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During the last decades, organometallic complexes containing highly unsaturated carbon 

chains have developed tremendously. The interest in these complexes arises from their 

potential application in a huge range. They show potential in molecular wires
[1-4]

, are 

promising candidates in nanoelectronic devices
[5]

, and they have been applied as components 

for two- or three-dimensional carbon networks
[6-7]

 (Figure 1).  

 

Figure 1: a) Example for short molecular wires: [Fe(η
5
-C5Me5)(dppe)(C≡CC≡CC≡CC≡C)Fe(η

5
-

C5Me5)-(dppe)] (dppe = 1,2-bis(diphenylphosphino)ethane);
[3]

 b) Metallocene-based complex for 

nonlinear optics;
[5]

 c) Polyyne structure as building block for carbon networks.
[7]

  

 

Organometallic complexes may consist of metal fragments, which can have a large diversity 

of oxidation states and a broad range of ligands.
[5]

  These compounds may have, for example, 

huge potential in redox chemistry, take turns in the oxidation states of the metal centers and 

can be electron-rich or -poor depending on ligand environment.
[5, 8-9]

 In case of carbon-rich 

complexes with polyaromatic subsitutents, the ability to exchange electrons might lead to a 

variety of applications such as in magnetic and optical devices.
[10-15]

 Especially, ruthenium 

cumulenylidene complexes, above all, vinylidene and allenylidene complexes, have been 

developed by various groups in the past, which strengthend the interest in novel carbon-rich 

complexes with π-conjugated polyaromatic ligands with respect to a huge range of 

applications.
[1, 11, 16-30]
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In the following chapter, a brief overview of transition metal complexes containing carbene-, 

vinylidene- and allenylidene complexes and their syntheses, reactions, properties and 

potential applications will be given. Furthermore, dinuclear systems containing 

bisallenylidene units and their characteristics will be presented. Finally, ruthenium 

allenylidene complexes with metallocenyl substituents will be introduced and ferrocenyl and 

ruthenocenyl substituents highlighted. 

 

2.1 Carbene Complexes 

 

Cumulenes are organic molecules with two or more cumulative double bonds, for example 

1,2,3-butatriene, which is often just referred to as cumulene (Scheme 2.1). Already in 1975, 

this main principle was manifested by VIEHE et al.
[31]

 Unlike alkanes and most alkenes, the 

cumulenes tend to be rigid structures. Heterocumulenes are any chemical compounds derived 

from a cumulene replacing one or more carbon atoms of the double bond system by 

heteroatoms (Scheme 2.1).  

 

Scheme 2.1: Simple collection of allenes and cumulenes: propadiene (allene) and 1,2,3-butatriene 

(cumulene) (left); carbon dioxide and carbon suboxide (heterocumulene) (right).
[31]

 

 

Besides these purely organic compounds, types of cumulenes are known in organometallic 

chemistry, too. These are the so called metallacumulenes or cumulenylidene complexes 

(Figure 2.1). In transition metal carbene complexes, a M=C double bond is located between 

the carbon atom and the metal center. By additional carbon moieties =C, vinylidene, 

allenylidene or even higher homologous series can be obtained (Figure 2.1). In general, these 

cumulene complexes are described with the formula [M](=C)nRR'.  
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Figure 2.1: Cumulenylidene complexes.
[31]

 

 

Transition metal carbene complexes represent a class between alkyl- (–CR3) and carbyne- 

(≡CR) complexes. The characterization of the complex [(CO)5W=(COCH3(Me))] by 

FISCHER et al. in 1964 was the starting point of carbene complex chemistry (Scheme 2.2).
[32]

 

This type of reaction, which is based on metal carbonyls, is nowadays a commonly used 

method.
[32]

 

 

Scheme 2.2: Synthesis of the first carbene complex [(CO)5W=(COCH3(Me))] by FISCHER et al.
[32]

 

 

Soon after the discovery, this type of chemistry was explored further and, a few years later, 

SCHROCK et al. prepared the first tantalum carbene complex (Scheme 2.3).
[33-35]

 

 

Scheme 2.3: Synthesis of the first carbene complex by SCHROCK et al.
[33]
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Metal carbene complexes can be classified into two different types. The Fischer carbene 

complexes are named after Ernst Otto Fischer, who developed and characterized the first 

carbene complex [(CO)5W=(COCH3(Me))]. On the other hand, there is the class named after 

Richard R. Schrock - the Schrock carbene complexes. There are a lot of differences between 

these two types. The Fischer carbenes include middle and late transition metals like iron, 

molybdenum or chromium with low oxidation states. Furthermore, the carbene complexes 

often feature strong π-electron acceptors (e.g. CO) at the metal and exhibit π-donor 

substituents at the carbene C–α atoms, for example alkoxy or alkylated amino groups. The 

carbene carbon atom C–α is electrophilic, and thus, in its reactivity similar to the carbonyl 

C=O moiety of a ketone. Hence, the Fischer carbene complexes can undergo Aldol-like 

reactions. In contrast to these characteristics, the Schrock carbenes are nucleophilic 

complexes and have no π-accepting ligands. The C–α carbon atom bears hydrogen and alkyl 

substituents. Typical ligands in Schrock carbene complexes are for instance chlorido, 

cyclopentadienyl (Cp) or alkyl groups. The coordinated metals in these complexes are early 

transition metals like titanium or tantalum with high oxidation states (V) or (VI). Apart of 

these facts, the reactivity of the carbene carbon is controlled by the different type of bonding 

(Figure 2.2).
[32-36]

 

 

Figure 2.2: Bonding situation in Fischer and Schrock carbene complexes.
[32-33, 37]

 

 

The bonding in Schrock carbene complexes can be viewed as the coupling of a triplet state 

metal and a triplet carbene. Therefore, these two covalent bonds are formed and each is 

polarized towards the carbon atom. Consequently, the methylene carbon of Schrock carbenes, 

on which electron density is piled up through backbonding, is nucleophilic (Scheme 2.4).  
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Scheme 2.4: Resonance structures of Schrock carbene complexes.
[33-35]

 

 

In comparison to the triplet state, the carbene in Fischer complexes is a singlet carbene. This 

carbene is predominantly a σ-donor via the lone pair, but the empty π-orbital on the carbon 

atom is also a weak acceptor for π-back donation from the M(dπ) orbitals (Figure 2.2). This 

results in an electrophilic carbon atom due to the direct M←C donation which is only partly 

compensated by the M→C back donation (Scheme 2.5).
[32-35, 37]

  

 

Scheme 2.5: Resonance structures of Fischer carbene complexes.
[32, 37]

 

 

Both, Fischer and Schrock carbenes, proved to be useful in a number of applications. For 

example, they play a major role as catalysts in the olefin metathesis, which was established by 

CHAUVIN in the early 1970s.
[38]

 The two most common carbene catalysts for metathesis 

reactions are the Grubbs catalyst, which is ruthenium based, and the molybdenum based 

Schrock catalyst (Figure 2.3).
[36]

 The typical structure of the ruthenium compound contains 

two PCy3 ligands. Meanwhile, in the second generation of Grubbs catalysts, one of the 

ligands was replaced by an N-heterocyclic carbene (NHC). Thus, the reactivity of this new 

type of catalysts could be increased by a factor of 100 to 1000.
[39-40]
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Figure 2.3: Structure of the typical Grubbs (left) and Schrock (right) catalyst.
[39-40]

 

 

2.2 Vinylidene Complexes 

 

The next higher homologue to carbene complexes – the vinylidene complex – is generated by 

the addition of another sp-carbon atom to a carbene complex. These are best described as an 

intermediate between Fischer and Schrock carbenes because of their electrophilicity at the α-

carbon atom and their nucleophilic β-carbon atom.
[16]

 The tautomerization of vinylidenes to 

form alkyne π-complexes is very common, so the vinylidene is a tautomer of 1-alkynes, 

which is related by a 1,2–H shift (1,2-hydrogen shift) (Scheme 2.6).  

 

Scheme 2.6: Tautomerization of vinylidenes.
[1]

  

 

While the lifetime of the vinylidene in its free state is extremely short (about 10
–10

 s)
[41]

, the 

vinylidene can be stabilized by complexation to a metal center and thus the reversion to 

ethyne can be stopped. Nowadays, several methods have been developed to synthesize 

vinylidene complexes, for instance from 1-alkynes via a formal 1,2–H shift, by addition of 

electrophiles to metal alkynyl complexes, by deprotonation of carbyne complexes and by 

formal dehydration of acyl complexes.
[16]

 In 1966, the first successful stabilization of 

vinylidenes was reported by MILLS and REDHOUSE, whereby the reaction of [Fe2(CO)9] and 

diphenylketene led to the dinuclear complex [Fe2-(-C=CPh2)(CO)8].
[42-43]

 Six years later, the 

first mononuclear vinylidene complex – [MoCl(=C=C(CN)2)(PPh3)2Cp] – was obtained by 

KING and SARAN (Scheme 2.7).
[44]

 The reaction between [Mo(CCl=C(CN)2)(CO)3Cp] and 
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PPh3 resulted in the unexpected displacement of all of the carbonyl ligands to give a 

carbonyl-free dicyanovinylidene complex.
[42]

 

 

Scheme 2.7: Reaction of the first vinylidene complex [MoCl(=C=C(CN)2)(PPh3)2Cp] by KING and 

SARAN.
[44]

 

 

One common way for generating metal vinylidenes is the reaction of terminal 1-alkynes with 

14 or 16 VE metal fragments (Scheme 2.8). The preferential ligands, bound to the precursor 

complexes, are labile neutral or anionic ligands, resulting in neutral or cationic vinylidene 

complexes. In the case of cationic complexes, halide is extracted by using sodium or silver 

salts, or by spontaneous displacement by a polar solvent. The cationic complex 

[Mo(CCH
t
Bu)(CO)(PMe2Ph)2(η-C5H5)]

+
 is notable as the first example of alkyne/vinylidene 

tautomerism on a d
4
 metal. However, the isomerization of the 1-alkyne to vinylidene 

generally occurs at d
6
 metal centers which are coordinatively unsaturated (e.g. 16 VE 

precursor). The relative stability of the vinylidene over the alkyne complex increases with 

increasing electron density at the metal center.
[16, 42, 45] 
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Scheme 2.8: Two possible pathways for the generation of metal vinylidenes.
[16]

 

 

The reaction of 1-alkynes with metal centers results in the formation of a η
2
-alkyne complex 

that is destabilized by a repulsive 4e
–
 interaction between the filled π-orbital of the alkyne and 

a filled dπ metal orbital. This η
2
-alkyne complex can then undergo either a 1,2–H shift with 

the simultaneous formation of the η
1
-vinylidene or an oxidative addition to form a 

hydrido(alkynyl) complex, from which the vinylidene ligand is formed by a 1,3–H shift 

(Scheme 2.8).
[16, 42, 45] 

 The addition reaction at the electron-rich C–β of a σ-alkynyl complex 

using various electrophilic reagents has also been described as a versatile method to prepare 

vinylidene derivatives (Scheme 2.9). Different substituted vinylidene complexes are 

achievable by varying electrophiles. In literature, reversible protonation, alkylation, 

halogenation, diazotation and insertion of further functional groups are known and successful 

achieved.
[16, 46-48]
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Scheme 2.9: Preparation of ruthenium vinylidene complexes via electrophilic addition 

([Ru]
+
 = [Ru(η

5
-C5H5)(PPh3)2]

+
; R = Me, 

t
Bu, Ph, etc.; Ar = Ph, Xyl, etc.; X = Cl, Br, I).

[16]
 

 

Another possible route, which is usually limited to the earlier transition metals, is the 

deprotonation of carbyne complexes bearing protons at the C–β atom, which leads to an 

anionic vinylidene complex.
[49-50]

 The best described example was reported by 

A. ORPEN et al.
[51]

, whereby the deprotonation with n-BuLi led to the anionic molybdenum 

complex [MoCp(CCH
t
Bu)-P(OMe)3)2].

[51-53]
 Another pathway starts from acyl complexes. 

The first synthesis was described by B. BOLAND-LUSSIER and R. HUGHES in 1982.
[54]

 One 

characteristic synthetic route was obtained by J. GLADYSZ, starting from a rhenium based acyl 

complex which requires a stepwise addition of (CF3SO2)2O and KO
t
Bu, followed again by 

(CF3SO2)2O. After that, further cycles of base and acid addition allows the reversible reaction 

between an alkyne and the vinylidene complex.
[55-56]

 

 

2.3 Allenylidene Complexes 

2.3.1 Historical Aspects and General Information 

 

By insertion of an additional sp-carbon atom, the next higher homologue – the allenylidene – 

is generated. Metal allenylidene complexes (M=C=C=CR2) are organometallic species having 

three characteristic double bonds. A free, very unstable allenylidene species :C=C=CH2 was 

identified in 1961
[57]

, which is theoretically characterized as a singlet carbene in the ground 
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state. Whereas, 15 years later, stable allenylidene transition metal complexes were reported 

independently from each other by FISCHER et al.
[37]

 and BERKE
[58]

 in 1976. The group of 

FISCHER prepared the chromium and tungsten complexes from the corresponding 

vinyl-substituted carbenes. The complexes were successfully synthesized by the reaction of 

the vinyl-substituted carbenes with a Lewis acid such as BF3 (a) or AlEt3 (b) and a weak base 

such as THF (Scheme 2.10).
[37]

  

 

Scheme 2.10: Preparation of allenylidene pentacarbonyls from vinyl-substituted carbenes by 

successive reactions with a Lewis acid (a) E = B, X = F; (b) E = Al, X = C2H5 and THF (a) M = Cr; 

(b) M = W.
[37]

 

 

In contrast to this synthetical route, BERKE used [Mn(η
5
-C5H5)(η

2
-HC≡CCO2Me)(CO)2] and 

t
BuLi as starting materials and obtained the half-sandwich type complex 

[Mn(η
5
-C5H5)(C=C=C

t
Bu2)(CO)2] (Scheme 2.11).

[58]
 

 

Scheme 2.11: Preparation of the allenylidene complex [Mn(η
5
-C5H5)(C=C=C

t
Bu2)(CO)2] by BERKE.

[58]
 

 

The most commonly used synthetical route to obtain allenylidene complexes was introduced 

by SELEGUE in 1982.
[59]

 The reaction of [RuCl(Cp)(PMe3)2] with the propargyl alcohol 

1,1-diphenyl-2-propyn-1-ol, Ph2C(OH)(C≡CH), and NH4[PF6] in ethanol leads to the light 

orange cationic allenylidene complex (Scheme 2.12).
[59]
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Scheme 2.12: Synthetical route to obtain the allenylidene complex [Ru(Cp)(=C=C=CPh2)(PMe3)2]PF6 

by SELEGUE.
[59]  

 

The reaction is based on a side-on η
2
-coordination of the alkyne to the 16 VE complex, which 

forms an intermediary hydroxyvinylidene complex.
[59]

 After the formation of the vinylidene 

complex, the mechanism involves the spontaneous dehydration of the intermediate. The 

reaction mechanism step after the η
2
-coordination follows either route A or route B 

(Scheme 2.13). This step includes the position of the hydrogen atom, which, in the end, is 

positioned at the C–β carbon atom.  
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Scheme 2.13: Proposed mechanism A and B to form the intermediary hydroxyvinylidene 

complex.
[17, 60]

 

 

The route of SELEGUE is one of the most applied paths to obtain allenylidene complexes. 

However, the successful formation has to comply with some conditions: to start the reaction, 

a free coordination site, e.g. in a 16 VE complex, is needed, to enable the η
2
-coordination of 

the alkyne. Another major deficiency is the competitive formation of vinylvinylidene 

complexes in contrast to allenylidene tautomers.
[17]

 This happens, when alkynols bear a C–H 

bond in -position towards the alcohol group.
[22, 61-64]

 Thus, the elimination of water is 

prevented (Scheme 2.14). Molecular orbital calculations show that in this case 

[Ru(η
5
-C5H5)(=C=C=C(H)CH3)(PH3)2]

+
 is 2.1 kcal mol

–1
 less stable with respect to the 

vinylvinylidene complex [Ru(η
5
-C5H5)(=C=C(H)CH=CH2)(PH3)2]

+
.
[63]
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Scheme 2.14: Synthesis of vinylvinylidene and allenylidene complex via a 3-hydroxyvinylidene 

complex.
[16]

 

 

Another important aspect in the synthesis of allenylidene complexes is, in some cases, the 

high stability of the 3-hydroxyvinylidene complex. In some instances, the reaction requires 

the treatment with acids or acidic Al2O3 to complete the conversion by the elimination of 

water.
[65-66]

 The selection of the right solvent is important for the synthesis of allenylidene 

complexes. Protic Solvents, like MeOH, are highly qualified for the transformation of the 

propargyl alcohol to the allenylidene complex. This claim is based on calculations regarding 

the half-sandwich system [RuCp(PH3)2]
+
 (Scheme 2.15).

[60]
 All of these reactions and 

properties were extensively reviewed over the last years.
[1, 11, 17, 22-23, 67-68]
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Scheme 2.15: Formation of a ruthenium allenylidene complex in the presence of MeOH.
[60] 

 

2.3.2 Group 8 Metal Allenylidene Complexes 

 

Due to the efficiency of SELEGUE’S method, the chemistry of allenylidene complexes is 

dominated by group 8 metals. Beside the pioneering ruthenium complexes, also a series of 

five-coordinated iron(0) derivatives are known [Fe(=C=C=CR2)(CO)2L2] (L = CO, R = 
t
Bu; 

L = PEt3, R = Ph, 
t
Bu).

[69-70]
 Although, the synthesis of iron allenylidene complexes was 

achieved, these complexes did not find further application.  

