B, top; possible resonance forms of 

the monomeric complex 73 in solution. 

Group 4 metallocene complexes with amidinato ligands (B) are well described (Figure 45). Based on 

the isolable relationship O→NR, the exchange of both NR fragments by oxygen atoms leads to 

carboxylate complexes (L), a class of ligands, which is also known for numerous group 4 metallocene 

complexes. The replacement of only one NR fragment by an oxygen atom, leading to amidato ligands 

(M) is another important class of ligands.  

 
Figure 45. Different isolobal ligands: amidinato (B), carboxylate (L) and amidato (M). 

The four-membered heterometallacyclic complexes of group 4 metallocenes with amidato ligands (B) 

were reported by Rosenthal and co-workers in 2014.86 Deprotonation of suitable precursors such as N-

(2,6-diisopropylphenyl)benzamide or benzanilide with NaHMDS in toluene, followed by a salt 

metathesis reaction with Cp2ZrCl2 resulted in the formation of the four-membered heterozirconacycles  

74 according to Figure 46. In a similar procedure, the Hf complex 75 was formed by using benzanilide. 
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Figure 46. Synthesis of the chloride complexes 74 and 75. 

The reaction of benzanilide with the titanocene sources 4 and 5 in toluene at elevated temperature 

resulted in the formation of paramagnetic TiIII complexes [Cp’2Ti{κ2-O,N-PhNC(Ph)O}] (Cp’ = Cp, 

Cp*) (76 and 77) in good yields (Figure 47). 

 
Figure 47. Synthesis of the titanocene complexes 76 and 77. 

Following another approach for construction of the heterometallacycle, Walter and co-workers 

reported the reaction of the Uranium imido metallocene [η5-1,3-(Me3C)2C5H3]2U=N(p-tolyl)(dmap) 

with one equivalent of PhCOCN at 50 oC, leading to release of the dmap ligands and formation of the 

[2+2] cycloaddition product [η5-1,3-(Me3C)2C5H3]2U[OC(Ph)N(p-tolyl)](CN) (78, Figure 48).87 

 
Figure 48. [2+2] cycloaddition of Uranium imido complex. 

1.3.2 All-carbon four-membered metallacycles. 

 
Figure 49. All-carbon four-membered metallacycles. 

According to the substitution pattern, the class of all-carbon metallacyclobutadienes can be divided 

into β-C substituted (N) and β-C non-substituted (O) derivatives (Figure 49). The first β-C substituted 

metallacyclobutadiene, the iridacycloutadiene [IrCl(CO)(PMe3)2(C3Ph3)]BF4 79 (Figure 50), was 

reported in 1970.88  
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Figure 50. Synthesis of iridacyclobutadiene 79. 

Since then, a number of other metallacyclobutadienes have been isolated and thoroughly 

characterized, especially for those that contain transition metals of group 5-9. These compounds were 

mostly discussed in the context of alkyne metathesis reactions.89 Furthermore, these complexes were 

also used as starting materials for the synthesis of organometallic compounds such as metallabenzene, 

η5-cyclopentadienyl, and η3-cyclopropenyl complexes. In addition, as these species are metal analogues 

of cyclobutadienes, these complexes are also of fundamental importance in view of the intense interest 

in ring-strained and conjugated metallacycles. In the following sections, several strategies for the 

synthesis of such unusual organometallics are summarized. 

a) Deprotonation of β-CH proton to synthesize all-carbon metallacyclobutadienes. The reactions 

of terminal alkynes with high-valent carbyne complexes of tungsten and molybdenum are rather 

complex. Metallacyclobutadienes were obtained occasionally from these reactions. For example, 

Schrock and co-workers showed that treatment of the carbyne complexes [W(≡CCMe3)(dipp)3] (80) and 

[W(≡CCMe3)(dmp)3(thf)] (81, dmp = OC6H3-2,6-Me2) with Me3CC≡CH produced the 

tungstacyclobutadienes (80), respectively. Similar tungstacyclobutadienes 83-85 were produced from 

the reactions of terminal alkynes with the carbyne complexes [W(≡CCMe3)Cl(dipp)3], 

[W(≡CCMe3){OCH(CH3)2}3], and [W(≡CPh){OCH(CH3)2}3], respectively (Figure 51).90 

 
Figure 51. Tungstacyclobutadienes from reactions for terminal alkynes with carbyne complexes. 
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The β-CH protons of above-mentioned complexes are acidic and can be easily removed by 

deprotonation. For example, the tungstacyclobutadienes 83 were treated with NEt3 to produce the 

deprotio-tungstacyclobutadienes 86 (Figure 52).90a 

 
Figure 52. Deprotonation reactions of metallacyclobutadienes. 