Overall, a huge range of octahedral- and penta-coordinated ruthenium allenylidene complexes 

were reported using SELEGUE’S procedure. In Figure 2.4 selected complexes are depicted, 

which have been developed during the last few years. The reactions imply the formation of a 

coordinatively unsaturated 16 VE complex, either of the type [ML4X]
+
 by abstraction of a 

halide or [ML3X2], which was formed by dissociation of a labile neutral ligand. The bench 

mark propargyl alcohol is 1,1-diphenyl-2-propyn-1-ol, which resulted in stable allenylidene 

complexes in many cases. In recent publications, this propargyl alcohol was replaced by 

ligands like 9-hydroxy-9-ethynyl-4,5-diazafluorene, HC≡CC(OH)(4-XC6H4)2 (X = Cl, Me, 

OMe) or HC≡CC-(OH)(2-py)2. In all, these complexes have in common that the use of more 

bulky ligands in penta-coordinated allenylidene complexes stabilizes these 16 and 18 VE 

complexes. Some interesting ruthenium allenylidene complexes (B and C) are based on the 
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κ
3
-facial coordinating hydridotris(pyrazol-1-yl)borate (Tp) ligand, which was developed by 

S. TROFIMENKO in 1967.
[71]

 TROFIMENKO called this discovery “a new and fertile field of 

remarkable scope”.
[71]

 This ligand was, due to its extensive, accessible chemistry, quite 

versatile. But, one major drawback of Tp is the inherent lability of the borohydride bridge, 

due to hydrolyses in presence of water. This ligand is a member of the so-called 

“homoscorpionates”, which consists of a pyrazole as pseudoaxial group and, therefore, the 

ligand is tridentate and has a local C3v symmetry. Closely related to Tp and its derivatives is 

the ligand system, first developed by OTERO et al. in 1999, the bis(3,5-dimethylpyrazol-1-

yl)acetate (bdmpza).
[72]

 Complex G shows two examples of ruthenium allenylidene 

complexes (R = Ph, C6H4Me-4) based on the κ
3
(N,N,O)-coordinated 

bis(3,5-dimethylpyrazol-1-yl)acetato ligand, which always results in a mixture of isomers 

(Figure 2.4). This κ
3
-coordinating ligand was synthesized starting from 

bis(3,5-dimethylpyrazol-1-yl)methane, after deprotonation with n-butyllithium. The reaction 

goes on with carbon dioxide and leads to the lithium compound [Li(bdmpza)(H2O)]4.
[72]

 In 

2001, BURZLAFF et al. published a one-step synthesis of bis(pyrazolyl-1-yl)acetic acid 

(Hbpza) and Hbdmpza, starting from readily purchasable reagents.
[73]

 Additionally, more 

sterically hindered ligands like bis(3,5-di-tert-butylpyrazol-1-yl)acetate (bdtbpza) were 

synthesized to find suitable N,N,O ligands as models for the active site of the facial 

2-His-1-carboxylate triad.
[74]

 In recent years, many ruthenium allenylidene complexes 

containing the scorpionate ligand bdmpza were reported by the BURZLAFF group.
[26, 28-29, 75-76]
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Figure 2.4: Selected ruthenium allenylidene complexes: A: κ
3
(S,S,S)-coordinated 

1,4,7-trithiacyclononane ligand;
[77]

 B: κ
3
(N,N,N)-coordinated tris(pyrazolyl)borate) (L = PPh3, PCy3, 

P
i
Pr3, PPh2

i
Pr;

[24, 77-81]
 C: κ

3
(N,N,N)-coordinated tris(pyrazolyl)borate) (L

1
 = L

2
 = P(OEt)3, PPh2NHPh, 

PPh2NH
n
Pr; L

1
 = P(OEt)3 and L

2
 = PPh3);

[24, 77-81]
 D: κ

3
(N,N,N)-2,6-bis(oxazolyn-2´-yl)pyridines 

(R = H, X = BF4; R = 
i
Pr, X = PF6);

[82]
 E: κ

3
(N,N,N)-bis(pyrazol-1-yl)pyridine;

[83]
 F: penta-coordinate 

ruthenium complex (L
1
 = L

2
 = PCy3, Sb

i
Pr3; L

1
 = PCy3, L

2
 = IMes);

[84]
 G: κ

3
(N,N,O)-coordinated 

bis(3,5-dimethylpyrazol-1-yl)acetate ligand (R = Ph, C6H4Me-4) (mixture of isomers);
[26]

 H: 

κ
4
(N,N,N,N)-macrocycles (R = Ph, C6H4Cl-4, C6H4Me-4, C6H4OMe-4, 2-py).

[85-86] 
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Some of these allenylidene complexes show interesting properties due to their carbon-rich 

polyaromatic substituents. Polyaromatic substituents, such as anthrone or pentacenone unit 

exhibit strong π-π interactions in the solid state (Figure 2.5).
[28-29, 75]

 Due to extended 

π-systems along the allenylidene unit, the crystal packing effects could be improved. Since 

several short-contact interactions, in case of the benzotetraphene ligand, could be observed, 

these complexes could be promising candidates for future metal-tuned field-effect transistors 

(FET’s). These units could possibly allow a charge transport along the axis of the 

π-system.
[28-29, 75]

  

   

 

Figure 2.5: Selected examples of three ruthenium allenylidene complexes bearing a bdmpza moiety 

and the π-π stacking interactions between two or four molecules; a) anthrone based complex; b) 

pentacenone based complex; c) benzotetraphenone based complex.
[28-29, 75]

  

 

Due to the strong interactions and the interesting properties of these ruthenium allenylidene 

complexes bearing polyaromatic substituents, further studies regaridng carbon-rich ruthenium 

allenylidene complexes seem to be reasonable.  
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2.3.3 Half-Sandwich Allenylidene Complexes 

 

The characteristic half-sandwich fragments, which cross ones’s mind, are 

η
5
-cyclopentadienyl, η

5
-indenyl and η

6
-arene fragments. For allenylidene complexes, not only 

the typical half-sandwich metal fragments were already used by several groups, but also 

tethered-type ligands, in which the rings are linked via an ancillary κ
1
-coordinated donor atom 

resulting in η
5
:κ

1
(L)- or η

6
:κ

1
(L)-coordination modes.

[1, 16-17, 19, 82, 87]
 Various types of 

allenylidene complexes are depicted in Figure 2.6. Almost all of these allenylidene complexes 

are cationic complexes, which are, in a few cases, stable and show interesting properties due 

to their cationic character. This involves the ruthenium(II) half-sandwich fragments, bearing 

η
5
-C5R5 (R = H, Me) and η

5
-C9H7 or η

5
-1,2,3-C9H4Me3. The ruthenium center bears usually 

mono- or bidentate phosphines. For example, a large series of Cp- and Cp*-containing 

ruthenium allenylidene derivatives, like [RuCp(=C=C=CPh2)(PPh3)2]PF6,
[19]

 

[RuCp(=C=C=CPh2)(PPh2NHR)2]OTf, (R = Ph, 
n
Pr),

[80]
 [RuCp*(=C=C=C(R

1
)(R

2
)(L)2]X 

(L = dippe, R
1
 = R

2
 = Me, Ph, X = BPh4; L = dippe, R

1
 = Ph, R

2
 = H, X = BPh4

[65]
 or 

L = PEt3, R
1
 = Ph, R

2
 = C6H4OMe-4, C6H4F-4, X = BF4)

[65]
 and a few more, were 

synthesized.
[19, 65-66, 80, 88-95]

 

 

Figure 2.6: Various types of allenylidene complexes and their coordination mode.
[17]
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In 2007, NAKAMURA and coworkers developed an example of a chiral ruthenium allenylidene 

complex bearing a η
5
-fullerene-cyclopentadienyl ligand (Figure 2.7).

[96]
 They could isolate 

this complex, and the properties, as well as the characteristics could be investigated. These 

types of complexes show interesting interactions, regarding the chemical and physical 

properties, between the allenylidene and the fullerene. One characteristic is the intense 

absorption of the complex in the visible and the NIR region, which could be a good starting 

point for photophysical applications. Moreover, the bulkiness of the fullerene ligand in 

addition to the chiral chelating ligand leads to regio- and stereoselectivity for reactions like 

nucleophilic additions.
[96-101]

 

 

Figure 2.7: Chiral ruthenium allenylidene complex bearing a fullerene-cyclopentadienyl ligand 

(R
1
 = R

2
 = Ph; R

1
 = H; R

2
 = Ph, Fc, C6H4NMe2-4, C6H4OMe-4).

[96]
 

 

Likewise, η
5
-indenyl-based allenylidene complexes were synthesized reacting 

1,1-diphenyl-2-propyn-1-ol, 1-phenyl-2-propyn-1-ol and 9-ethynyl-9-fluorenol with 

indenyl-ruthenium(II) chloride complexes like [RuCl(η
5
-C9H7)(L

1
)(L

2
)] in methanol and in 

the presence of NH4[PF6] in order to generate cationic complexes 

[Ru(η
5
-C9H7)(=C=C=CR

1
R

2
)(L

1
)(L

2
)]PF6 (e.g. with R

1
 = R

2
 = Ph and L

1
 = PPh3, L

2
 = PPh3, 

PMePh2, PMe2Ph, Ph2PCH2CH=CH2 or L
1
 = L

2
 = dppe, dppm).

[82, 93, 95, 102-103]
 

 

2.3.4 Reactions Involving Allenylidene Complexes 

 

The reactions of allenylidene complexes are well established. The different types of reactions 

are determined by the electron-deficient character of the C–α and C–γ carbon atoms in the 
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allenylidene unit and C–β with its nucleophilic character. In Figure 2.8, this is indicated by 

the resonance structure of these complexes.
[1, 16-17, 19, 22]

  

 

Figure 2.8: Resonance forms I to III of a ruthenium allenylidene complex.  

 

In general, the alternating array of the allenylidene unit enables these complexes to act as 

reagents for addition reactions, such as C–C and C-heteroatom couplings. So, electrophiles 

add selectively to C–β and nucleophiles attack at the C–α or C–γ carbon atoms. The reactions 

are also controlled by the electronic and steric properties of the substituents, by the metal 

atom, as well as by the electrophile and nucleophile.
[1, 16-17, 19, 22]

   

 

2.3.4.1 Nucleophilic Character of Allenylidene Complexes 

 

A large variety of allenylidene complexes with metals mainly of group 8 and 9, have been 

selectively protonated or methylated at the C–β carbon atom to obtain alkenyl-carbyne 

complexes of the formula [M]≡CC(R)=CR
1
R

2
 (R = H, Me).

[1, 11, 16, 19, 104]
 In 1984, the 

nucleophilic character of allenylidene complexes was demonstrated by KOLOBOVA et al.
[104]

 

The electrophilic addition of a neutral manganese complex with Brønsted acids (HX) resulted 

in the alkenyl-carbyne complex [MnCp(≡CC(H)=CR2)(CO)2](X) (R = 
t
Bu, Ph; X = Cl, BF4, 

CF3CO2). The protonation of the first neutral ruthenium allenylidene complex 

[RuCl2(=C=C=CPh2)(κ
2
(P,O)-

i
Pr2PCH2CO2Me)(κ

1
(P)-

i
Pr2PCH2CO2Me)] with HCl, by 

WERNER et al., led, among the expectation, to the α,β-unsaturated carbene 

[RuCl2(=C(Cl)C(H)=CPh2)(κ
2
(P,O)-

i
Pr2PCH2CO2Me)(κ

1
(P)-

i
Pr2PCH2CO2Me)].

[105]
 The 

reaction came up via the HCl addition to the double bond of C–α and C–β. However, the 

protonation of other neutral or cationic complexes resulted in the expected β,γ-unsaturated 

carbynes with the general formula [M]
n+

≡CC(H)=CR
1
R

2
 (n = 1, 2).

[17]
 For example, VALERGA 

and coworkers reported in 2009 on the allenylidene complex 

[RuCp*(=C=C=CR
1
R

2
)(PEt3)2]BF4 (R

1
 = H, R

2
 = Ph, C6H4F-4, C6H4OMe-4; R

1
 = R

2
 = Ph) 

that is protonated by an excess of tetrafluoroboric acid in dichloromethane to yield an 
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alkenyl-carbyne complex [RuCp*(≡C-CH=CR
1
R

2
)(PEt3)2]BF4 (R

1
 = H, R

2
 = Ph, C6H4F-4, 

C6H4OMe-4; R
1
 = R

2
 = Ph) (Scheme 2.16).

[92]
 

 

Scheme 2.16: Protonation of  a ruthenium allenylidene complex by using HBF4 yielding an 

alkenyl-carbyne complex ((R
1
 = H, R

2
 = Ph, C6H4F-4, C6H4OMe-4; R

1
 = R

2
 = Ph).

[92]
 

 

A distinctive side reaction of mostly group 8 allenylidene complexes towards electrophiles is 

a rearrangement into indenylidene complexes. At first, the reaction involves the reaction with 

HOTf to the desired alkenyl-carbyne complex, which rearranges into the indenylidene 

complex through a formal electrophilic aromatic substitution of an ortho-proton of one of the 

phenyl groups by the carbyne C–α carbon atom with elimination of HOTf 

(Scheme 2.17).
[18, 106-109]
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Scheme 2.17: Rearrangement of an alkenyl-carbyne complex to an indenylidene complex.
[18]

 

 

2.3.4.2 Electrophilic Character of Allenylidene Complexes 

 

Whether the C–α or the C–γ carbon atom of an allenylidene unit is attacked by a nucleophile 

depends on electronic and steric properties of the ancillary ligands. One characteristic 

example is shown by the behavior toward alcohols. Allenylidene complexes, which based on 

the fragments [RuCl(η
6
-arene)(L)]

+
 (L = PR3, CNR) and [RuCp(CO)(PR3)]

+
 (PR3 = PPh3, 

P
i
Pr3) were able to add alcohols at the C–α=C–β chain to yield Fischer-type carbene 

complexes. If more sterically demanding fragments, like [RuCp(PPh3)2]
+ 

or [RuCp
*
(PEt3)2]

+
, 

were used, the allenylidene unit got more resistant towards a nucleophilic 

addition.
[19, 92, 110 112]

 Another example for nucleophilic addition resembles the addition of a 

primary and secondary amine to C–α.
[113-116]

 The complex 

[RuCp(C=C=CCPh2)(CO)(P
i
Pr3)]BF4 yielded, after the addition of various amines, in 

azoniabutadienyl complexes (Scheme 2.18).
[115-116]
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Scheme 2.18: Nucleophilic addition of R
1
R

2
NH to [[Ru](=C=C=C(Ph)2]X with 

[Ru] = [RuCp(CO)(P
i
Pr3)] and X = BF4

–
 (R

1
 = H, R

2
 = Ph,  R

1
 = Me, R

2
 = CH2C≡CH or 

R
1
 = R

2
 = Et).

[115-116]
 

 

In 2008, the group of BURZLAFF shows that the addition of ammonia or methylamine to 

neutral ruthenium allenylidene complexes bearing the bdmpza ligand resulted in new 

Fischer-type ruthenium(II)aminocarbene complexes. The mechanism was not completely 

investigated, whether an attack at C–γ, followed by a rearrangement or a direct C–α attack has 

taken place. The complex, which was obtained, could be characterized as 

[Ru(bdmpza)Cl(=(NHMe)CH=CTol2)(PPh3)] (Tol = –C6H4CH3), one of the isomers, whereby 

the carbene is trans to the carboxylate (Scheme 2.19).
[76]

  

 

Scheme 2.19: Nucleophilic Addition of NH2Me to [Ru(bdmpza)Cl(=C=C=C(Tol)2)(PPh3)].
[76]

 

 

2.3.5 Allenylidene Complexes and Their Potential Application  

 

In recent years, there has been great interest in bringing metal complexes in close contact with 

single-wall carbon nanotubes (SWCNTs). Apart from covalent attachment, π-interactions of 

SWCNTs with polyaromatic moieties, such as pyrene or diazaacenes, could lead to 

applications in catalysis, photoinduced electron transfer or information storage.
[117-119]
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Moreover, various acene derivatives and their precursors, the acenequinones, are promising 

candidates for small molecule semiconductor applications and have been studied regarding 

their potential applications in thin film transistors.
[120-123]

 Even anthraquinones and 

pentacenequinones are, like the anthracenes and pentacenes, potentially useful organic 

semiconductors, although their applications as organic semiconductors remains largely 

unexplored.
[120-125]

 The functionalization of acenes is mostly attached at the middle of the 

acene ring by inserting alkyl, aryl, and alkyne residues to the framework in order to tune the 

HOMO−LUMO gap. Furthermore, these functionalizations could have an influence in the 

arrangement in the solid state, the manner of the π stacking (Figure 2.9).
[120-122, 126-127]

 

a)  b)  

Figure 2.9: a) Layered herringbone packing of pentacene and b) crystal packing of 

alkyne-functionalized pentacenes.
[124-125]

 

 

D. GULDI and N. JUX and coworkers investigated the interaction of SWCNT with porphyrin 

systems via the π-stacking of a pyrene moiety. They reported on the successful involvement 

of SWCNT hybrids-noncovalently linked SWCNT/pyrene
+ 

and covalently linked 

SWCNT-PSS
n– 

-onto semitransparent (PSS
n– 

=
 
sodium

 
poly(sytarene-4-sulfonate)) indium 

titan oxide (ITO) electrodes that led to solar-energy conversion devices. Figure 2.10 shows 

the supramolecular structure of SWCNT/pyrene
+
/porphyrin

8–
 which led to a monochromatic 

conversion efficients of up to 4.2 %. On the basis of these results, the idea of an acene based 

allenylidene complex as molecular slide is obvious.
[128]

 

Ruthenium carbon-rich allenylidene complexes with polyaromatic substituents might have the 

ability to exchange electrons via the allenylidene unit, which might lead to a variety of 

applications.
[10-15]
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Figure 2.10: Supramolecular structure of SWCNT/pyrene
+
/porphyrin

8–[128]
 and the concept of a 

pentacenequinone based allenylidene complex as molecular slide. 

 

 

2.4 Dinuclear Ruthenium Bisallenylidene Complexes  

 

Beside these mononuclear allenylidene complexes, dinuclear ruthenium compounds with 

π-conjugated bridges are of particular interest in order to investigate electronic 

communication between the metal centers.
[12, 14, 67]

 Significant steps forward in the synthesis 

and characterization of these carbon-rich dinuclear bisallenylidene complexes have been 

mainly achieved by ZANELLO and coworkers
[14]

 and DIXNEUF
 
and coworkers.

[10-11, 13, 67, 129]
  

The metal based transformation of organic alkyne precursors containing two terminal 

alkynes,
[10, 15]

 e.g. the conversion of the diyne HC≡C-C6H4-C≡CH by reacting it with 

[RuCl2(dppe)2], leads to a bisvinylidene diruthenium derivative.
[10]

 A “double activation” and 

subsequent elimination of water, on the other hand, is necessary to form bisallenylidene 

complexes. Such complexes were obtained by the reaction of bispropargyl alcohols, separated 
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by a carbon-rich unsaturated bridge.
[67]

 Actually, larger trinuclear complexes are also 

accessible from organic spacers bearing propargyl alcohol moieties.
[11]

 Regarding dinuclear 

complexes, RIGAUT et al. published in 2004 the syntheses, electrochemical studies and 

specific behavior of new, stable bimetallic complexes, such as 

trans-[Cl(dppe)2Ru=C=C=CR-T-CR=C=C=Ru(dppe)2Cl]PF6 (R = H or Me, T = thiophene or 

aryl), containing two identical ruthenium fragments with various bisallenylidene bridges 

(Scheme 2.20).
[11-12]

  

 

Scheme 2.20: Synthesis of the dinuclear complex trans-[Cl(dppe)2Ru=C=C=CR-

T-CR=C=C=Ru(dppe)2Cl](PF6)2 (R = H or Me, T = thiophene or aryl).
[11-12]

 

 

These complexes show one single reduction wave, which demonstrates the efficient 

connection of the metal centers through the allenylidene unit and the highly π-conjugated 

bridge. MANTOVANI et al. presented in 2005 the behavior of bimetallic bisallenylidene 

complexes bearing multiconjugated organic spacers, working with the bis-α-alkynol organic 

spacer, 10,10'-diethynyl-10H,10'H-[9,9'-bianthracenylidene]-10,10'-diol.
[14]

 The discussed 

rhenium and ruthenium monoallenylidene complexes bear one free propargyl alcohol group, 

which can react with a second metal fragment to obtain dinuclear systems (Scheme 2.21).  

The homobimetallic bisallenylidene complex trans,trans-

[RuCl(dppe)2(C=C=(BAN)=C=C)(dppe)2ClRu](OTf)2 (BAN = bianthrone) was synthesized 

starting from the ruthenium monoallenylidene complex trans-

[RuCl(dppe)2(C=C=(BAN)C(OH)(C≡CH))]OTf.
[14]

 It was not possible to obtain the 

homobimetallic rhenium complex starting from the corresponding monorhenium allenylidene 

complex by reacting it with one equivalent of the precursor [Re(triphos)(CO)2(OTf)] (A). 
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Instead, it was possible to synthesize the heterobimetallic Ru/Re bisallenylidene complex 

trans-[RuCl(dppe)2(C=C=(BAN)=C=C)(triphos)(CO)2Re](OTf)2 starting from 

trans-[RuCl(dppe)2(C=C=(BAN)C(OH)(C≡CH))]OTf. The authors were able to establish 

electronic communication between the metal centers through the organic spacer via 

electrochemical measurements. Specifically, cyclic voltammetry provided evidence of a 

Ru(II)/Ru(III) oxidation and therefore, the formation of a delocalized mixed-valent 

Ru(II)/Ru(III) species. To characterize mixed-valent complexes, the classification of ROBIN 

and DAY is usually applied.
[130]

 In the case described by MANTOVANI et al., the partially 

delocalized positive charge between the two Ru centers is characteristic of a Robin-Day 

Class III complex.
[14, 130]

  

 

Scheme 2.21: Synthesis of homo- and heterobimetallic bisallenylidene complexes starting from 

[Re(triphos)(CO)2(OTf)]
[131]

 (A)  and [RuCl2(dppe)2]
[132]

 (cis + trans) (B) with 

[Ru] = trans-[(dppe)2RuCl]
+
, [Re] = [(triphos)Re(CO)2]

+
.
[14]
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Most recently, the development of metallic bisallenylidene complexes has been directed 

toward potential application in molecular scale electronic devices.
[10, 12, 133-138]

 Moreover, such 

dinuclear bisallenylidene complexes could be promising for catalytic reactions or as building 

blocks in modern synthesis. Inspired by known examples of dinuclear bisallenylidene 

complexes, the search for new and larger π-conjugated bridges between the two allenylidene 

units seems to be attractive.  

Another interesting application for different dinuclear ruthenium bisallenylidene complexes, 

similar to mononuclear complexes, is their use as molecular slides due to possible π-π 

stacking interactions with carbon nanotubes. SWCNT are good electron acceptors and at the 

same time, one-dimensional nanowires. Therefore, they can accept electrons, which could 

then be transported with high efficiency towards a polyaromatic spacer, such as an 

allenylidene unit. In the next step, the electrons could be transferred to a catalytic active 

metal. So, these complexes might act as a molecular slide for SWCNTs (Figure 2.11). 

 

Figure 2.11: Concept of dinuclear ruthenium bisallenylidene complexes as potential molecular slides 

(top) and graphical representation of the potential electron transport via a SWCNT (bottom). 
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2.5 Ruthenium Allenylidene Complexes with Metallocenyl Substituents 

2.5.1 Metallocenes 

 

In chapter 2.3.2, different ligand systems, which were applied for allenylidene complexes, 

were already introduced. Closely related to the Tp system is the cyclopentadienyl ligand or its 

derivatives, such as Cp* (Figure 2.12).
[139-141]

 These ligands and their variations have many 

striking similarities compared to the binding chemistry of Tp. 

 

Figure 2.12: Cp (R = H) and Cp* (R = Me). 

 

Both Tp and Cp can be considered as anionic donor ligands. Cp ligands typically are five-fold 

π-donors and have a tendency to form pseudo tetrahedral complexes, whereas, Tp are weak-

field, hard σ-donors and tend to form fac-octahedral complexes. Overall, Tp ligands have 

weaker donor properties compared to Cp. The well-established Cp-based half-sandwich 

complexes are more widely used in comparison to Tp-based complexes.
[139-141]

  

Metallocenes are compounds which consist of two cyclopentadienyl anions bound to a metal 

center in a sandwich structure. The first metallocene, which was classified was ferrocene. It 

was simultaneously discovered by KEALY and PAUSON
[142]

 and MILLER et al.
[143]

 In 1952, 

MILLER et al. reported the formation of ferrocene from a reaction of cyclopentadiene with 

iron in the presence of aluminium, potassium or molybdenum oxide.
[143]

 Whereas, KEALY and 

PAUSON tried to synthesize fulvalene by the oxidation of a cyclopentadienyl salt with 

anhydrous FeCl3, but instead, they obtained an up till then unknown orange compound, which 

they called dicyclopentadienyl iron.
[142]

 A striking feature of this new compound, was its 

remarkable stability, which they accounted to resonance structures (Figure 2.13, a)). At this 

time, the first insight into molecular structure by infrared studies was determined by 

WILKINSON and WOODWARD.
[144-145]

 Due to their data, they proposed the correct structure and 

its name “ferrocene” (Figure 2.13, b)). The final proof was delivered by FISCHER et al. and 

later on, by DUNITZ et al. via X-ray structure analysis by demonstrating that the carbon atoms 

of the ligand are equally bound to the metal center and that the bonding occurred due to the 
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metal d-orbitals and the π-electrons in the p-orbitals of the Cp fragments.
[144, 146]

 This kind of 

bonding is called “hapticity” and is denoted as η
5 

in the nomenclature. Likewise, these 

metallocenes with the general formula [(η
5
-C5H5)2M] are well-known and often used in any 

kind of variations.
[147-150]

  

Ruthenocene is closely related to the almost isostrucutural ferrocene. The cyclopentadienyl 

rings of the ruthenocene compound appear in an eclipsed conformation 

(Figure 2.13, c)).
[145, 151]

 This is due to the larger ionic radius of ruthenium, which increases 

the distance between the cyclopentadienyl rings. However, in solution, the cyclopentadienyl 

rings rotate with a very low barrier.
[151]

 

 

Figure 2.13: a) First proposed resonance structure of ferrocene by KEALY and PAUSON
[142]

; b) actual 

structure of ferrocene by WILKINSON and WOODWARD
[144-145]

; c) confirmation of ruthenocene. 

 

In 1952, WILKINSON et al. synthesized ruthenocene by the reaction of ruthenium 

trisacetylacetonate with an excess of cyclopentadienylmagnesium bromide.
[145]

 Also different 

synthetical routes were developed and ruthenocene has been investigated for a huge range of 

applications.
[152-155]

 

 

2.5.2 Allenylidene Complexes with Metallocenyl Substituents 

 

Already in 1996, molybdenum allenylidene complexes with a ferrocenyl substituent from 

carbenium ions species were synthesized by CAPON et al.
[156]

 They determine secondary 

(R
1
 or R

2
 = H) and primary (R

1
 = R

2
 = H) complexes to be thermally unstable and these 

complexes must be kept in solution below –35 °C to prevent degradation. Whereas the 

secondary allenylidene complexes (R
1
 = Et, R

2
 = H) and primary (R

1 
= Me, R

2
 = H) one exist 

as two diastereomers, which are depicted in Figure 2.14, depending on the relative position of 

the substituents of the C–γ carbon atom. However, the presence of a bulky substituent could 
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lead to the formation of only one diastereomer and to a more thermally stable allenylidene 

complex.
[156]

  

 

Figure 2.14: Two diastereomers of a molybdenum secondary allenylidene complex.
[156] 

The first monoallenylidene complex was synthesized by the addition of LiC≡C-C(CH3)=CH2 

to a cooled suspension of [MoCp2(CO)4(μ-η
2
:η

3
-HC≡C-CH-(Fc))]BF4 (Pathway A) 

(Scheme 2.22). The formation of the μ-σ:η
2 

(4e
–
) [MoCp2(CO)4(μ-σ:η

2
-C=C=C(Fc)(H))] was 

verified by spectroscopic analyses, but only at low temperatures. Another pathway (B) was 

developed to obtain the ruthenium monoallenylidene complex by using a silica column 

chromatography. When diethyl ether at the end was added to the column, it turned green and 

the complex was formed by the spontaneous elimination of water. This complex is thermally 

stable for a short time in solution, more stable at low temperatures. Due to the H-substituent 

at the C–γ carbon atom, only the electron release by the ferrocenyl group probably stabilizes 

the allenylidene unit. So, a phenyl residue at the C–γ carbon atom can further stabilize the 

allenylidene unit. One interesting application for allenylidene complexes with a ferrocenyl 

substituent is based on the increasing request for new materials, and especially metallocene 

compounds, which might show properties, which are essential for second-order non-linear 

optical (NLO) behavior.
[156-157]
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Scheme 2.22: Two pathways (A + B) to synthesize the monoallenylidene complex μ-σ:η
2 

(4e
–
) 

[MoCp2(CO)4(μ-σ:η
2
-C=C=C(Fc)(H))] ([Mo] = [MoCp(CO)2]).

[156] 

 

Likewise, by treating the diol [(Mo2Cp2(CO)4(μ-η
2
:η

2
-HC≡C-C(OH)(H)(Fc)))2(Fc)] with, 

either, using HBF4 and then LiC≡C(CH3)=CH2, or by elimination of water by 

chromatography, the bisallenylidene complex was synthesized (Figure 2.15). Due to the 

instability, the complex could only be obtained in low yield. The mild activity of the silica 

could be the reason for forming, in first line, the ferrocenyl carbocation and then due to 

rearrangement, the required allenylidene complex.
[158]
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Figure 2.15: Molybdenum bisallenylidene complex with a ferrocenyl substituent 

([Mo] = [MoCp(CO)2]).
[156] 

 

In 2010, cationic allenylidene complexes [Ru]=C=C=CCH(Fc)[PF6] ([Ru] = [RuCp(PPh3)2], 

[RuCp(dppe)]) (Figure 2.16) were prepared by the reaction of two ferrocenyl-substituted 

propargyl alcohols,
[159-160]

 FcC(OH)-R
1
)C≡CH (R

1
 = H, Ph) in the presence of K[PF6] in 

methanol by CHANG et al.
[161]

 These allenylidene derivatives are, in contrast to the 

proton-substituted molybdenum complex in Scheme 2.22, air-stable solids and are readily 

soluble in most polar solvents. Already in 2003, HARTMANN et al. synthesized the 

Tp-substituted congener complex [RuTp(PPh3)2(=C=C=CPh)(Fc)]SbF6 (Figure 2.16), which 

exists as two isomers at room temperature, because the major isomer has the less bulky 

phenyl substituent oriented toward the PPh3 ligands along the allenylidene axis.
[24]

  In contrast 

to this, no isomers were observed, reported by CHANG et al. This could be due to the lower 

rotation energy barrier for the rotation of the allenylidene moiety, which is probably not high 

enough. These complexes served as precursors for further reactions, such as nucleophilic 

additions with Grignard reagents or rearrangement to the vinylidene complex.
[24, 161]
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Figure 2.16: Cationic allenylidene complex [RuCp(PPh3)2(=C=C=CH(Fc)]PF6 and the Tp-substituted 

complex [RuTp(PPh3)2(=C=C=CPh)(Fc)]SbF6
[24, 161] 
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The primarily aim of this thesis was the research on new mononuclear ruthenium allenylidene 

complexes (Scheme 3.1). The ruthenium complexes should exclusively focus on cationic 

18 VE complexes, which proved to be, compared to neutral 18 VE complexes, the more 

stable, soluble and isomeric pure compounds. The well-known electron-rich cyclopentadienyl 

ruthenium complex [RuCl(η
5
-C5H5)(PPh3)2] was used as precursor. Based on the preparatory 

results on already published neutral ruthenium allenylidene complexes by F. STRINITZ
[28-29, 75]

 

from the group of PROF. BURZLAFF, the different used polyaromatic substituents serve as a 

starting point of this thesis. The synthesis of SELEGUE, reported in 1982, serves as basis for 

the synthesis of carbon-rich ruthenium allenylidene complexes.
[59]

 

 

Scheme 3.1: Synthetical route for ruthenium allenylidene complexes.
[59]

 

 

The characterization of these cumulenylidene complexes, i.e. vinylidene and allenylidene 

complexes, should be paramount with a focus on the electrochemical potential and the 

absorption characteristics. Besides these mononuclear carbon-rich ruthenium allenylidene 

complexes, more water-soluble complexes based on the ruthenium precursors 

[RuCl(η
5
-C5H5)(PPh3)(PTA)] and [RuCl(η

5
-C5H5)(PTA)2] should be explored and 

characterized.  

Another possible application is the concept of ruthenium allenylidene complexes as molecular 

slides for SWCNTs. So, beside the mononuclear complexes, dinuclear ruthenium 

bisallenylidene complexes with π-conjugated spacers should by synthesized. The syntheses 

pass by the similar procedure as for the monocationic ruthenium allenylidene complexes. 
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Scheme 3.2: Synthetical route for dinuclear ruthenium bisallenylidene complexes with a polyaromatic 

spacer. 

 

Based on the already synthesized complexes [Ru]=C=C=CCH(Fc)[PF6] 

([Ru] = [Ru(η
5
-C5H5)(PPh3)2], [Ru(η

5
-C5H5)(dppe)])

[161]
 (see Figure 2.13 in chapter 2.5.2), 

new ruthenium allenylidene complexes with ferrocenyl and ruthenocenyl substituents should 

be prepared, whereby [RuCl(η
5
-C5H5)(PPh3)2] serves as precursor. Their properties and 

redox-active features should be investigated.  
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4.1  Mononuclear Cyclopentadienyl Ruthenium Allenylidene Complexes 

 

Parts of this chapter have been published: 

S. Spörler, F. Strinitz, P. Rodehutskors, L. Müller, A. R. Waterloo, M. Dürr, E. Hübner, I. 

Ivanović-Burmazović, R. R. Tykwinski, N. Burzlaff, New J. Chem. 2016, 40, 6127-6134. 

 

The first chapter of “Results and Discussion” includes the syntheses and analyses of 

monosubstituted polyaromatic substituents, which were used as educts for further syntheses 

and new resulting mononuclear ruthenium allenylidene complexes. As already mentioned in 

the „State of Knowledge”, the pioneers in cyclopentadienyl ruthenium allenylidene 

complexes were the diphenylsubstituted complexes [Ru(η
5
-

C5H5)(=C=C=(Ph)2)(PMe3)2]PF6,
[59]

 reported by SELEGUE in 1982, and the similar complex 

[Ru(η
5
-C5H5)(=C=C=(Ph)2)(PPh3)2]PF6

[19]
 by BRUCE et al. in 1999. In the case of 

cyclopentadienyl ruthenium allenylidene complexes, only a few complexes are known with 

larger polyaromatic substituents. Whereas, in the last few years, the interest in new 

carbon-rich allenylidene complexes significantly increased. Former group members already 

established interesting results in the research on ruthenium allenylidene complexes bearing 

polyaromatic substituents starting from [Ru(bdmpza)Cl(PPh3)].
[26, 28-29, 75-76]

 These complexes 

show interesting properties, but a few disadvantages occurred. Achirality and neutral 

complexes lead to two isomeric structures, making the work-up and purification more 

complicated. The 3,5-bis(dimethylpyrazol-1-yl)acetic acid is more steric demanding than the 

further known cyclopentadienyl ligand, so, crystal packing effects are more hindered. To 

disintegrate these effects, the research in carbon-rich mononuclear ruthenium allenylidene 

complexes should again lean on the fundamental research of SELEGUE and BRUCE and work 

with [RuCl(η
5
-C5H5)(PPh3)2] as starting material. In this chapter, new carbon-rich 

mononuclear cyclopentadienyl ruthenium allenylidene complexes with different polyaromatic 

substituents and their properties were presented.  

The synthesis of these cationic ruthenium allenylidene complexes follows the procedure 

reported by SELEGUE in 1982.
[59]

 The straightforward synthesis starts from the precursor 

[RuCl(η
5
-C5H5)(PPh3)2], substituted propargyl alcohols and ammoniumhexafluorophosphate 

(NH4[PF6]) in methanol (MeOH). The cationic complexes are obtained by side-on 

coordination of the alkyne to the 16 VE complex. The following 1,2-hydrogen shift forms the 

intermediate, the hydroxyvinylidene complex, and under these typical reaction conditions, the 
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vinylidene complex spontaneously eliminates water to form the cationic ruthenium 

allenylidene complex. Whereas in other cases, using different metal fragments or substituents, 

the isolation of the labile vinylidene species could be performed, this intermediate was not 

detected or isolated in the experiments discussed here. The reaction of the alkyne to the 

allenylidene species by dehydration is so fast that it was not possible to detect the vinylidene 

species by monitoring with IR spectroscopy or 
1
H NMR measurements.  

 

4.1.1  
t
Butyl-Substituted Diphenyl-Based Ruthenium Allenylidene Complex 

[Ru(η
5
-C5H5)(=C=C=C(Ph

t
Bu2)2)(PPh3)2]PF6 (1) 

 

While the diphenylsubstituted ruthenium allenylidene complex is already known, a sterically 

more demanding ligand precursor was used. The synthesis started from 

[RuCl(η
5
-C5H5)(PPh3)2], an excess of 1,1-bis(3,5-di-tert-butylphenyl)prop-2-yn-1-ol and 

NH4[PF6] in MeOH (Scheme 4.1). After stirring for one day at room temperature, the color 

changed to dark red. Purification via column chromatography resulted in the dark red product.  

 

Scheme 4.1: Synthesis of the 
t
Butyl-substituted diphenyl allenylidene complex 

[Ru(η
5
-C5H5)(=C=C=C(Ph

t
Bu2)2)(PPh3)2]PF6 (1). 

 

The first indication for the successful synthesis is given by IR spectroscopy. The typical 

allenylidene vibration ν(C=C=C) is observed at 1922 cm
–1

. In the 
1
H NMR spectrum, the 

characteristic tButyl groups appear as a singlet at a chemical shift of 1.32 ppm with an 

integration of 36 protons and the cyclopentadienyl ligand also shows up as a singlet at 
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5.01 ppm. Furthermore, the aromatic protons emerge as multiplets in the region between 7.83 

and 7.07 ppm. The typical allenylidene unit is visible in the 
13

C NMR spectrum as a triplet at 

δ = 297.2 ppm for C–α with a coupling constant of 
2
JC,P = 15.7 Hz, as a singlet at 

δ = 210.8 ppm for C–β and as as singlet for C–γ  at 145.8 ppm. The signal at 31.4 ppm can be 

assigned to the 
t
Bu methyl groups and the signal for the quaternary carbon atom C–(CH3)3 is 

assigned to a signal at 34.6 ppm. In the 
31

P NMR spectrum, the PPh3 ligand gives a singlet at 

47.1 ppm and another signal at –143.1 ppm appears, which belongs to [PF6]
–
. Another proof 

for the successful formation of the complex is shown in the ESI MS spectrum, in which a 

signal at m/z = 1105.46, with an intensity of 100 %, corresponds to the monocationic complex 

(without [PF6]
–
). Finally, the purity of the complex has been confirmed by elemental analysis. 

The intense color of this complex can be best characterized with UV/Vis spectroscopy. In the 

visible region, the complex shows a maximum at 514 nm with a high extinction coefficient of 

ε = 32606 L mol
–1

 cm
–1 

(Figure 4.1). Similar intense colors have been reported for other 

ruthenium allenylidene complexes in the literature before and were assigned to 

metal-to-ligand charge-transfer (MLCT) absorptions,
[14, 26, 136, 162]

 it is worthwhile mentioning 

that some newer DFT calculations indicate that this transition corresponds to a 

metal-perturbed π-π
*
 transition.