Similarly, the tungstacyclobutadiene [W{C(CMe3)CHCR}{OCH(CF3)2}3] (84, R = Ph, t-Bu) was 

treated with pyridine to give the deprotio-tungstacyclobutadiene complexes (87, R = Ph, t-Bu). Complex 

84 also reacted with DME in the presence of NEt3 to give the unsymmetrically substituted deprotio-

tungstacyclobutadiene 88 (Figure 53).90a 

 

Figure 53. Deprotonation reactions of metallacyclobutadienes. 

Other metallacyclobutadienes that can be deprotonated by pyridine to give deprotio-

metallacyclobutadienes include complexes [W{C(CMe3)CHC(CMe3)}(dipp)3] and 

[W{C(CMe3)CHC(CMe3)}(dmp)3].90a These complexes were found to slowly convert into 

[W(C3(CMe3)2)(OAr)2] and free phenols in benzene at 25 oC. It has also been reported that the 

tungstacyclobutadiene [W{C3(CMe3)D}{OCH(CF3)2}3] undergoes a D/H exchange reaction with 

(CF3)2CHOH at room temperature in C6D6 to give [W{C3(CMe3)H}{OCH(CF3)2}3], presumably 

through reversible protonation and deprotonation.  
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b) Reaction of carbyne complexes with terminal alkynes to synthesize all-carbon 

metallacyclobutadienes. The carbyne complex [CpW(≡CCMe3)Cl2] can react with Me3CC≡CH in the 

presence of NEt3 to also give the deprotio-tungstacyclobutadiene [CpW(C3(CMe3)2)Cl] 89 (Figure 

54).91 In this study the authors found that complex [CpW(≡CCMe3)Cl2] will not metathesize alkynes. 

On the other side, when reacting with Me3CC≡CH, [CpW(≡CCMe3)Cl2] gave the complex 89 and a 

[CpCl3W=C-(CMe3)[trans-HC=CH(CMe3)]] complex. 

 
Figure 54. Example of a reaction of a carbyne complex with terminal alkynes and base to give a deprotio-

metallacyclobutadiene. 

Besides W(VI), there are many reported reactions of Mo(VI) carbyne complexes with terminal 

alkynes to give deprotio-metallacyclobutadienes. For example, the carbyne complexes 

[Mo(≡CCMe3){OCR(CF3)2}3(dme)] (R = Me , R = CF3) reacted with one equivalent of Me3CC≡CH to 

give the deprotio-molybdenacyclobutadiene [Mo{C3(CMe3)2}{OCR(CF3)2}3] (90, R = M, CF3) (Figure 

55).92 In 2012, Fürstner and co-workers reported the formation of the Mo complex 91 that could be 

obtained when treating the carbyne complex [Mo(≡PhOMe){(OSiPh3)3}] with the 4-

methoxyphenylacetylene followed by the coordination of the N-donor ligand 1,10-phenanthroline.93 In 

2019, Tamm and co-workers94 also found the formation of [Mo{(OC(CF3)3)2}(PhC3Mes)] (92) in the 

reaction of [Mo(≡CMes){(OC(CF3)3)3}] with phenyacetylene, which is similar to Schrock’s studies in 

1985. 

 
Figure 55. Examples of reactions of Mo carbyne complexes with terminal alkynes to give a deprotio-

metallacyclobutadienes. 

c) Salt metathesis reaction between a 1,3-dilithiated allene precursor and group 4 metallocene 

dihalide complex. The reactions discussed in sections a) and b) most likely proceed through 

deprotonation of a metallacyclobutadiene intermediate. Formation of deprotio-metallacyclobutadienes 

has also been reported for reactions of terminal alkynes with carbyne complexes 

[Mo(≡CCMe3)(O2CCF3)3(dme)],95 [W(≡CPh){OCH(CF3)2}3(dme)]90a and [W(≡CCMe3){OCMe3}3].96 
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Up to the starting point of this PhD project in 2020, the chemistry of highly strained four-membered all-

carbon metallacycles of group 4 metals was very limited. Jemmis, Schulz, Rosenthal and co-workers 

reported theoretical evidence of stabilization of four-membered 1-metallacyclobuta-2,3-dienes (termed 

as “metallacycoallenes”) by using group 4 metal fragments. They have shown from a comprehensive 

theoretical study that a group 4 metal can stabilize the exotic four-membered metallacycloallene (93) by 

interacting with the central carbon atom of the MC3 ring along with two strong terminal M-C bonds. 