[28-29, 75]
  

 

Figure 4.1: UV/Vis/NIR absorption spectrum of 1 in CH2Cl2 with a concentration of 10
–5

 mol L
–1

. 
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To determine the electrochemical potential of the complex, cyclic voltammetric (CV) 

analyses were performed. The cyclic voltammograms were recorded in CH2Cl2 with 

n
Bu4N[PF6] (0.1 M) as electrolyte and referenced to the ferrocene/ferrocenium couple as 

internal standard at different scan rates (Figure 4.2). In the positive part of the cyclic 

voltammogram, two irreversible processes at 1.06 V and 1.56 V can be observed. These 

irreversible events can be associated to the Ru(II)/Ru(III) couple and to a ligand-centered 

oxidation. One strong reduction event at E1/2 = – 1.07 V with a peak current ratio of 

ipa/ipc = 0.95 can be observed, which confirms a reversible one-electron reduction. This 

reduction process can be attributed to the allenylidene unit. The reduction event of 1 fits quite 

well compared to already known electrochemical potentials of cationic ruthenium 

allenylidene complexes, like [RuCl(=C=C=C(Ph)2)(dppe)2]PF6 (reversible reduction at 

E1/2 = –1.03 V) and [RuCl(=C=C=C(Ph2))(16-TMC)]PF6 (reversible reduction at E1/2 = –

1.27 V).
[138, 163]

 

 

Figure 4.2: Cyclic voltammogram of 1 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as electrolyte 

at a scan rate of 100 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
. 
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4.1.2 Fluorene-Based Ruthenium Allenylidene Complex [Ru(η
5
-

C5H5)(=C=C=(FN))(PPh3)2]PF6 (2) 

 

Besides the already known diphenyl allenylidene complex 

[Ru(η
5
-C5H5)(=C=C=C(Ph)2)(PPh3)2]PF6, the fluorene based complexes are closely related. 

Thus, following the already described route, the addition of an excess amount of 9-ethynyl-9-

fluorenol to [RuCl(η
5
-C5H5)(PPh3)2] and NH4[PF6] in MeOH led after stirring for two days at 

room temperature, to the dark pink colored allenylidene complex (Scheme 4.2). The work-up 

includes the dissolution of the residue in CH2Cl2 and filtration into an excess of Et2O. After 

filtration and washing the pink precipitate with Et2O, the purified product could be obtained 

in a yield of 67 %.  

Scheme 4.2: Synthesis of the fluorene-based allenylidene complex 

[Ru(η
5
-C5H5)(=C=C=(FN))(PPh3)2]PF6 (2) (FN = fluorene). 

 

At first sight, the successful formation of the allenylidene bridge is shown by the IR spectrum 

with an intense band at 1939 cm
–1

. Likewise, in the 
1
H NMR spectrum, the aromatic protons 

of the fluorene moiety appear in the region of 7.64-7.70 ppm as a multiplet, triplet and 

doublet. The spectrum exhibits a characteristic singlet for the cyclopentadienyl protons at a 

chemical shift of δ = 5.16 ppm. In the 
13

C NMR spectrum, characteristic signals for the 

allenylidene chain are observed at δ = 294.7 (t, 
2
JC,P = 17.5 Hz, C–α), 213.4 (C–β) and 

155.4 ppm (C–γ), with a triplet for C–α, which is caused by the coupling with the 

phosphorous atoms of the triphenylphosphine ligands. The 
31

P NMR spectrum shows two 

signals at 47.6 and –144.5 ppm, corresponding to the triphenylphosphine ligand and the 

counter ion [PF6]
–
. The ESI MS measurements give a signal with an intensity of 100 %, 

consistent with the monocationic species [M]
+
 (m/z = 879.19).  
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The UV/Vis spectrum of 2 is depicted in Figure 4.3 and a magnification of the relevant parts 

of the NIR region is shown in Figure 4.4. The spectra were recorded in CH2Cl2 in different 

concentrations. The high absorption bands in the range of 200 to 400 nm show the 

ligand-centered π-π
*
 transitions involving the Cp and PPh3 ligands. The transition, causing an 

intensive color, can be observed at 535 nm with an extinction coefficient of                   

10271 L mol
–1 

cm
–1

 and can be assigned to a metal-perturbed π-π
*
 transition. Figure 4.4 shows 

the edge of the NIR region, in which, at higher concentrations, a broad transition at 920 nm 

arises, belonging to HOMO–1LUMO and HOMOLUMO excitations. This assignment is 

based on similar results of already published ruthenium allenylidene complexes.
[28-29, 75]

 

 

Figure 4.3: UV/Vis/NIR absorption spectrum of 2 in CH2Cl2 with a concentration of 10
–5

 mol L
–1

. 
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Figure 4.4: Part of the NIR region of 2 in CH2Cl2 with a concentration of 10
–3

 mol L
–1

. 

 

The cyclic voltammetric analysis of complex 2 reveals two ligand-based reductions, one 

ruthenium-based oxidation and probably one ligand-centered oxidation (Figure 4.5). The 

fluorene-based complex shows a broad event in the region of 0.5 V, which could be assigned 

to the Ru
II
/Ru

III 
oxidation and one irreversible process at higher potential (1.48 V), which is 

probably a ligand-centered oxidation. Whereas in the negative part of the cyclic 

voltammogram, one reversible reduction process appears at E1/2 = –292 mV (ipa/ipc = 0.90) 

and one weak reversible reduction at E1/2 = –1.17 V (ipa/ipc  = 0.85), which indicates the facile 

reduction of the fluorene moiety and the allenylidene unit (Figure 4.6 and 4.7). 
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Figure 4.5: Cyclic voltammogram of 2 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as electrolyte 

at a scan rate of 100 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
. 

 

Figure 4.6: Isolated redox process of 2 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as electrolyte 

at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of 0 to –0.5 V. 



RESULTS AND DISCUSSION 

49 

 

 

Figure 4.7: Isolated reduction process of 2 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of            

–0.9 to –1.4 V. 

 

4.1.3 Phenalene-Based Ruthenium Allenylidene Complex [Ru(η
5
-

C5H5)(=C=C=(Phenalene))(PPh3)2]PF6 (5) 

4.1.3.1 Synthesis and Characterization of 1-((Trimethylsilyl) 

ethynyl)-1H-phenalen-1-ol (3) 

 

Another polyaromatic precursor, which is related to the fluorene-based ligand and is suitable 

for building up ruthenium allenylidene complexes, is phenalenone. In the light of the 

procedure of SELEGUE from 1982,
[59]

 a propargyl alcohol is used to start the synthesis of the 

allenylidene complexes. Most of the time, the required propargyl alcohols have to be 

synthesized using organic precursors bearing a carbonyl group. To convert the carbonyl group 

into a propargyl alcohol, different synthetical routes are conceivable. The most common 

routes are either the use of lithiated trimethylsilylacetylene (TMS-acetylene) or 

ethynylmagnesium bromide. Even though the reaction with TMS-acetylene and n-BuLi 

includes two steps, it turned out to be the more efficient synthesis, compared to the one-step 

synthesis with ethynylmagnesium bromide. In this case, starting from phenalene-1-on, the 
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addition of an excess amount of lithiated TMS-acetylene leads to the formation of the 

corresponding propargyl alcohol 3 in high yield (Scheme 4.3).  

  

Scheme 4.3: Synthesis of the TMS-substituted propargyl alcohol 3 and the free desilylated propargyl 

alcohol 4. 

 

At first sight, the successful formation of 3 is proven by the 
1
H NMR spectrum, which shows 

the singlet of the TMS group with an intensity of nine protons. The alcohol gives a singlet at 

5.04 ppm and the aromatic protons of the phenalene ligand show signals in the range of 7.34 

to 6.37 ppm. Likewise, the 
13

C NMR spectrum exhibit two typical signals for the acetylene at 

δ = 105.7 (C≡C(TMS)) and 84.1 ppm (C≡C(TMS)) and in each case, one singlet for the 

alcohol C–OH at 72.7 ppm and one for the carbon atoms of the TMS group at –0.38 ppm. In 

the IR spectrum, a strong band at 2144 cm
–1

 arises which corresponds to the vibration of the 

alkyne. Furthermore, the ESI MS measurement and the elemental analysis prove the purity 

of 3.   

 

4.1.3.2 Synthesis and Characterization of 1-Ethynyl-1H-phenalen-1-ol (4) 

 

Subsequently, the desilylation of the TMS-substituted alkyne is achieved by using potassium 

hydroxide in a mixture of MeOH and THF (Scheme 4.3). The successful formation of 

1-ethynyl-1H-phenalen-1-ol (4) is confirmed by the singlet signal at δ = 3.45 ppm in the 

1
H NMR spectrum and the signal at δ = 77.6 ppm in the 

13
C NMR spectrum, which is 

consistent with the alkyne proton and the terminal alkyne carbon, respectively. Likewise, the 

singlet of the TMS group is not observed in the 
1
H and 

13
C NMR spectrum. The elemental 

analysis and the ESI MS measurement confirm the transformation of 3 to 4, as well.  
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4.1.3.3 Synthesis and Characterization of [Ru(η
5
-C5H5)(=C=C=(Phenalene)) 

(PPh3)2]PF6 (5) 

 

The corresponding allenylidene complex 5 was prepared by reacting the precursor 

[RuCl(η
5
-C5H5)(PPh3)2], NH4[PF6] and the synthesized ligand 1-ethynyl-1H-phenalen-1-ol 

(4) in MeOH for two days at room temperature (Scheme 4.4). The mixture turns deep blue, 

which is characteristic for the formation of the allenylidene unit. Suprisingly, after 

purification via column chromatography, the dark blue product was achieved in a rather low 

yield of 9 %.  

 

Scheme 4.4: Synthesis of the complex [Ru(η
5
-C5H5)(=C=C=(Phenalene))(PPh3)2]PF6 (5). 

 

In the 
1
H NMR spectrum, the cyclopentadienyl protons are found as a singlet at a chemical 

shift of 5.13 ppm and the aromatic protons are arranged in the region of 8.20 to 6.33 ppm. In 

order to better distinguish the aromatic carbon atoms, an APT (attached proton test) 
13

C NMR 

spectrum was measured. Due to the low yield, the resulting low concentrated 
13

C NMR 

sample shows a poor resolved signal for C–α. It complies with a multiplet at 

δ = 287.2-286.9 ppm, although C–α, due to its coupling with the phosphor atoms of PPh3, 

should constitute a triplet. C–β and C–γ exhibit two signals at δ = 210.8 and 144.3 ppm, 

respectively. These values are similar to the signals for the 
t
Bu-diphenyl-substituted complex 

1 but shifted up-field  in comparison to the fluorene-based complex 2. The 
31

P NMR spectrum 

points out two signals, a singlet, corresponding to the PPh3 and a ´quintet´, fitting to the 

counter ion, the [PF6]
–
. Normally, [PF6]

–
 appears as a septet, but in some cases, the outer 

signals are difficult to observe. The characteristic allenylidene stretch vibration appears at a 

wavenumber of 1929 cm
–1

 as a strong band. Furthermore, the ESI MS measurement reveals 
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the suitable monocationic species at m/z = 878.98 [M]
+
 with an intensity of 100 %. The 

elemental analysis proves the purity of 5.  

The UV/Vis spectrum of 5 is depicted in Figure 4.8 and a magnification of the relevant part of 

the NIR region is shown in Figure 4.9. Both spectra were recorded in CH2Cl2 with different 

concentrations. The blue color of complex 5 is caused by a metal-perturbed π-π
*
 transition at 

665 nm with a high extinction coefficient of 44045 L mol
–1 

cm
–1

. The transition at 239 nm 

with ε = 60157 L mol
–1 

cm
–1

 can be attributed to ligand-centered π-π
*
 transitions. In 

Figure 4.8, a broad band recorded at a wavelength of 983 nm is depicted, which belongs to a 

forbidden transition and can best be described as metal-to-ligand charge-transfer. 

Unfortunately, due to the low yield, it was not possible to measure a cyclic voltammogram of 

complex 5. 

 

Figure 4.8: UV/Vis/NIR absorption spectrum of 5 in CH2Cl2 with a concentration of 2 × 10
–5

 mol L
–1

. 
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Figure 4.9: Part of the NIR region of 5 in CH2Cl2 with a concentration of 10
–3

 mol L
–1

. 

 

4.1.4 Benzopyrene-Based Ruthenium Allenylidene Complex [Ru(η
5
-

C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8) 

4.1.4.1 Synthesis and Characterization of 6-((Trimethylsilyl)ethynyl)-6H-

benzo[cd]pyren-6-ol (6) 

 

Pyrene and all variations of the basic structure of pyrene are interesting carbon-rich 

polyaromatic substituents, due to their conjugated π-system. These type of moieties are used 

commercially in dyes and dye precursors. This inspired us to synthesize pyrene derived 

complexes, which could be used as dyes for dye-sensitized solar cells or as organic 

metal-induced field-effect transistors. Related pyrene compounds are, for example, 

cyclopentapyrenes, dibenzopyrenes, indenopyrenes, naphthopyrenes or benzopyrene. 

Benzopyrenes are pentacyclic hydrocarbons and are fusion products of pyrene and a 

phenylene group. Different isomeric species of benzopyrene are benzo[a]pyrene and the less 

common benzo[e]pyrene or benzo[cd]pyrene. Benzo[cd]pyrene is an organic carbon-based 

molecule formed of five benzene rings. This molecule belongs to olympicenes, which looks 

like the shape of the olympic rings. In our case, a carbonyl function is needed to transform 
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this moiety into a propargyl alcohol. Therefore, 6H-benzo[cd]pyren-6-one is chosen as 

starting material for the further synthesis and formation of a carbon-rich ruthenium 

allenylidene complex with a polyaromatic benzo[cd]pyrene moiety. The synthesis of 

6H-benzo[cd]pyren-6-one goes back to the publication of VOLLMANN et al. in the year of 

1937, reporting on various pyrene and pyrene derivatives.
[164]

 The procedure was taken up by 

MORGENTHALER and RÜCHARDT in 1999. Here, 6H-benzo[cd]pyren-6-one was synthesized 

by condensing glycerol with pyrene in sulfuric acid.
[165]

 In contrast to the earlier literature 

procedure, the product was obtained as a single isomer, which was shown by 
1
H NMR 

spectroscopy.
[164, 166]

 Starting from 6H-benzo[cd]pyren-6-one, by adding an excess amount of 

lithiated TMS-acetylide, the formation of the corresponding propargyl alcohol 6 was 

successful in a yield of 61 % (Scheme 4.5). 

Scheme 4.5: Synthesis of the TMS-substituted propargyl alcohol 6 and the free desilylated propargyl 

alcohol 7. 

 

The successful synthesis was verified by 
1
H NMR, 

13
C NMR and IR spectroscopy, as well as, 

ESI MS and elemental analysis. For a better understanding, the protons and carbon atoms of 

6-((trimethylsilyl)ethynyl)-6H-benzo[cd]pyren-6-ol (6) have been labeled by numbers. The 

doublet at δ = 8.50 ppm can be attributed to H3 with a coupling constant of 
3
JH,H = 7.2 Hz, 

which is interconnected to H4, showing a triplet at a chemical shift of  7.82 ppm. This virtual 

triplet in fact couples twice via three bonds with H3 and H5. H5 consequently gives a doublet 

at δ = 8.07 ppm with 
3
JH,H = 8.1 Hz. Furthermore, two doublets emerge upfield, at 7.95 and 

7.82 ppm, which correspond to H7 and H8 and could not be clearly separated. In the 

13
C NMR spectrum, two typical signals for the acetylene at δ = 108.5 (C≡C(TMS)) and 

93.0 ppm (C≡C(TMS)) and one singlet for C–OH at 68.9 ppm, as well as a singlet for the 

TMS-group at –0.10 ppm are observed. Moreover, the ESI MS experiments, the elemental 
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analysis and the IR data give evidence for the formation of the TMS-substituted propargyl 

alcohol 6.  

4.1.4.2 Synthesis and Characterization of 6-Ethynyl-6H-benzo[cd]pyren-6-ol (7) 

 

The desilylation of the TMS group is achieved by using potassium hydroxide in a mixture of 

MeOH and THF (Scheme 4.5). The 
1
H NMR spectrum confirms the desilylation by 

disappearance of the TMS signal and the appearance of the alkyne proton at a chemical shift 

of 3.32 ppm. Likewise, these signals are observed in the 
13

C NMR spectrum at δ = 87.5 

(C≡CH), 78.0 (C≡CH) and 73.9 ppm (C–OH). The successful formation of 7 is also backed 

by ESI MS, elemental analysis and IR spectroscopy. 

 

4.1.4.3 Synthesis and Characterization of [Ru(η
5
-C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8) 

 

The complex [Ru(η
5
-C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8) (BPyr = benzopyrene) was 

synthesized by reacting the precursor [RuCl(η
5
-C5H5)(PPh3)2] with 6-ethynyl-6H-

benzo[cd]pyren-6-ol (7) and NH4[PF6] in MeOH (Scheme 4.6). After stirring for two days at 

room temperature, the complex 8 was purified by column chromatography and obtained as 

dark green solid in a yield of 59 %.  

Scheme 4.6: Synthesis of the complex [Ru(η
5
-C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8). 

 

The first indication of a successful allenylidene complex synthesis was given by IR 

spectroscopy. The typical allenylidene vibration band appears at 1941 cm
–1

. The 
1
H NMR 

spectrum exhibits the characteristic singlet signal for the cyclopentadienyl ring at a chemical 
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shift of 5.07 ppm. The protons of the triphenylphosphine ligand appear as multiplets between 

7.39-7.33 (m, 6H, p-PPh3), 7.31-7.25 (m, 12H, m-PPh3) and 7.20-7.15 (m, 12H, o-PPh3). 

Analog to the 
1
H NMR spectrum of 6 and 7, the spectrum for 8 shows the same signals for the 

benzopyrene ligand but slightly shifted. An APT 
13

C NMR spectrum allows to distinguish the 

aromatic carbon atoms. For the allenylidene unit, the carbon atoms appear as a triplet for C–α 

at δ = 286.5 ppm with a coupling constant of 
2
JC,P = 15.7 Hz and as singlets for C–β and C–γ 

at a chemical shift of 207.0 and 143.3 ppm, respectively. The carbon atoms of the 

cyclopentadienyl ligand exhibit a signal at 91.8 ppm, which is characteristic for this ligand. In 

the 
31

P NMR spectrum, two signals occurred, one singlet for the triphenylphosphine at 

δ = 50.3 ppm and one signal for the counter ion, the [PF6]
–
. This signal appears as a quintet, 

like in the case of the phenalene based complex 5, due to the problem that the outer signals of 

the septet are often difficult to observe. The ESI MS measurements show one signal with an 

intensity of 100 % corresponding to the monocationic species without [PF6]
–
 as [M]

+
 at 

m/z = 953.20. Also, the elemental analysis confirms the formation of the complex 8.  