Substituents, such as acyclic and cyclic alkylated amines like NMe2 and piperidino, as well as NHCs, 

which are capable of donating two electrons to the ring system of the complex, were suggested stabilize 

it significantly to make it synthetically viable (Figure 56). 

 
R H Ph CH3 NH2 NMe2 Piperidino NHC CO 

Δ G 17.2 9.7 13.8 -0.6 -8,4 -8,6 -3.7 -6.6 
Figure 56. Isodesmic equation for complex 93 (R = H, Ph, CH3, NH2, NMe2, piperidino, NHC, CO) and ΔG 

[kcal mol-1] calculated at the BP86/def2-SVP level of theory. 

Following up to this, our group have attempted to access this class of compounds using different 

approaches. First, coordination and coupling reactions at group 4 metallocene complexes with 

carbodiimides, nitriles, and isonitriles as reaction partners were studied. Alkynyl and isocyanide ligands 

were installed at Ti to study the potential thermos- or photochemical coupling of these groups to furnish 

a four-membered aza-titanacycle. Related transformations were discussed before by Mach and co-

workers.97 However this approach only resulted in the redox disproportionation of the Ti(III) complex, 

giving a Ti(IV) bis(alkynyl) complex (94) and a Ti(II) bis(isocyanide) species (95) (Figure 57).98 

Another attempt is by coordination of propyne derivatives bearing methylene groups adjacent to the 

coordinated alkyne triple bond, followed by in situ twofold deprotonation, which is introduced by our 

group in 2017. However, only coordination products 96 and 97 formed.99 Unfortunately, all of these 

attempts did not lead to the formation of a group 4 1-metallacyclobuta-2,3-diene. 

 
Figure 57. Complexes isolated during attempts to synthesize group 4 1-metallacyclobuta-2,3-dienes. 
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In 2018, our group reported the synthesis of a dizirconacyclooctatetraene using 1,3-dilithio-1,3-

bis(trimethylsilyl)allene (98) as precursor (Figure 58).100 The original purpose of this work was to 

synthesize 1-zirconacyclobuta-2,3-diene complex, although it was not successfully isolated, but for the 

very first time the aimed molecule was detected under MS conditions. The successful synthesis and 

isolation of 1,3-dilithio-1,3-bis(trimethylsilyl)allene as precursor can be regarded as a crucial step and a 

breakthrough for further studies. This dilithiated compound was first reported in the early 1990s by 

Barton and co-workers,101 its large-scale synthesis, purification and isolation was however not reported 

before. 

 
Figure 58. Optimized synthesis of 1,3-dilithio-1,3-bis(trimethylsilyl)allene (98). 

Eventually, the first all-carbon group 4 1-metallacyclobuta-2,3-diene complex could be synthesized 

and isolated in 2019 by our group.102 The synthesis of [rac-(ebthi)Ti{κ2-C,C-(Me3SiC3SiMe3)}] (99) 

was achieved by reacting the ansa-metallocene dichloride [rac-(ebthi)TiCl2] with 1,3-dilithio-1,3-

bis(trimethylsilyl)allene (98, Figure 59). For the first time, it was shown that through combination of 

suitable metal center, cyclopentadienyl ligand and substituents at the C3 unit the synthesis of all-carbon 

1-metallacyclobuta-2,3-diene based on a group 4 metal is possible. This compound represents a formal 

metallacyclic analogue of non-existent 1,2-cyclobutadiene. Analysis of the structure and bonding 

reveals contributions of a highly unusual interaction of a formal Ti(III) fragment and an organic 

monoanionic radical with antiferromagnetic coupling between both radical centers, resulting in an open 

shell singlet species. 

 
Figure 59. Synthesis of complex 99. 

  



Introduction 

32 

As part of the present PhD project, we have later extended this class of complexes from titanium to 

zirconium (publication 1, section 4.1).103 Based on similar reaction routes, the complexes [Cp’2Zr{κ2-

C,C-(Me3SiC3SiMe3)}] (100, Cp’ = rac-ebthi; 101: Cp’ = Me2Si-thi (thi = η5-tetrahydroindenyl)) were 

successfully synthesized (Figure 60). As a difference to the related Ti complex, both compounds 100 

and 101 undergo selective thermal C-H activation at the 7-positon of the tetrahydroindenyl fragment of 

the metallocene scaffold to produce a new type of “tucked-in” metallocene complex 100A and 101A. 