Green coloured crystals suitable for a X-ray structure determination were obtained from 

solutions in CH2Cl2 with n-hexane (Figure 4.10). The benzopyrene-based complex 8 

crystallizes in a monoclinic crystal system in the space group I2/a with one molecule of 

dichloromethane and half a molecule of disordered n-hexane in the asymmetric unit. Since it 

was not possible to resolve the disorder of this n-hexane, SQUEEZE was applied.
[167-168]

 The 

most relevant bond lengths and angles are depicted in Table 4.1.  

 

Table 4.1: Bond lengths and angles of 8. 

Atoms Bond length in Å Atoms Angle in ° 

Ru–C100 1.925(5) Ru–C100–C101 176.21(3) 

Ru–P1 2.3209(8) C100–C101–C102 175.39(4) 

Ru–P2 2.3196(8) P1–Ru–P2 104.95(3) 

C100–C101 1.250(5) P1–Ru–C100 92.44(9) 

C101–C102 1.378(5) P2–Ru–C100 87.68(9) 

  CCp
a
–Ru–C100 122.05(5) 

a 
CCp is the centroid of the cyclopentadienyl ring 
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The geometry of the complex is best described as a piano chair conformation. Due to steric 

hindrance, the benzopyrene ligand interfers with both of the triphenylphosphine ligands. 

Thus, the planar benzopyrene moiety is tilted and arranged longitudinal. The angle ∠Ru–

C100–C101 = 176.21(3) is close to 180° and matches well to ∠Ru–C1–C2 = 175.9(5)°, of the 

first cationic ruthenium allenylidene complexes [Ru(η
5
-C5H5)(=C=C=(Ph2))(PMe3)2]PF6 

reported by SELEGUE in 1982.
[59]

 However, this angle is closer to the ideal 180° compared to 

recently reported complexes bearing heteroscorpionate ligands, such as 

[Ru(bdmpza)Cl(PPh3)(=C=C=(PCO))] or [Ru(bdmpza) Cl(PPh3)(=C=C=(FN))].
[26, 28-29, 75]

 

The angle of the allenylidene chain is quite similar  (∠C100–C101–C102 = 175.39(4)°), 

which results in an almost straight-line of the conjugated ruthenium allenylidene unit Ru–

C100–C101–C102. Another interesting aspect is the difference regarding the bond length of 

the allenylidene unit. The Ru-C100 bond distance of 1.925(5) Å is in good agreement with the 

distance Ru–C of several cumulenylidene ruthenium complexes.
[1, 11, 26, 28-29, 75]

 The C100–

C101 bond length of 1.250(5) Å and the C101–C102 distance of 1.378(5) Å are typical for the 

allenylidene unit. Already Figure 2.8 in chapter 2.3.4 describes the possible resonance 

structures of a ruthenium allenylidene complex. The bond lengths for the allenylidene unit for 

8 exactly reflect these resonance forms and are in good agreement with already published 

allenylidene complexes.
[1, 11, 26, 28-29, 75]

 The “formal” double bond C100–C101 compares well 

with triple bonds in alkynyl complexes (e.g. 1.201(5), 1.203(5) and 1.207(4) Å)
[169]

 and is just 

slightly longer (compare resonance form III in Figure 2.8). The C101–C102 distance is 

significantly longer than d(C100–C101), corresponding to resonance forms I or II. 
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Figure 4.10: Molecular structure of [Ru(η
5
-C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8). Thermal ellipsoids 

are drawn at the 50 % probability level. Hydrogen atoms, one dichloromethane molecule and half a 

molecule of disordered n-hexane have been omitted for clarity. 

 

The packing analysis of complex 8 exhibits the formation of dimeric units in the solid state 

due to π-π stacking interactions (Figure 4.11). The benzopyrene ligands are arranged by a 

face-to-face stacking with an interplanar distance of 3.340 Å as calculated from the 

least-squares plane generated from the carbon atoms of one benzopyrene moiety to the plane 

of its neighbor complex. In the top view of the dimeric structure, it is obvious that the basic 

structures, the pyrenes, are almost congruent to each other.  
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Figure 4.11: π-π Stacking interactions between two molecules of 8 top view (top) and side view 

(bottom). 

 

It was also possible to investigate the aggregation of 8 with pyrene in solution by UV/Vis 

titration experiments. The stoichiometry of the aggregation was determined by recording Job 

plots.
[170]

 The plot shows a maximum at χ = 0.5, which indicates the formation of 1:1 adducts 

in solution (Figure 4.12). This result fits quite well with the revealing stacking in solid state. 

A shoulder at χ = 0.8 might also indicate the presence of 2:1 pyrene:complex adduct species. 
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Figure 4.12: Job plot of the aggregation of 8 with pyrene recorded by UV/Vis titration experiments in 

CH2Cl2. 

 

To back this titration result, the aggregation of 8 with pyrene was also investigated via 

cryospray-ionisation mass spectrometry (CSI MS). The data is in accordance with the 

conclusions drawn from the Job plot measurements and indicate a 2:1 pyrene:complex adduct 

(Figure 4.13). 
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Figure 4.13: CSI MS spectrum of 8 with pyrene (1:2 adduct) with a spray gas temperature of –40 °C 

and a dry gas temperature of –35 °C and the corresponding simulated isotopic pattern. 

 

Similar to the previously characterized complexes 1, 2 and 5, the benzopyrene-based complex 

8 shows a band with two maxima at 733 and 681 nm with very high extinction coefficient of 

45592 and 44334 L mol
–1 

cm
–1

, respectively, in the UV/Vis spectrum, which both result from 

metal-perturbed π-π
*
 transitions (Figure 4.14). The π-conjugated system of the benzopyrene 

ligand has a strong influence on the color intensity and the resulting extinction coefficient. 

The transitions at wavelengths less than 300 nm have been assigned to ligand-centered π-π
*
 

transitions of the triphenylphosphine and the cyclopentadienyl ligand. Otherwise, the intense 

bands at 523, 445 and 357 nm seem to correspond to the benzopyrene moiety. In Figure 4.15, 

the part of the NIR region of 8 in CH2Cl2 measured at a higher concentration, shows one 

broad band at 928 nm with an extinction coefficient of 235 L mol
–1 

cm
–1

, which belongs to a 

MLCT.  
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Figure 4.14: UV/Vis/NIR absorption spectrum of 8 in CH2Cl2 with a concentration of 10
–6

 mol L
–1

. 

 

Figure 4.15: Part of the NIR region of 8 in CH2Cl2 with a concentration of 10
–3

 mol L
–1

. 
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The cyclic voltammogram of 8 is similar to the one of 2.  One oxidation and two reduction 

processes are visible (Figure 4.16). The cyclic voltammogram for complex 8 depicts just one 

irreversible process at a potential of 1.25 V, which could either belong to the metal center or 

describes a ligand-centered oxidation.
[171]

 In the negative part of the cyclic voltammogram, 

two reversible processes at –0.30 V (ipa/ipc = 0.72) and –1.25 V (ipa/ipc = 0.89) correspond to 

the reduction of the organic moiety of the complex, i. e. the allenylidene unit bearing the 

benzopyrene moiety. A better insight in the negative potential part is given by Figure 4.17 and 

4.18, in which the two isolated reduction processes of 8 are presented.  

 

Figure 4.16: Cyclic voltammogram of 8 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as electrolyte 

at a scan rate of 100 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
. 
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Figure 4.17: Isolated redox processes of 8 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of 0 to 

–0.5 V. 

 

Figure 4.18: Isolated redox processes of 8 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of –

1.0 to –1.5 V. 
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4.1.5 Pyrenophenone-Based Ruthenium Allenylidene Complex [Ru(η
5
-

C5H5)(=C=C=(PyrPh))(PPh3)2]PF6 (9) 

  

It is known that in some cases, the C–γ position of an allenylidene complex needs to be 

stabilized, due to a possible rearrangement into vinylvinylidene complexes.
[172]

 This 

rearrangement, or the partial decomposition, can be suppressed by aryl or special alkyl 

substituents at the C–γ position. Furthermore, carbon-rich, polyaromatic substituents with 

stabilization in C–γ position might stabilize these organometallic compounds even better. 

Thus, the already known pyrene-based precursor, pyrenophenone, was chosen as a starting 

material for another allenylidene complex. This compound can be easily synthesized by a 

Friedel-Crafts Acylation of pyrene with benzoyl chloride (Scheme 4.7).
[164, 173]

 It is reported 

that this pyrenophenone ligand can undergo an intramolecular Scholl Reaction creating an 

additional five- or six-membered ring.
[75, 164-165, 174]

  

 

Scheme 4.7: Synthesis of 1-phenyl-1-(pyren-1-yl)prop-2-yn-1-ol
[75]

 and Scholl reaction pathway to 

generate an additional five- or six-membered ring.
[164-165, 174]
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The resulting ketones and the corresponding propargyl alcohols, with extended π-system 

could also be suitable for the synthesis of carbon-rich allenylidene complexes.  

F. STRINITZ, from our group, explored the Scholl reaction in case of the pyrenophenone and 

gained experimental results, which seemed to be different to the results stated in 

literature.
[75, 164-165, 174-177]

 In contrast to literature, the resulting product could be 

unambigiously identified as 11H-indeno[2,1-a]pyren-11-one, whereby, 6,6a-dihydro-11H-

indeno[2,1-a]pyren-11-one was isolated as an intermediate in the reaction pathway 

(Figure 4.19). Whether an arenium cation or a radical pathway is preferred, was studied by 

calculations, which were performed by C. WICK from the working group of PROF. CLARK the 

Computer Chemistry Center, University of Erlangen-Nürnberg. Unfortunately, it was not 

possible to convert the carbonyl function of the five-membered ring into a propargyl alcohol, 

due to several side products and low yields in the end. So, with the upcoming calculation 

results, maybe the procedure could be improved in future to obtain the extended 

five-membered ring ligand system in good yield and with high purity to use it for further new 

carbon-rich ruthenium allenylidene complexes.  

 

Figure 4.19: Isolated intermediate 6,6a-dihydro-11H-indeno[2,1-a]pyren-11-one and the resulting 

product 11H-indeno[2,1-a]pyren-11-one of the Scholl reaction.
[75]

 

 

The corresponding propargyl alcohol of the pyrenophenone ligand was already synthesized by 

F. STRINITZ
[75]

 by a reaction of the pyrenophenone with ethynylmagnesium bromide, so, 

1-phenyl-1-(pyren-1-yl)prop-2-yn-1-ol out of this stock was used without further purification. 

The corresponding allenylidene complex was synthesized by reacting 1-phenyl-1-(pyren-1-

yl)prop-2-yn-1-ol with [RuCl(η
5
-C5H5)(PPh3)2] and NH4[PF6] in MeOH (Scheme 4.8). After 

stirring for two days at room temperature, the complex 9 was purified by column 

chromatography and obtained as dark red solid in a yield of 28 %.  
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Scheme 4.8: Synthesis of complex [Ru(η
5
-C5H5)(=C=C=(PyrPh))(PPh3)2]PF6 (9). 

 

The IR spectrum proofs the presence of the allenylidene unit. The typical allenylidene stretch 

vibration appears as a strong band at 1931 cm
–1

 and the carbon-carbon double bond shows 

bands at 1653 and 1593 cm
–1

. In the 
1
H NMR spectrum, the signals for the aromatic protons 

of the pyrene and the phenyl residue occur as multiplets and triplets in the range of 8.39 to 

7.46 ppm. The protons of the cyclopentadienyl ligand exhibit one singlet at a chemical shift of 

5.06 ppm. The complex [Ru(η
5
-C5H5)(=C=C=(PyrPh))(PPh3)2]PF6 (9) shows the C–α carbon 

atom as a triplet at 302.0 ppm with a coupling constant of 
2
JC,P = 17.5 Hz and a singlet for          

C–β at a chemical shift of 213.1 ppm. Likewise, the signal for C–γ carbon atom arise at 

145.5 ppm in the expected region as a singlet. The cyclopentadienyl carbon atoms give a 

signal in the expected region at δ = 93.9 ppm. Unfortunately, three carbon atoms of the 

pyrene moiety could not be observed. ESI MS experiments allowed the observation of the 

appropriate molecular cation (m/z (%) = 1005.24 (100) [M]
+ 

without [PF6]
–
).  

Dark red colored crystals suitable for X-ray structure determination were obtained from 

solutions in CH2Cl2 with n-hexane. This complex crystallizes in a monoclinic crystal system 

in space group P21/c with one dichloromethane molecule per asymmetric unit (Figure 4.20)). 

Unfortunately, only a preliminary structure refinement was possible, due to weak reflections, 

which result in a poor completeness. Selected bond lengths and angles are depicted in 

Table 4.2.  
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Table 4.2: Selected bond lengths and angles of 9. 

Atoms Bond length in Å Atoms Angle in ° 

Ru–C100 1.905(6) Ru–C100–C101 172.8(5) 

Ru–P2 2.3185(15) C100–C101–C102 177.1(7) 

Ru–P1 2.3204(15) P2–Ru–P1 100.47(6) 

C100–C101 1.249(8) P1–Ru–C100 92.23(18) 

C101–C101 1.353(8) P2–Ru–C100 89.65(18) 

  CCp
a
–Ru–C100 124.05(12) 

a 
CCp is the centroid of the cyclopentadienyl ring 

As might be expected, the allenylidene unit shows the typical bond lengths as already 

discussed above for complex 8. The Ru–C100 double bond has a length of 1.905(6) Å. The 

C100–C101 bond is definitely shorter and has at least a partial triple bond character with a 

length of 1.249(8) Å. The bond distance of C101–C102 is typical for an allene bond with 

1.353(8) Å. The angle of the allenylidene unit ∠Ru–C100–C101 = 172.8(5)° is more bent 

than the one of the benzopyrene-based complex 8. Due to the sterically hindrance of the 

pyrene and the phenyl residue, it turns and tilts up to a face-to-edge orientation to the pyrene. 

The non-planar ligand makes the stacking of the complex in solid state difficult to almost 

impossible. 
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Figure 4.20: Preliminary molecular structure of [Ru(η
5
-C5H5)(=C=C=(PyrPh))(PPh3)2]PF6 (9). 

Thermal ellipsoids are drawn at the 50 % probability level. Hydrogen atoms and one dichloromethane 

molecule have been omitted for clarity. 

 

Figure 4.21 shows that the pyrene ligand tilts in different directions and they are not arranged 

in a face-to-face stacking. The ligands are displaced and are in proximity next to each other. 

Two molecules of 9 are depicted in Figure 4.22 building up a dimer. The face-to-face 

orientation distance of two pyrene units is 12.899 Å. This is an enormous length, so in this 

case, no π-π stacking at all is observed in the solid state structure.  
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Figure 4.21: Arrangement of complex 9. 

                   

Figure 4.22: Two molecules of 9 front view (left) and side view (right). 

 

Although, the π-π stacking is not present in solid state, it was possible to investigate the 

aggregation with pyrene in solution by UV/Vis titration experiments. The stoichiometry of the 

aggregation was determined by recording Job plots.
[170]

 In Figure 4.23, the plot shows a 

maximum at χ = 0.5, which indicates the formation of 1:1 adducts in solution, which fits to 

the dimeric structure in solid state. 
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Figure 4.23: Job plot of the aggregation of 9 with pyrene recorded by UV/Vis titration experiments in 

CH2Cl2. 

 

In the UV/Vis spectrum, the pyrenophenone-based complex 9 shows four maxima with 

extinction coefficients of 25000 up to 40000 L mol
–1 

cm
–1

 (Figure 4.24). The transitions 

below 350 nm can be attributed to ligand-centered π-π
*
 transitions of the triphenylphosphine, 

the cyclopentadienyl and the pyrenophenone ligand. The typical metal-perturbed π-π
*
 

transitions occur at 587 and 479 nm with high extinction coefficients of 27563 and 

32469 L mol
–1 

cm
–1

, respectively. In comparison to further characterized complexes, complex 

1 and 9 have similar absorption intensities. But compared to complex 5 and 8 the extinction 

coefficients are smaller. One reason could be the planarity and the π-conjugated system of 

complex 5 and 8. Also, in the absorption spectrum of 9, another broad band emerged at about 

800 nm. To get a better insight in this broad signal, another spectrum with a concentration of 

10
–3

 mol L
–1

 was measured (Figure 4.25). The spectrum in the NIR region shows a maximum 

at 821 nm with an extinction coefficient of 1058 L mol
–1 

cm
–1

, which belongs to a MLCT.   
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Figure 4.24: UV/Vis/NIR absorption spectrum of 9 in CH2Cl2 with a concentration of 10
–5

 mol L
–1

. 

 

Figure 4.25: Part of the NIR region of 9 in CH2Cl2 with a concentration of 10
–3

 mol L
–1

. 
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To get an insight in the electrochemical properties of the pyrenophenone complex, cyclic 

voltammograms were measured. The cyclic voltammogram, in the range of –2 to 2 V, reveal 

several oxidation and reduction processes (Figure 4.26). One weak irreversible event at about 

0.5 V is visible, which could be ascribed to the Ru
II
/Ru

III
 oxidation, due to previous 

observations for related carbon-rich ruthenium allenylidene complexes reported by our 

group.
[27-29, 75]

 One irreversible process at a potential of 1.42 V describes probably a 

ligand-centered oxidation.
[171]

 In the negative part of the cyclic coltammogram, two processes 

at E1/2 = –0.49 V and –1.42 V correspond to the reduction of the organic moiety of the 

complex, i.e. the allenylidene unit bearing the pyrenophenone moiety. In Figure 4.27, the first 

reduction with ipa/ipc = 0.99 displays a full reversible reduction of the organic moiety.  

 

Figure 4.26: Cyclic voltammogram of 9 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as electrolyte 

at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
. 
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Figure 4.27: Isolated redox process of 9 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as electrolyte 

at a scan rate of 500 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of –0.3 to  –

0.7 V. 

 

4.1.6 Tetracyclone-Based Ruthenium Allenylidene Complex [Ru(η
5
-

C5H5)(=C=C=(Tetracyclone))(PPh3)2]PF6 (12) 

4.1.6.1 Synthesis and Characterization of Tetraphenyl-1-((trimethylsilyl)-

ethynyl)cyclopenta-2,4-dien-1-ol (10) 

 

The basic structure, tetraphenylcyclopentadienone (= Tetracyclone), was synthesized by 

JOHNSON and GRUMMITT in 1943.
[178]

 The group of PROF. JUX of the organic chemistry, 

department of chemistry and pharmacy in Erlangen, synthesized this ligand according to the 

literature.
[178]

  

Based on the ketone, the next step includes the conversion to the corresponding propargyl 

alcohol. Here, a modified procedure of DUNN et al. was used to synthesize 

tetraphenyl-1-((trimethylsilyl)ethynyl)cyclopenta-2,4-dien-1-ol (10).
[179]

 In this case, lithiated 

TMS-acetylide served as the relevant reagent (Scheme 4.9). The addition of excess amount of 

Li[(C≡C-TMS)] to tetraphenylcyclopentadienone leads to the quantitative formation of 
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tetraphenyl-1-((trimethylsilyl)ethynyl)cyclopenta-2,4-dien-1-ol (10) indicated by the 

characteristic singlets of the TMS group at 0.10 ppm and the alcohol proton at 5.02 ppm in 

the 
1
H NMR spectrum. The aryl protons appear in the expected range of 7.42 to 6.82 ppm. In 

the 
13

C NMR spectrum, the two alkyne signals are observed at a chemical shift of 104.7 

(C≡C(TMS)) and 93.1 ppm (C≡C(TMS)), and C–OH appears at 82.5 ppm. The sharp TMS 

signal can be seen in the high field at –0.38 ppm. The product gives a signal in the negative 

mode of the ESI MS measurements at m/z = 481.21 [M – H]
–
 with an intensity of 100 %. 

Furthermore, the typical alkyne stretch vibration (C≡C) gives a band at 2115 cm
–1

 in the IR 

spectrum.  

 

Scheme 4.9: Synthesis of the TMS-substituted propargyl alcohol (10) and the desilylated propargyl 

alcohol (11). 
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4.1.6.2 Synthesis and Characterization of 1-Ethynyl-2,3,4,5-tetraphenylcyclopenta-2,4-

dien-1-ol (11) 

 

Even though, the ligand 1-ethynyl-2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-ol (11) is already 

known to literature,
[180]

 based on the TMS-subsituted propargyl alcohol a different synthetical 

route was applied. To desilylate the alkyne, 2,3,4,5-tetraphenyl-1-

((trimethylsilyl)ethynyl)cyclopenta-2,4-dien-1-ol (10) and an excess of KOH in water were 

dissolved in a mixture of THF/MeOH (Scheme 4.10). The successful formation of 1-ethynyl-

2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-ol (11) was verified in first line by 
1
H NMR 

spectroscopy. The 
1
H NMR spectrum shows the loss of the TMS signal and an additional 

singlet for the alkyne proton at 3.30 ppm. In the 
13

C NMR spectrum, the methyl resonance of 

the TMS group disappeared and the signal of the terminal alkyne carbon atom (C≡CH) was 

shifted upfield to 88.2 ppm in comparison to 10. The ESI MS analysis reveals one signal with 

an intensity of 100 % for the product, less one proton, at m/z = 409.17 [M – H]
–
. 

 

4.1.6.3 Synthesis and Characterization of [Ru(η
5
-C5H5)(=C=C=(Tetracyclone)) 

(PPh3)2]PF6 (12) 

 

The synthesis of the corresponding tetracyclone-derived ruthenium allenylidene complex 12 

was carried out by reacting [RuCl(η
5
-C5H5)(PPh3)2], 1-ethynyl-2,3,4,5-tetraphenylcyclopenta-

2,4-dien-1-ol (11) and NH4[PF6] in MeOH for six days at room temperature (Scheme 4.10). 

The reaction mixture turns deep red and after six days, the IR spectrum shows the complete 

conversion of the alkyne into the allenylidene unit.  
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Scheme 4.10: Synthesis of the complex [Ru(η
5
-C5H5)(=C=C=(Tetracyclone))(PPh3)2]PF6 (12). 

 

The product shows characteristic signals for the allenylidene unit in the 
13

C NMR spectrum at 

a chemical shift of 291.5 (t, 
2
JC,P = 15.7 Hz, C–α), 210.0 (C–β) and 145.3 ppm (C–γ). The 

signal at δ = 94.6 ppm can be assigned to the five carbon atoms of the cyclopentadienyl ring. 

Furthermore, in the 
1
H NMR spectrum, the aromatic region points out the aromatic protons of 

the tetracyclone and the protons of the triphenylphosphine ligand at 7.42 up to 6.82 ppm. The 

singlet of the cyclopentadienyl protons appears at a chemical shift of 5.11 ppm. Just like in 

case of the formerly discussed ruthenium allenylidene complexes, this complex shows two 

signals in the 
31

P NMR spectrum: a singlet at 43.1 ppm for the triphenylphosphine ligand and 

a septet, generally appearing as a quintet, at –144.3 ppm, which corresponds to the counter 

ion [PF6]
–
. The typical allenylidene stretch vibration appears at 1923 cm

–1
 in the IR spectrum. 

The signal with an intensity of 100 % in the ESI MS analysis can be attributed to the positive 

molecular ion of the complex 12 at m/z = 1083.28. Moreover, the elemental analysis gives 

another proof of the purified product 12. 

Another proof for the successful formation of the complex is given by the crystal structure 

analysis. Crystals suitable for X-ray structure determination were obtained from a solution in 

dichloromethane, layered with diethyl ether. Therefore, the asymmetric unit of the 

tetracyclone-based complex 12 contains two molecules of dichloromethane. The complex 

crystallizes in a monoclinic system in space group P21/n. Unfortunately, the collected data 
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reveal a poor completeness, whereby only the preliminary structure refinement with its bond 

lengths and angles can be discussed. 

In Table 4.3, the most important bond lengths and angles are listed. In contrast to the 

complexes 8 and 9, the angle of the allenylidene unit, ∠C100–C101–C102 = 167.3(6)°, is 

more bent. This could be due to the sterically hindered tetracyclone ligand. The phenyl 

residues are, as depicted in Figure 4.28, randomly twisted and take up large parts of the space. 

The angle of the allenylidene unit (∠Ru–C100–C101 = 172.2(5)°) agrees well with the one of 

the other complexes. Also, the bond lengths of the allenylidene unit are in accordance with 

the allenylidene complexes described above with d(Ru–C100) = 1.870(6),                           

d(C100–C101) = 1.269(9) and d(C101–C102) = 1.339(9) Å. The angle of ∠P1–Ru–C100 with 

90.67(17)° is similar to the typical angle of ∠P–Ru–C–α. However, the angle of P2–Ru–

C100 = 97.20(18)° is larger. Due to the non-planarity of the tetracyclone ligand, no π-π 

stacking interactions could be observed in solid state. 

Table 4.3: Selected bond lengths and angles of 12. 

Atoms Bond length in Å Atoms Angle in ° 

Ru–C100 1.870(6) Ru–C100–C101 172.2(5) 

Ru–P1 2.3202(14) C100–C101–C102 167.3(6) 

Ru–P2 2.3537(14) P1–Ru–P2 98.48(5) 

C100–C101 1.269(9) P1–Ru–C100 90.67(17) 

C101–C102 1.339(9) P2–Ru–C100 97.20(18) 

  CCp
a
–Ru–C100 122.5(4) 

a 
CCp is the centroid of the cyclopentadienyl ring 
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Figure 4.28: Preliminary molecular structure of [Ru(η
5
-C5H5)(=C=C=(Tetracyclone))(PPh3)2]PF6 (12). 

Thermal ellipsoids are drawn at the 50 % probability level. Hydrogen atoms and two dichloromethane 

molecules have been omitted for clarity. 

 

The UV/Vis spectrum of complex 12 (Figure 4.29) is similar to the tert-butyl-substituted 

diphenyl based ruthenium allenylidene complex 1. In both cases, the signals below 300 nm 

show high intensities. The complex 12 is intensively red colored, due to the metal-perturbed 

π-π
* 

transition, which is located at 520 nm with an extinction coefficient of                   

24976 L mol
–1

 cm
–1

. In higher concentration, another signal in the NIR region is observed 

(Figure 4.30) at a wavelength of 1039 nm. This typical MLCT for these complexes occurred 

with a low extinction coefficient of 259 L mol
–1

 cm
–1

. 
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Figure 4.29: UV/Vis/NIR absorption spectrum of 12 in CH2Cl2 with a concentration of 10
–5

 mol L
–1

. 

 

Figure 4.30: Part of the NIR region of 12 in CH2Cl2 with a concentration of 10
–3

 mol L
–1

. 
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The cyclic voltammetric data reveal interesting electrochemical properties for complex 12. In 

the full spectrum (Figure 4.31), two reduction events, one oxidation event at about 400 mV 

and one weak oxidation process at higher potential, are visible. An image section shows the 

isolated oxidation process of 12 (Figure 4.32). In this case, a quasi-reversible oxidation 

process is observed, with E1/2 = 370 mV and ipa/ipc = 0.65, which can be attributed to the 

Ru
II
/Ru

III
 oxidation couple. Another weak irreversible oxidation is detected at 1.08 V, which 

probably corresponds to a ligand-centered oxidation.  

 

Figure 4.31: Cyclic voltammogram of 12 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 100 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
. 
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Figure 4.32: Isolated redox process of 12 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 500 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of  –

0.2 to 1.0 V. 

 

The isolated reduction processes are depicted in Figure 4.33 and 4.34. A closer look at the 

isolated reduction processes of 12 reveals two reversible events. The first reversible reduction 

process at E1/2 = –0.54 V (ipa/ipc = 0.95) corresponds to the reduction of the allenylidene unit. 

The second event, at more negative potential at E1/2 = –1.28 V, is also a reversible process, 

which pertains to the organic moiety, i.e. the tetracyclone ligand.  
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Figure 4.33: Isolated redox process of 12 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 500 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of 0 to 

–1.0 V. 

 

Figure 4.34: Isolated redox process of 12 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 500 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of  –

1.9 to –1.6 V. 
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4.1.7 Anthraquinone-Based Ruthenium Allenylidene Complex [Ru(η
5
-

C5H5)(=C=C=(ACO))(PPh3)2]PF6 (13) 

 

Ruthenium allenylidene complexes with large polyaromatic substituents are rarely discussed 

in literature, so far.
[27-29, 75]

 One example is the complex 

trans,trans-[(dppe)2RuCl(C=C=C(BAN)C=C=C)ClRu-(dppe)2](OTf)2 which is based on the 

extended conjugated system [9,9´]bianthracenylidene-10,10´-dione.
[14]

 This ligand precursor 

is build up by the literature known procedure described by ARABEI and PAVICH, by a reaction 

of two anthrone units with the use of pyridine, piperidine, FeSO4 and pyridine-N-oxid.
[181]

 

While the idea of dinuclear ruthenium allenylidene complexes will be discussed later on, at 

first, the ligand precursor, the corresponding allenylidene ligand and the complying complex 

need to be synthesized and characterized. In the beginning of this particular project, it was 

decided to start with an anthraquinone-based allenylidene complex. In the case of two keto 

groups, a substoichometric amount of the acetylide was used to functionalize just one of the 

keto groups, to obtain the monopropargyl alcohol. For the synthesis of the 

anthraquinone-based allenylidene complex, the monopropargyl alcohol 10-ethynyl-10-

hydroxyanthracen-9-one is a promising agent. This compound is already described in 

literature, but the low yield of the synthesis, reported by CHODKIEWICZ et al. is not to be 

disdained.
[182-184]

 Thus, F. STRINITZ, a former group member of the BURZLAFF group, 

developed a new strategy to synthesize the monosubstituted propargyl alcohol in analogy to 

the already known pentacenequinone-based synthesis.
[28-29, 75, 127]

 

Lithium(trimethylsilyl)acetylide was synthesized by addition of a substoichiometric amount 

of n-BuLi to trimethylsilylacetylene in THF. In the next step, the lithium TMS-acetylide was 

added dropwise to an excess amount of anthraquinone. This procedure is indispensable to 

avoid the formation of the bis-adduct 9,10-bis((trimethylsilyl)ethynyl)-9,10-

dihydroanthracene-9,10-diol. After desilylation with KOH in MeOH/THF, the ligand 

10-ethynyl-10-hydroxyanthracen-9-one was obtained. The preparation of the 

anthraquinone-based complex is similar to the former described complexes. The complex 

[Ru(η
5
-C5H5)(=C=C=(ACO))(PPh3)2]PF6 (13) (ACO = anthracenone) was synthesized by 

using [RuCl(η
5
-C5H5)(PPh3)2], 10-ethynyl-10-hydroxyanthracen-9-one and NH4[PF6] in THF 

(Scheme 4.11).  
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Scheme 4.11: Synthesis of the complex [Ru(η
5
-C5H5)(=C=C=(ACO))(PPh3)2]PF6 (13). 

 

After one day, the completion of the reaction was confirmed by monitoring IR spectroscopy 

of the allenylidene stretch vibration. The deep purple product was analyzed by NMR, IR 

spectroscopy, TGA (= thermogravimetric analysis), ESI MS spectrometry and elemental 

analysis. As already mentioned, the IR spectrum shows the typical allenylidene stretch 

vibration at a wavenumber of 1919 cm
–1

 (C=C=C). The 
1
H NMR spectrum exhibits four 

signals at 8.31 (d, 
3
JH,H = 7.8 Hz, 2H, ACO–H), 8.00 (t, 

3
JH,H = 7.8 Hz, 2H, ACO–H), 7.92 (d, 

3
JH,H = 7.6 Hz, 2H, ACO–H), and 7.67 ppm (t, 

3
JH,H = 7.6 Hz, 2H, ACO–H) corresponding to 

the protons of the anthraquinone unit. Furthermore, the triphenylphosphine ligand shows one 

triplet at 7.40 ppm and one multiplet in the range of 7.22-7.12 ppm for p-PPh3 and o-PPh3, 

and m-PPh3, respectively.  The signal for the cyclopentadienyl ligand appears as a singlet at a 

chemical shift of 5.27 ppm. In the 
13

C NMR spectrum, the allenylidene carbon atoms are 

localized at 293.5-293.3 ppm as a multiplet for the C–α and two singlets for C–β and C–γ at 

234.3 and 146.0 ppm, respectively. The keto carbon atom shows a singlet at 181.9 ppm. Due 

to the symmetry, the four aromatic carbon atoms ACO–C exhibit signals at a chemical shift of 

134.5 and 127.4 ppm, which could be clearly identified by measuring an APT 
13

C NMR 

spectrum. The aromatic ACO–CH carbon atoms and the carbon atoms of the 

triphenylphosphine ligands are arranged in the region between 133.5 and 128.0 ppm. In the 

31
P NMR spectrum, two signals occur at 47.1 (s, PPh3) and –144.5 ppm (sept, PF6). ESI MS 

measurements also support the suggested structure due to the signal for the monocationic 

species (m/z (%) = 907.18 (100) [M]
+
). The elemental analysis gives another proof for the 

successful formation. The assignment of the geometry of the complex could be verified by 

crystal structure analysis. Crystals suitable for X-ray structure determination were obtained 

from a solution in dichloromethane, layered with diethyl ether. The unit cell of 13 contains 
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one dichloromethane and one diethyl ether molecule. The complex crystallizes in the 

orthorhombic space group Pnma. The structure of the complex 13 exhibit similar bond 

lengths and angles referring to the allenylidene unit and the anthraquinone moieties compared 

to former characterized complexes (Figure 4.35). All important angles and distances are listed 

in Table 4.5. The angle Ru–C100–C101 = 172.2(4)° for 13 is more bent in comparison to the 

Ru–C100–C101 = 176.2(3)° for 8, which could be the consequence of the short interplanar 

distance of two anthraquinone units, which will be discussed below. However, this angle is 

closer to the ideal 180° compared to the recently reported complex 

[Ru(bdmpza)Cl(PPh3)(=C=C=(PCO))] (∠Ru–C101–C102 = 167.78(17)°).
[28-29, 75]

 The C100–

C101 bond length of 1.251(6) Å and the C101–C102 distance of 1.356(6) Å are typical for the 

allenylidene unit when compared to other published allenylidene complexes.
[1, 11, 28-29, 75]

 

 

Figure 4.35: Molecular structure of [Ru(η
5
-C5H5)(=C=C=(ACO))(PPh3)2]PF6 (13). Thermal ellipsoids 

are drawn at the 50 % probability level. Hydrogen atoms, one dichloromethane and one diethyl 

ether molecule have been omitted for clarity. 

 

The Ru–C100 bond distance of 1.895(4) Å is in good agreement with the Ru–C distances of 

several cumulenylidene complexes.
[1, 11, 28-29, 75]

 The angle of the allenylidene unit,              

∠C100–C101–C102, is 167.4(4)°, which significantly differs from the linear 180°, which 
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could be influenced by the remaining keto function of the anthraquinone moiety. An angle of 

almost 90° occurs at ∠P1–Ru–C100 and ∠P2–Ru–C100 with 90.33(12) and 89.48(12), 

respectively.  

Table 4.5: Bond lengths and angles of 13. 

Atoms Bond length in Å Atoms Angle in ° 

Ru–C100 1.895(4) Ru–C100–C101 172.2(4) 

Ru–P1 2.3343(10) C100–C101–C102 167.4(4) 

Ru–P2 2.3207(10) P1–Ru–P2 103.69(4) 

C100–C101 1.251(6) P1–Ru–C100 90.33(12) 

C101–C102 1.356(6) P2–Ru–C100 89.48(12) 

  CCp
a
–Ru–C100 122.05(4) 

a 
CCp is the centroid of the cyclopentadienyl ring 
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Figure 4.36: π-π Stacking interactions between two molecules of 13 top view (top) and side view 

(bottom). 

 

Similar to the packing analysis of complex 8, the anthraquinone-based complex 13 shows the 

formation of a dimeric structure in the solid state (Figure 4.36). Both molecules are arranged 

by a face-to-face stacking. The interplanar distance between the planes, which is defined by 

the carbon atoms of the anthraquinone ligand, amounts to 3.375 Å, which is larger than the 

interplanar distance of the dimeric benzopyrene-based structure 8. The side view shows a 

slight tilt in the bridging moiety. 

Likewise, to the benzopyrene-based complex 8, the stacking of the anthracene-based complex 

13 can be investigated in liquid state by UV/Vis titration experiments. The Job plot of 13 

shows a maximum at χ = 0.5 at a first glance (Figure 4.37). But at a closer look, the graph 
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points out local maxima at χ = 0.4 and χ = 0.6, which could indicate an equilibrium of 1:2 and 

2:1 pyrene:complex adducts at the concentrations used for the titration experiments, besides 

the 1:1 adducts. 

 

Figure 4.37: Job plot of the aggregation of 13 with pyrene recorded by UV/Vis titration experiments 

in CH2Cl2. 

 

Just as the other ruthenium allenylidene complexes, the anthraquinone-based complex 13 

show strong absorption in the visible region (Figure 4.38). The deep purple colored complex 

exhibit a maximum at 574 nm with an extinction coefficient of 16846 L mol
–1

 cm
–1

, which is 

weaker than in case of the former discussed complexes, apart from the fluorene based 

complex (~10000 L mol
–1

 cm
–1

). This metal-perturbed π-π
* 

transition is typical for those types 

of complexes. Two more maxima were observed at 372 (ε = 12746 L mol
–1

 cm
–1

) and 325 nm 

(ε = 11932 L mol
–1

 cm
–1

). At a concentration of 10
–3

 mol L
–1

, a broad signal, the MLCT, 

occurred with a low extinction coefficient of 261 L mol
–1

 cm
–1

 (Figure 4.39) in the NIR 

region. 
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Figure 4.38: UV/Vis/NIR absorption spectrum of 13 in CH2Cl2 with a concentration of 10
–5

 mol L
–1

. 