 
Figure 60. Synthesis of complexes 100 and 101 and their intramolecular C-H activation, leading to the 

formation of complexes 100A and 101A. 

In order to avoid this intramolecular aliphatic C-H bond activation, we have later used ansa-η5-

indenyl instead of ansa-η5-tetrahydroindenyl ligands (Figure 61, publication 2, section 4.2). This simple 

modification prevents previously reported C-H activation at the backbone of the cyclopentadienyl ligand 

and thus makes these complexes promising candidates for the study of the reactivity of this class of 

compounds.104 

 
Figure 61. Synthesis of complexes 102 and 103. 

By using the same 1,3-dilithio-1,3-bis(trimethylsilyl)allene (98) as precursor, Mindiola and co-

workers prepared two 1-metallacyclobuta-2,3-diene complexes [(BDI)M{κ2-C,C-(Me3SiC3SiMe3)}] (M 

= Ti, V; BDI = [ArNC(CH3)2]2CH-, Ar = 2,6-iPr2C6H3, Figure 62) with a bidentate non-Cp ligand. Both 

complexes are paramagnetic.105 

 
Figure 62. Synthesis of complex 104 and 105. 

Table 2 shows that the geometrical configuration of the four-membered metallacycles can be 

correlated to the number of d-electrons. For the complex 99 with Ti as metal center, the metallacycle 
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possesses longer M-Cα and longer M-Cβ bonds and larger C-C-C angles compared to Zr, V, Mo and W 

as metal center. On the other hand, with a group 6 metal as the central atom, the bond length of M-Cα 

and M-Cβ decrease, as well as the C-C-C angle. 

Table 2. Selected average bond lengths and angles for complexes 87-t-Bu, 89, 91, 99, 104 and 105. 

Complexes 
M-Cα 

Avg. bond length (Å) 
M-Cβ 

Avg. bond length (Å) 
Cα-Cβ 

Avg. bond length (Å) 
Cα-Cβ-Cα 
Angle (o) 

87-t-Bu 1.974 1.943 1.379 134.3 
89 1.924 2.049 1.355 130.2 
91 1.996 1.979 1.373 135.2 
99 2.203 2.235 1.306 150.1 

104 2.068 2.073 1.324 142.3 
105 1.890 1.971 1.380 131.9 

 
The reactivity of theses all-carbon four-membered metallacycles also have been studied once they are 

prepared. Exposition of [rac-(ebthi)Ti{κ2-C,C-(Me3SiC3SiMe3)}] solution to air and moisture lead the 

formation of propyne Me3SiC≡CH2SiMe3 and eventual decomposition. In reactions with TEMPO 

((2,2,6,6-tetramethylpiperidin-1-yl)oxyl) formation of undefined reaction mixture containing Ti(III) 

species occurs. When reacting with carbonyl compounds, the 1,3-enynes (108) formed. A computational 

study shows that 106 and 107 are possible intermediates, which indicate that the insertion of the C=O 

bond into the M-C bond is the first step of the reaction (Figure 63).102 

 
Figure 63. Reaction of complex 99 with carbonyl compounds. 
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Reaction of the corresponding Zr complexes 100 and 101 with carbonyl compounds shows the same 

behavior as complex 99 (Figure 64). However, in these cases six-membered oxa-zirconacycles 109 and 

110 can be isolated and characterized as intermediates, which is nicely consistent with DFT results, 

leading to the formation of 1,3-enyne products (115).103 

 
Figure 64. Reaction of complex 100 and 101 with carbonyl compounds. 

The reaction of complexes 99, 100 and 101 with differently substituted carbodiimides RN=C=NR (R 

= Cy, i-Pr, p-Tol, SiMe3) resulted in two different types of products. The four-membered 2-aza-1-

metallacyclobut-3-enes formed when R = Cy, i-Pr, p-Tol (119). On the other hand, the six-membered 

2-aza-1-metallacyclohexa-2,4,5-trienes (117, 118) formed when R = SiMe3 (Figure 65). The different 

reactivity can be explained by the nature of SiMe3 migration event. Details of this can be found in 

publication 2 (section 4.2).104 

 
Figure 65. Reaction of complex 99, 100 and 101 with carbodiimides. 

Complexes with this 1-metallacyclobuta-2,3-diene motif were discussed in the past as catalytically 

relevant intermediates or precursors to catalytically active carbyne complexes in alkyne polymerization. 