 

Figure 4.39: Part of the NIR region of 13 in CH2Cl2 with a concentration of 10
–3

 mol L
–1

. 
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For 13, in the CV data, a reversible process at a potential of 0.595 V (ipa/ipc = 0.99) appears, 

which can be assigned to the oxidation of Ru(II) to Ru(III), analog to already published 

oxidation values for ruthenium allenylidene complexes (Figure 4.40 and 4.41).
[28-29]

 In the 

region of the negative potential, two strong reversible reduction events were detected 

(Figure 4.42 and 4.43). A display window shows the isolated reduction processes between 0.2 

to –0.4 V and –0.4 to –1.0 V (Figure 4.42). Already at –0.08 V, the allenylidene unit can be 

reduced reversibly (ipa/ipc = 0.95). The second reduction event also indicates a reversible 

process due to the relation of the anodic and cathodic peak current (ipa/ipc = 0.85) and 

corresponds to the reduction of the organic moiety, the anthraquinone (Figure 4.43). Thus, the 

complex shows strong electron-acceptor potential, which could be interesting for further 

applications.  

 

Figure 4.40: Cyclic voltammogram of 13 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 100 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
. 
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Figure 4.41: Isolated redox process of 13 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 500 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of 0.2 

to 1.0 V. 

 

Figure 4.42: Isolated redox process of 13 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of 0.2 

to –0.4 V. 
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Figure 4.43: Isolated redox process of 13 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of –

0.4 to –1.0 V. 

 

4.1.8 Phenantrenone-Based Ruthenium Allenylidene Complex [Ru(η
5
-

C5H5)(=C=C=(PhenO))(PPh3)2]PF6 (16) 

4.1.8.1 Synthesis and Characterization of 10-Hydroxy-10-((trimethylsilyl) 

ethynyl)phenanthren-9(10H)-one (14) 

 

In analogy to the anthraquinone-based syntheses of the monopropargyl alcohol, the addition 

of TMS-acetylene, followed by the desilylation, allows the high yield synthesis of the 

monosubstituted propargyl alcohol 10-hydroxy-10-((trimethylsilyl)ethynyl)phenanthren-

9(10H)-one (14)  (Scheme 4.12). In the first step of the syntheses of the monosubstituted 

propargyl alcohol, a substoichiometric amount on n-BuLi is added to TMS-acetylene in THF. 

The next step includes the addition of the lithium TMS-acetylide to an excess amount of 

phenanthrene-9,10-dione. The excess amount of the ketone is indispensable, to avoid the 

formation of the possible bis-adduct 9,10-diethynyl-9,10-dihydrophenanthrene-9,10-diol. The 

aqueous work-up and the subsequent purification via column chromatography on silica with 
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CH2Cl2 as eluent yielded the corresponding TMS-substituted 10-hydroxy-10-

((trimethylsilyl)ethynyl)phenanthren-9(10H)-one (14). The 
1
H NMR spectrum shows three 

aromatic signals in the range of 7.91 to 7.41 ppm. Two doublets at a chemical shift of 

7.91 ppm and 7.80 ppm with coupling constants of 
3
JH,H = 6.0 Hz and 

3
JH,H = 9.0 Hz, 

respectively, and a multiplet at 7.51-7.41 ppm correspond to four aromatic protons. 

Furthermore, two singlets for the alcohol and the TMS group are observed at a chemical shift 

of 4.56 ppm and 0.08 ppm, respectively. The signal at 182.4 ppm in the 
13

C NMR spectrum 

proves the formation of the monosubstituted ketone. The spectrum also shows three 

characteristic signals corresponding to the acetylene (108.3 and 84.1 ppm), the alcohol C–OH 

(95.3 ppm) and the TMS group (–0.38 ppm). Further evidences for the formation of 14 are 

reflected in mass spectrometry measurements, infrared spectroscopy and elemental analysis.  

 

Scheme 4.12: Synthesis of the TMS-substituted alcohol 14 and the following desilylation to the 

corresponding monosubstituted propargyl alcohol 15. 

 



RESULTS AND DISCUSSION 

95 

 

4.1.8.2 Synthesis and Characterization of 10-Ethynyl-10-hydroxyphenanthren-9(10H)-

one (15) 

 

The desilylation was achieved by adding KOH to a suspension of 14 in THF/MeOH (1:1, v/v) 

(Scheme 4.13). The removal of the TMS group leads to a minor change in the coupling 

pattern of the aryl protons. However, in the 
1
H NMR spectrum, an additional singlet at a 

chemical shift of 3.48 ppm appears which corresponds to the alkyne proton. In the 
13

C NMR 

spectrum, the terminal alkyne carbon atom appears at 75.6 ppm and the signal for the alcohol 

C–OH is shifted upfield. In addition, characteristic for the formation of the alkyne is the 

stretching vibration (C≡C) at a wavenumber of 2145 cm
–1

. Now, this ligand can be used as 

starting material for the synthesis of allenylidene complexes.  

 

4.1.8.3 Synthesis and Characterization of [Ru(η
5
-C5H5)(=C=C=(PhenO)) 

(PPh3)2]PF6 (16) 

 

The synthesis of the mononuclear ruthenium allenylidene complex with 10-ethynyl-10-

hydroxyphenanthren-9(10H)-one (15) also followed the procedure of SELEGUE.
[59]

 The 

precursor [RuCl(η
5
-C5H5)(PPh3)2] was reacted with 10-ethynyl-10-hydroxyphenanthren-

9(10H)-one and NH4[PF6] for three days at room temperature. The product was purified by 

column chromatography, but, the dark red product was obtained just in yield of 16 %. 

 

  

Scheme 4.13: Synthesis of the complex [Ru(η
5
-C5H5)(=C=C=(PhenO))(PPh3)2]PF6 (16) 

(PhenO = phenantrenone). 
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The IR spectrum shows the typical allenylidene stretch vibration at 𝜈 = 1930 cm
–1

 (C=C=C). 

The 
1
H NMR spectrum exhibits two multiplets, each integrated to four protons of the 

phenantrenone moiety in the range of 7.88-7.41 ppm. The triphenylphosphine ligands are 

localized in the aromatic region and exhibit two multiplets at δ = 7.35-7.32 (m, 6H, p-PPh3) 

and 7.17-7.07 (m, 24H, o-PPh3, m-PPh3). The cyclopentadienyl ligand shows one singlet at a 

chemical shift of 5.14 ppm. The allenylidene unit shows three typical signals in the 
13

C NMR 

spectrum. The C–α carbon atom points out a multiplet at 280.3-280.1 ppm, whereas, the 

spectrum shows one singlet for C–β and C–γ at 210.8 and 148.2 ppm, respectively. The 

carbon atom of the carbonyl function is localized at 172.3 ppm. More upfield, the 

triphenylphosphine ligands exhibit four signals: 134.2 (d, 
1
JC,P = 49.0 Hz, i-PPh3), 133.6 (t, 

2
JC,P = 10.5 Hz, o-PPh3), 131.0 (p-PPh3) and 129.0 (t, 

2
JCP = 10.5 Hz, m-PPh3), which are 

typical for this ligand. In between, the carbon atoms of the phenantrenone ligand (PhenO-C) 

show four signals at 133.0, 132.5, 130.6 and 129.4 ppm. The CH carbon atoms show eight 

signals ranging from 127.9 to 120.0 ppm, due to the spectroscopically non-equivalent carbon 

atoms of the complex 16. The triphenylphosphine ligand presents one singlet in the 
31

P NMR 

spectrum. Furthermore, the counter ion [PF6]
–
 shows a quintet at –144.5 ppm, which normally 

appears as a septet. Nevertheless, the outer signals are not visible. The complex 16 could also 

be verified by ESI MS measurements. In this case, a 100 % signal for the monocationic 

species [M]
+
 appears at m/z = 907.18. The elemental analysis supports the formation of the 

phenantrenone-based complex 16.  

The UV/Vis spectrum, recorded in CH2Cl2, is depicted in Figure 4.44. The strong absorption 

band below 400 nm can be assigned to ligand-centered π-π* transitions. These transitions are 

initiated by the triphenylphosphine and the cyclopentadienyl ligand. The typical 

metal-perturbed π-π* transition of this complex shows a band at 553 nm with an extinction 

coefficient of 36834 L mol
–1

 cm
–1

, which fits quite well to further described allenylidene 

complexes.  
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Figure 4.44: UV/Vis/NIR absorption spectrum of 16 in CH2Cl2 with a concentration of 10
–5

 mol L
–1

. 

 

In Figure 4.45, the cyclic voltammogram of complex 16 shows some weak processes in the 

oxidative and negative potential area. In the full spectrum, two weak irreversible oxidation 

events appear at about 0.7 V, which could be associated to the Ru
II
/Ru

III 
oxidation.  The 

negative part shows three weak irreversible reduction processes. To get a better insight into 

the electrochemical property of complex 16, the oxidation and the reduction parts were 

measured as isolated processes (Figure 4.46).  
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Figure 4.45: Cyclic voltammogram of 16 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 500 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of   –

1.5 to 1.5 V. 

 

The negative part of the cyclic voltammogram exhibits three reduction processes, which can 

be attributed to the reduction of the allenylidene unit and the phenantrenone ligand 

(Figure 4.46). It was not possible to isolate each of the events to improve and check the 

reversibility of the electron transfer. 
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Figure 4.46: Isolated reduction processes of 16 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 500 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of             

0 to –1.0 V. 

 

4.1.9 Pentacenequinone-Based Ruthenium Allenylidene Complex [Ru(η
5
-

C5H5)(=C=C=(PCO))(PPh3)2]PF6 (17) 

 

Due to the interesting behavior of the anthraquinone-based complex, further acene-based 

complexes appear as promising synthetic targets. Over the last decades, functionalized acenes 

have been explored widely and come strongly to the fore.
[120-121, 123-125, 185-186]

  

The ruthenium allenylidene complex was synthesized using the similar approach as for the 

previously described complexes (Scheme 4.14). The ligand precursor 13-ethynyl-13-

hydroxypentacen-6-one was synthesized by A. R. WATERLOO from the group of 

PROF. R. R. TYKWINSKI, organic chemistry section of the Friedrich-Alexander University of 

Erlangen-Nürnberg.
[29]

 The precursor was reacted with the pentacene-based ligand precursor 

and NH4[PF6] for two days. After purification, the dark blue complex 17 was obtained. The 

completion of the product was monitored via IR spectroscopy. 
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Scheme 4.14: Synthesis of the complex [Ru(η
5
-C5H5)(=C=C=(PCO))(PPh3)2]PF6 (17) 

(PCO = pentacenone). 

 

For the allenylidene unit, a typical stretch vibration at 1929 cm
–1

 (C=C=C) occurred. 

Furthermore, the 
1
H NMR spectrum shows the signals for the pentacenequinone moiety in the 

range of 8.96 to 7.70 ppm as two singlets (8.96 ppm (s, 2H, PCO–H), 8.59 ppm (s, 2H,   

PCO–H)), one doublet (8.17 ppm (d, 
3
JH,H = 8.1 Hz, 2H, PCO–H)), one multiplet 

(7.90-7.83 ppm (m, 4H, PCO–H) and one triplet (7.70 ppm (t, 
3
JH,H = 9.0 Hz, 2H, PCO–H)). 

The allocation of the signals could be compared with the already known 

[RuCl(bdmpza)(PCO)(PPh3)] and agrees well.
[29]

 As well, the 
13

C NMR spectrum shows the 

appropriate signals. The allenylidene carbon atoms are localized as a triplet at 281.2 ppm   

(C–α) with a coupling constant of 
2
JC,P = 15.7 Hz, and as two singlets at 208.8 and 144.8 ppm 

for C–β and C–γ, respectively. The classification of the aromatic carbon atoms could be 

achieved by measuring an APT 
13

C NMR spectrum. Likewise, in the 
31

P NMR spectrum, the 

signal for the triphenylphosphine ligand is localized at a chemical shift of 46.9 ppm as a 

singlet. The counter ion [PF6]
–
 shows up as a quintet at –144.5 ppm instead of the expected 

septet. Furthermore, the ESI MS measurement and the elemental analysis confirm the 

resulting complex 17.  

Crystals suitable for X-ray structure determination of 17 were obtained by slow diffusion of 

diethyl ether into a solution of 17 in acetone. The unit cell of 17 contains one acetone and one 

molecule diethyl ether. The pentacenequinone based complex also exhibits a pianochair 

confirmation and crystallizes in the triclinic space group P–1 (Figure 4.47). The angle 

between ∠Ru–C100–C101 = 168.7° of complex 17 is more bent in comparison to                                       
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∠Ru–C100–C101= 172.2°(4) for 13 and 176.2°(3) for 8, which could be the consequence of 

the strong staircase π-π stacking. The ruthenium allenylidene unit of 17 shows almost the 

same bond lengths as the already characterized complexes 13 and 8 with Ru–

C100 = 1.907(6),                         C100–C101 = 1.2568(6) and C101–C102 = 1.360(8) Å 

(Table 4.6). It is remarkable that the Ru–C100–C101–C102 chain is more bent in comparison 

to complexes with smaller polyaromatic moieties. This could be caused by crystal packing 

effects.  

 

Figure 4.47: Molecular structure of [Ru(η
5
-C5H5)(=C=C=(PCO))(PPh3)2]PF6 (17). Thermal ellipsoids 

are drawn at the 50 % probability level. Hydrogen atoms, one acetone and one diethyl ether molecule 

have been omitted for clarity. 
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Table 4.6: Selected bond lengths and angles of comples 17. 

Atoms Bond length in Å Atoms Angle in ° 

Ru–C100 1.907(6) Ru–C100–C101 168.7(5) 

Ru–P1 2.3450(15) C100–C101–C102 169.7(6) 

Ru–P2 2.3342(14) P1–Ru–P2 96.79(5) 

C100–C101 1.256(8) P1–Ru–C100 96.02(16) 

C101–C102 1.360(8) P2–Ru–C100 91.92(16) 

  CCp
a
–Ru–C100 122.15(5) 

a 
CCp is the centroid of the cyclopentadienyl ring 

The strong π-π stacking interactions in the solid state cause the formation of a staircase 

arrangement with short interplanar distances of 3.39 and 3.37 Å (Figure 4.48 and 4.49). The 

pentacenequinone units are arranged by this face-to-face π-π stacking, which typically comes 

along with some displacement along the molecular axis, to form this staircase packing. Thus, 

one of the common packing motifs adopted by semiconducting π-molecules is reflected in this 

crystal structure. It is observed that in each case always two pentacenequinone units are 

ordered by exact face-to-face π-stacking, whereas, the other pairs form this staircase 

arrangement. As a result, complex 17 could represent a good design for n-type 

semiconductors in thin-film transistors. 
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Figure 4.48: π-π Stacking interactions between 20 molecules of 17 front view (left) and side view 

(right). 

  

Figure 4.49: π-π Stacking interactions between two molecules of 17 front view (left) and side view 

(right). 

 

In comparison to the benzopyrene-based complex 8 and the anthraquinone-based complex 13, 

the distance between two pentacenequinone units is a bit longer but, nevertheless, this is still 

shorter than in the solid-state structure of pentacenequinone (ca. 3.4 Å).
[187-188]

  

To elucidate the binding situation in [Ru(η
5
-C5H5)(=C=C=(PCO))(PPh3)2]PF6 (17) further, 

DFT calculations were performed by E. HÜBNER starting from the X-ray structure 

determination data. The experimental distances and the theoretical ones are in relatively good 
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agreement (Table 4.7). Whereas, the experimentally determined angles of the ruthenium 

allenylidene unit are about five degrees smaller than the theoretical values. This could be due 

to the strong packing motif of the pentacenequinone unit, which can be best seen in the result 

of crystal structure determination.  

Table 4.7: Selected distances and angles for complex 17 according to the X-ray crystal structure 

determination and theoretical calculations (LACVP*/B3LYP). 

Atoms Experimental Theoretical 

                                                         Distances in Å 

Ru-C100 1.907 (6) 1.918 

C100-C101 1.256 (8) 1.260 

C101-C102 1.360(8) 1.368 

                                                                                  Angles in ° 

Ru-C100-C101 168.7(5) 173.64 

C100-C101-C102 169.7(6) 174.90 

 

Due to the strong packing motif in the solid state, it is interesting to investigate this motif in 

liquid state, too. Thus, UV/Vis titration experiments by recording Job plots were measured. 

The pentacenequinone complex 17 shows, similar to the anthraquinone complex 13, a 

maximum at χ = 0.5 (Figure 4.50). However, the plot also points out two local maxima at 

χ = 0.4 and χ = 0.6, which indicate an equilibrium of 1:2 and 2:1 pyrene:complex adducts, 

beside the 1:1 adducts.  
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Figure 4.50: Job plot of the aggregation of 17 with pyrene recorded by UV/Vis titration experiments 

in CH2Cl2. 

 

Similar to the benzopyrene-based complex, the titration results of 17 were also investigated 

by measuring a solution with pyrene via CSI MS. As depicted in Figure 4.51, this study 

indicates a 1:1 pyrene:complex adduct. 
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Figure 4.51: CSI MS of 17 with pyrene (1:1 adduct) with a spray gas temperature of –40 °C and a dry 

gas temperature of –35 °C above and the corresponding simulated isotopic pattern below. 

 

The UV/Vis spectrum in Figure 4.52 shows the typical absorption for ruthenium allenylidene 

complexes. For the colorful pentacenequinone-based complex 17, two maxima at 619 

(ε = 20759 L mol
–1

 cm
–1

) and 506 nm (ε = 15225 L mol
–1

 cm
–1

) can be assigned to 

metal-perturbed π-π* transitions. The absorptions below 450 nm, for example at 402 nm, with 

relative high extinction coefficients correspond to ligand-centered π-π* transitions. Similar to 

some of the complexes discussed above, an additional broad transition at 940 nm, with a low 

extinction coefficient of ε = 262 L mol
–1

 cm
–1

, can be attributed to MLCT transitions 

(Figure 4.53).  
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Figure 4.52: UV/Vis/NIR absorption spectrum of 17 in CH2Cl2 with a concentration of 10
–5

 mol L
–1

. 

 

Figure 4.53: Part of the NIR region of 17 in CH2Cl2 with a concentration of 10
–3

 mol L
–1

; signal 

caused by CH2Cl2 is indicated by *. 
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To further understand the UV/Vis data, DFT calculations for the pentacenequinone-based 

complex 17 were performed by E. HÜBNER. The observed absorptions in the visible region are 

in good agreement to the calculated absorptions (Table 4.8). One calculated absorption at 

786 nm, the HOMO–1  LUMO transition with low transition dipole moment of 0.89 debye, 

seems to correspond to forbidden MLCT transitions. However, in this region no absorption 

could be observed, but at lower wavelength at 940 nm one broad band appears, which, due to 

the low ε, could be considered as this forbidden MLCT transition.  

Table 4.8: Observed and calculated values for complex 17. 

Observed values Calculated values 

Wavelength 

in nm 

Extinction coefficient 

in L mol
–1

 cm
–1

 

Wavelength 

in nm 

Transition dipole 

moment in debye 

Transition 

506 5225 533 6.50 HOMO  

LUMO 

619 20759 640 0.9 HOMO–2  

LUMO 

- - 786 0.89 HOMO–1  

LUMO 

940 262 - - - 

 

In Figure 4.54, the orbital diagrams of 17 are depicted. The LUMO and HOMO are mainly 

localized at the ruthenium center and on the allenylidene unit. The calculated geometries 

emphasize that the LUMO is also delocalized over the middle of the pentacenequinone 

moiety, whereas the HOMO is delocalized on just one site of the pentacenequinone moiety. 