In fact, Mindiola and co-workers could show that both complexes 104 and 105 exhibit catalytic activity 

in the polymerization of phenylacetylene to form cyclic-polyphenylacetylene. 

In previous results, we have shown that the SiMe3 group is able to stabilize the dilithioallene precursor 

as well as the respective 1-metallacyclobuta-2,3-dienes. However, this was for a long time limited to 

SiMe3. In this regard, a part of this work is to explore other potential substituents that can also give 

access to suitable ligand synthons and 1-metallacyclobuta-2,3-dienes. Here, we introduce two new 

phenyl-substituted dilithiated ligand precursors that can be used for the preparation of four new 1-
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metallacyclobuta-2,3-dienes bearing [rac-(ebthi)M] as the metallocene unit. Furthermore, the 

consequences of electronic and steric modification of 1-metallacyclobuta-2,3-dienes are also studied 

spectroscopically and electrochemically in this part. Details can be found in publication 3 (section 4.3). 

The coordination and activation of azo-compounds at early transition metal fragments has great 

potential, resulting in imido- or hydrazido complexes that are discussed to play a play a key role in 

nitrogen activation and fixation, heterocycle synthesis and atom and group transfer processes. The 1-

metallacyclobuta-2,3-dienes with highly strained rings are good templates to synthesize these complexes. 

Hence, another part of this PhD thesis focuses on the investigation of the reactivity of 1-

metallacyclobuta-2,3-diene with diazenes, aiming at the characterization of the reaction products and an 

in depth understanding of the reaction mechanisms, giving further insights into redox properties of these 

unusual complexes. Details of this part can be found in publication 4 (section 4.4). 
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2 Objectives 

Cyclobutadienes are excellent examples of antiaromatic compounds that have been studied 

extensively both experimentally and theoretically. Due to a combination of their antiaromatic ground 

state and high ring strain, cyclobutadiene derivatives are in general highly reactive species that cannot 

be easily isolated unless they are kinetically stabilized with suitable protecting groups. 1-

metallacyclobuta-2,3-dienes are a group of organometallic compounds that can be regarded as 

complexes derived from the formal replacement of a CR2 group in a cyclobutadiene with an isolobal 

metal fragment. Different from cyclobutadienes, metallacyclobutadienes can be significantly more 

stable. Such four-membered metallacycloallene complexes were published before only for group 6 

metals. Synthesis of such compounds is possible by coupling of a metal carbyne complex [M≡CR] with 

a terminal alkyne and subsequent deprotonation. Alternatively, these complexes are formed in alkyne 

metathesis as decomposition products of the alkylidyne catalyst and a reaction with a terminal alkyne. 

With the successful isolation of 1,3-dilithio-1,3-bis(trimethylsilyl)allene, the first group 4 1-

metallacyclobuta-2,3-dienes with an ansa-metallocene ligand could be synthesized. 

As an objective of this work, extension of the scope to other metallocene scaffolds was investigated, 

allowing for an investigation of structure- reactivity relationships. Furthermore, a variation of the 

metallacycle scaffold from bis-trimethylsilyl substitution to other substituents could allow for a 

generalization of the synthesis concept and a further broadening of the scope of available metallacycles. 

This would be key for a more general study of the reactivity of these complexes for stoichiometric and 

catalytic transformations such as alkyne polymerization. Thus, a second objective of this work was to 

explore the possibility of the existence of other group 4 1-metallacyclobuta-2,3-dienes with different 

substituents by synthesis of different 1,3-dilithiated precursors and try to explain the stabilizing 

relationship between substituents and 1-metallacyclobuta-2,3-dienes. 

In general, the chemistry of highly strained metallacycles is of particular interest to realize unusual 

bonding situations that can pave the way to new types of ligand architectures or new chemical 

transformations. The group 4 1-metallacyclobuta-2,3-dienes are a well-suited platform for the 

realization of unusual geometries and bond situations by formation of metallaheterocycles through 

stoichiometric reaction with small molecules like ketones, nitriles, isocyanides, carbodiimides and 

diazenes. These metallaheterocycles can be regarded intermediates for a variety of catalytic organic 

transformations, which provide a good opportunity for the chemists to investigate the mechanisms of 

bond formation and cleavage. So, the third objective of this work was to investigate the reactivity of -

metallacyclobuta-2,3-diene complexes towards small molecules and understand the bonding situations 

of the resulting products, as well as its formation mechanisms.  
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