HOMO–1 and HOMO–2 are mainly localized at the ruthenium center as well as C–α and C–

β. Moreover, the electron density extends towards the cyclopentadienyl ligand and to the 

phosphor atom of the triphenylphosphine ligands.  
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LUMO HOMO 

  

HOMO–1 HOMO–2 

  

 

Figure 4.54: Orbital diagrams of the LUMO (–5.4 eV), HOMO (–7.9 eV), HOMO–1 (–8.0 eV), 

HOMO–2 (–8.2 eV) of complex 17. 
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4.1.10 Pyrenodiphenone-Based Ruthenium Allenylidene Complex [Ru(η
5
-

C5H5)(=C=C=(PyrPh2O))(PPh3)2]PF6 (18) 

 

Pyrene and pyrene like moieties have already been experienced as good substituents for 

ruthenium allenylidene complexes. F. STRINITZ showed in his work that the pyrene moiety in 

ruthenium allenylidene complexes might be possible linking groups for SWCNTs. In his first 

experiments, the pyrene was functionalized with one benzoyl chloride to obtain the 

monosubstituted benzoyl pyrene. This ligand precursor was used to obtain the corresponding 

monoruthenium allenylidene complex 9, which was already discussed above. Due to the 

interesting absorption and electrochemical properties of this complex, the next idea was to 

functionalize the pyrene twice with two equivalents of benzoyl chloride, to generate another 

pyrene-based compound, which could also be a precursor for dinuclear ruthenium 

allenylidene complexes. This reaction is based on a typical Friedel Crafts acylation with 

aluminium(III) chloride. Results based on former experiments in the group of BURZLAFF, 

show the generation of a symmetrical product. Overall, the formation of three different 

symmetrical products of dibenzoyl pyrene is conceivable, but, finally, the exact structure was 

confirmed by a single crystal X-ray structure determination (Figure 4.55). 

 

Figure 4.55: Single crystal structure of pyrene-1,8-diylbis(phenylmethanone) in side view (left) and 

front view (right). Thermal ellipsoids are drawn at 50 % probability level. Hydrogen atoms have been 

omitted for clarity.
[25]

 

 

To obtain the mononuclear ruthenium allenylidene complex derived from this precursor, at 

first, the ligand pyrene-1,8-diylbis(phenylmethanone) was treated with a stoichiometric 

amount of ethynylmagnesium bromide to gain the corresponding monofunctionalized 

propargyl alcohol. This synthesis was performed by the master student F. HOFMANN. The 
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ligand (8-(1-hydroxy-1-phenylprop-2-yn-1-yl)pyren-1-yl)(phenyl)methanone was obtained 

and used for the synthesis without further purification.  

 

Scheme 4.15: Synthesis of the complex [Ru(η
5
-C5H5)(=C=C=(PyrPh2O))(PPh3)2]PF6 (18) 

(PyrPh2O = pyrenodiphenylmethanone). 

 

The complex 18 was synthesized by dissolving the precursor [RuCl(η
5
-C5H5)(PPh3)2] with 

(8-(1-hydroxy-1-phenylprop-2-yn-1-yl)pyren-1-yl)(phenyl)methanone and NH4[PF6] in 

MeOH for four days at room temperature (Scheme 4.15). After purification with column 

chromatography, the dark red product was obtained in a yield of 55 %. The dark red color of 

the solution was the first remarkable feature of this complex. After four days, the IR control 

reveals the completion of the reaction by showing only one ν(C=C=C) signal at 1929 cm
–1

 in 

the relevant range. The carboxylate group shows a strong band at 1703 cm
–1

. Furthermore, the 

elemental analysis proves the successful formation of the mononuclear complex. In the 

1
H NMR spectrum, five multiplets were obtained, which can be divided in 7.76-7.71 (m, 4H, 

H–PyrPh2O), 7.63-7.59 (m, 4H, H–PyrPh2O), 7.48-7.46 (m, 2H, H–PyrPh2O), 7.22-7.07 (m, 

8H,
 
H–PyrPh2O) and the multiplet of the triphenylphosphine ligand at a chemical shift of 

6.97-6.84 ppm (m, 30H, o-PPh3, m-PPh3, p-PPh3). The protons of the cyclopentadienyl ligand 

give a singlet at 5.05 ppm. An APT 
13

C NMR spectrum allows more reliable conclusions 
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about the allocation of most of the carbon atoms. The typical allenylidene unit exhibits one 

triplet at 301.2 ppm with a coupling constant of 17.7 Hz for C–α, and two singlets for C–β 

and C–γ at 207.8 and 145.8 ppm, respectively. The carbon atom of the carboxylate appears at 

181.8 ppm (CO). The signals at 143.3, 142.3, 139.3 and 135.5 ppm can be assigned to 

aromatic CH carbon atoms, but four carbon atoms of the pyrene moiety could not be detected. 

The triphenylphosphine ligand shows signals at 135.1 ppm (d, 
1
JCP = 49.8 Hz, i-PPh3), 

132.0 ppm (t, 
2
JC,P = 9.8 Hz, o-PPh3), at 127.7 ppm (p-PPh3) and at 126.7 ppm (t, 

2
JC,P = 9.8 Hz, m-PPh3). Likewise, the carbon atoms of the phenyl substituent could be 

assigned to signals in the range of 133.0 to 127.8 ppm. The 
31

P NMR spectrum shows the 

typical triphenylphosphine signal for the complex at 45.9 ppm and the signal in the negative 

part at –144.5 ppm for the counter ion [PF6]
–
. The complex could also be verified by ESI MS 

measurements, which exhibit the monocationic complex at m/z = 1109.26.  

 

Figure 4.56: UV/Vis/NIR absorption spectrum of 18 in CH2Cl2 with a concentration of 10
–5

 mol L
–1

. 

 

The UV/Vis spectrum attests the high absorption (Figure 4.56). In contrast to former 

characterized complexes, 18 shows the distinctive absorption and so, the highest extinction 

coefficients. The strong maxima in the visible region at 580 and 479 nm with extinction 

coefficients of ε = 32765 and 42386 L mol
–1

 cm
–1

 can be assigned to metal-perturbed π-π* 
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transitions. This spectrum can best be compared to the spectrum of the pyrenophenone-based 

complex 9. Particularly striking are the localized maxima in the visible region, which are both 

localized in the same region (18: 580 and 479 nm; 9: 587 and 479 nm). However, the 

extinction coefficient of the metal-perturbed transitions of 18 are higher than the one of 9. The 

absorptions at smaller wavelengths can be attributed to ligand-centered π-π* transitions. 

Characteristic for these transitions are their high extinction coefficients. Also in the NIR 

region, a broad signal at 841 nm with a low extinction coefficient of 325 L mol
–1

 cm
–1

 can be 

detected, which could be caused by the MLCT transition (Figure 4.57).  

 

Figure 4.57: Part of the NIR region of 18 in CH2Cl2 with a concentration of 10
–3

 mol L
–1

. 
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4.2 Dinuclear Cyclopentadienyl Ruthenium Bisallenylidene Complexes 

 

Parts of this chapter have been published: 

S. Spörler, L. Müller, A. R. Waterloo, R. R. Tykwinski, N. Burzlaff, J. Organomet. Chem. 

2016, 821, 122-129. 

 

 

Most recently, the development of metallic bisallenylidene complexes has been directed 

towards potential application in molecular scale electronic devices.
[12]

 Moreover, such 

dinuclear bisallenylidene complexes could be promising for catalytic reactions or as building 

blocks in modern synthesis. Inspired by known examples of dinuclear bisallenylidene 

complexes, the search for new and larger π-conjugated bridges between the two allenylidene 

units seemed to be attractive to us. Thus, in this chapter four new cyclopentadienyl dinuclear 

bisallenylidene complexes [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(Ar)(=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2 with various polyaromatic spacers (=Ar) between the allenylidene units have 

been synthesized. In the chapter of mononuclear ruthenium allenylidene complexes, ligands 

with two prospective functional groups have already been used. However, in the case of 

dinuclear ruthenium allenylidene complexes, both keto groups have to be functionalized 

further. The syntheses of bispropargyl alcohols take place in a simple way by, on the one 

hand, using an excess of TMS-acetylene and n-BuLi or, on the other hand, using an excess of 

ethynylmagnesium bromide. Some ligand precursors, which were used for mononuclear 

complexes (see above), could be used for dinuclear ruthenium bisallenylidene complexes, too. 

The diketone ligands, which were tried to use as precursors are: 9,10-diethynyl-9,10-

dihydrophenanthrene-9,10-diol (19), 1,1'-(pyrene-1,8-diyl)bis(1-phenylprop-2-yn-1-ol) (20), 

9,10-diethynyl-9,10-dihydroanthracene-9,10-diol (21), 6,13-diethynyl-6,13-dihydropentacene 

-6,13-diol (24), 10,10'-diethynyl-10H,10'H-[9,9'-bianthracenylidene]-10,10'-diol (26) and 

6,12-diethynyl-6,12-dihydroindeno[1,2-b]fluorene-6,12-diol (28). In case of the ligand 

precursors phenanthrene-9,10-dione (19) and pyrene-1,8-diylbis(phenylmethanone) (20), both 

of the keto functions point in one direction, so, these structural isomers are unfavorable for 

dinuclear ruthenium allenylidene complexes. Although, it was possible to functionalize both 

keto groups with ethynylmagnesium bromide, the synthesis of the corresponding dinuclear 

complex was not successful, most likely due to sterically hindrance (Scheme 4.16). However, 

four dinuclear complexes could be synthesized, whereby one of them exhibit interesting 

behavior.  
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Scheme 4.16: Attempted synthesis of dinuclear ruthenium allenylidene complexes based on 9,10-

diethynyl-9,10-dihydrophenanthrene-9,10-diol (19), 1,1'-(pyrene-1,8-diyl)bis(1-phenylprop-2-yn-1-ol) 

(20). 

 

4.2.1 Antracene-Based Dinuclear Bisallenylidene Complex [Ru(η
5
-

C5H5)(PPh3)2(=C=C=)(AC)(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2 (22) 

 

Already, the mononuclear ruthenium allenylidene complex based on anthraquinone showed 

interesting properties in solid state and in solution. So, the dinuclear complex with an 

anthracene unit as spacer could exhibit attractive electrochemical behavior due to the possible 

communication between the two metal centers. At first, the required ligand 9,10-diethynyl-

9,10-dihydroanthracene-9,10-diol (21) has to be synthesized. 21 was prepared in good yield 

according to the literature procedure reported by TAYLOR and SWAGER by reacting 

anthraquinone with an excess of lithium(trimethylsilyl)acetylide.
[189]

 The next step comprises 
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the reaction of two equivalents of the ruthenium precursor [RuCl(η
5
-C5H5)(PPh3)2], 

9,10-diethynyl-9,10-dihydroanthracene-9,10-diol (21) (1 eq) and again two equivalents of 

NH4[PF6] in MeOH for four days (Scheme 4.17). The work-up procedure consists of the 

removal of the solvent, and then purification via column chromatography under nitrogen 

atmosphere (silica; CH2Cl2/MeOH, v:v 1:1). The workup procedure under inert atmosphere 

was indispensible, because it turned out that these dinuclear bisallenylidene complexes are not 

air-stable in solution.  The reaction could be controlled via IR spectroscopy. The signal 

at 1981 cm
–1

 corresponds to the stretch vibration of the allenylidene unit ν(C=C=C). In case 

of only one signal in the range of 2300 to 1900 cm
–1

, the reaction is completed. During the 

reactions, no side products or intermediates such as mononuclear allenylidene or 

hydroxyvinylidene complexes were detected. Two types of products were obtained, which 

clearly differ in their colors. 

Scheme 4.17: Synthesis of the complex [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(AC)(=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2  (22) (AC = anthracene). 

 

In the 
13

C NMR spectrum of 22, the allenylidene unit presents three characteristic signals due 

to the equivalence of the two allenylidene units, corresponding to carbon atoms C–α, C–β, 

and C–γ for 22: 279.4 (t, 
2
JC,P = 17.5 Hz), 209.0 (s), 146.0 (s) ppm. The signals for C–α 

appear as a triplet, caused by a 
2
JC,P coupling with the two phosphorous atoms of the 
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triphenylphosphine ligands, which agrees well with that reported by TAMM and coworkers.
[28]

 

However, no 
3
JC,P coupling to C–β is observed. The cyclopentadienyl groups show one strong 

signal in the 
1
H NMR spectrum at a chemical shift of 4.72 ppm with an integration of ten, and 

in the 
13

C NMR spectrum at 83.3 ppm. The 
1
H and 

13
C NMR signals of the anthracene ligand 

are detected in the typical aromatic region and confirm the bridging polyaromatic moiety. In 

the 
31

P NMR spectrum, beside the septet signal of the [PF6]
–
 counter ion, which appears as a 

quintet, only one singlet is observed at 30.6 ppm, which belongs to the triphenylphosphine 

ligands. Moreover, the elemental analysis provides additional proof for the successful 

synthesis of the complex. In addition, the formation of the dinuclear complex 22 was 

observed in the ESI MS spectrum (positive mode) as indicated by a doubly charged molecular 

ion peak [M]
2+ 

at m/z 803.16 with an intensity of 100 % which is assigned to the dication 

[Ru(η
5
-C5H5)(PPh3)2(=C=C=)(AC)(=C=C=)(PPh3)2(η

5
-C5H5)Ru]

2+
. Finally, crystals of 

complex 22 suitable for X-ray structure determination were obtained from solutions in 

CH2Cl2 layered with diethyl ether (Figure 4.58). Selected bond lengths and angles for the 

X-ray structure determination of complex 22 are listed in Table 4.9. The complex 22 

crystallizes in space group P–1 with two [PF6]
‒
 as counter anions and three CH2Cl2 solvent 

molecules.  
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Figure 4.58: Molecular structure of [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(AC)(=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2 (22). Thermal ellipsoids are drawn at the 50 % probability level. Hydrogen atoms, and 

three dichloromethane molecules have been omitted for clarity. 

 

Regarding the molecular structure of 22, it is remarkable that there is a torsion angle between 

the two ruthenium moieties of 180°. Furthermore, the allenylidene unit appears slightly bent 

towards the respective cyclopentadienyl ligand. The angle Ru–C100–C101 = 173.7(3)° is 

less bent in comparison to mononuclear allenylidene complexes.
[26, 28-29, 75]

 This most likely 

reflects the lack of π-π stacking effects. The representative allenylidene bond distances of 

d(Ru–C100) = 1.906(3) Å, d(C100–C101) = 1.235(5) Å and d(C101–C102) = 1.372(5) Å 

show substantial bond length alternation, which is in good agreement with those distances of 

other published ruthenium allenylidene complexes.
[26, 28-29, 75]

 Thus, the short d(C100–C101) 

bond length represents a significant contribution of the resonance structure with a C≡C triple 

bond for these allenylidene moieties.  
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Table 4.9: Bond lengths and angles of 22. 

Atoms Bond length in Å Atoms Angle in ° 

Ru–C100 1.906(3) Ru–C100–C101 173.7(3) 

Ru–P1 2.3544(9) C100–C101–C102 173.1(4) 

Ru–P2 2.3300(9) P1–Ru–P2 102.90(3) 

C100–C101 1.235(5) P1–Ru–C100 90.58(10) 

C101–C102 1.372(5) P2–Ru–C100 90.31(10) 

  CCp
a
–Ru–C100 125.15(5) 

a 
CCp is the centroid of the cyclopentadienyl ring 

 

 

Figure 4.59: Molecular structure and arrangement of 22. The solvent molecules, hydrogen atoms and 

the phenyl groups of the PPh3 ligands have been omitted for clarity. 
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The three dimensional packing of the dicationic molecules (Figure 4.59) shows a substantial 

distance between the parallel planes of the anthracene spacers of neighboring molecules, 

measured at 8.069 Å. This distance is longer than that found in recently reported mononuclear 

complexes, such as the anthraquinone-based ruthenium allenylidene complex 13, 

characterized in chapter 4.1.7 and [Ru(bdmpza)Cl(=C=C=(AO))(PPh3)] 

(bdmpza = bis(3,5-dimethylpyrazol-1-yl)acetato), which show π-π stacking interactions with a 

mean interplanar distance of 3.37 Å. The molecular separation, and thus the lack of π-π 

stacking, derives from the [PF6]
‒
 ions, the cocrystallized solvent molecules, which are 

arranged in between layers of 22, and especially the second [Ru(η
5
-C5H5)(PPh3)2]-fragment. 

However, during the synthesis of 22, an additional product 23 was obtained with different 

spectroscopic and electrochemical properties. In our attempt to characterize this additional 

product, it was not possible to analyze this product by NMR spectroscopy, obviously due to a 

paramagnetic influence. In the ESI MS analysis, a highly charged molecular ion peak at 

m/z = 401.19 with an intensity of 20 % and the signal at m/z = 803.16 [M]
2+ 

with an intensity 

of 100 % appear. Moreover, a significant difference between the complexes 22 and 23 is their 

color. The Ru(II)/Ru(II) complex 22 is dark violet, whereas product 23 exhibits a dark blue 

color (Figure 4.60). Attempts to obtain crystals of the product 23 were not successful, due to 

the poor stability of the compound in solution. So far, it was not possible to resolve 

unambiguously the composition of this product and further experiments will be necessary in 

this regard. Both of the complexes show a significant metal perturbed π-π* transition at 

573 nm for 22 and at 700 nm for the complex 23 with a molar extinction coefficient around 

8 000 L mol
–1

 cm
–1

. In contrast to mononuclear allenylidene complexes, which reach 

extinction coefficients in the UV/Vis/NIR of about 50000 L mol
–1

 cm
–1

, the extinction 

coefficients of the dinuclear complexes are much smaller.
[1, 11, 28-29]

 Beside the expected π-π* 

transition, and the red-shift of 23, another broad transition at 1161 nm with an extinction 

coefficient of 2087 L mol
–1

 cm
–1 

occurs in case of 23. Broad transitions in this range could be 

assigned to intervalence charge-transfer (IVCT) bands.  An IVCT band in the range of 1200 

to 1500 nm is typical for a mixed-valent complex with bridging π-conjugated ligands.
[190]

 

According to other known ruthenium mixed-valent complexes, the IVCT band can achieve 

extinction coefficients up to 2000 L mol
–1

 cm
–1

, which fits quite well with our result.
[30, 190-192]

 

Below 400 nm, the absorption bands can be attributed to ligand centered π-π* transitions 

involving the cyclopentadienyl and PPh3 ligand.  
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Figure 4.60: UV/Vis/NIR spectra of the complexes 22 and 23 in CH2Cl2; * indicate signals caused by 

CH2Cl2. 

 

Beside the spectroscopic properties of both complexes, the electronic features show 

interesting results based on electrochemical analysis. In the cyclic voltammogram of complex 

22, a quasi-reversible oxidation process is present at 1.17 V (ipa/ipc = 0.67), which shows the 

first oxidation couple Ru(II)/Ru(III) (Figure 4.61). A second, but totally irreversible, 

oxidation of the second Ru(II) center appears at 1.51 V (Figure 4.62). In the negative region, 

weak reversible processes at –0.79 V (ipa/ipc = 0.70), –1.11 V (ipa/ipc = 0.78) and –1.44 V 

(ipa/ipc = 0.78) are assigned to the reduction of the allenylidene moiety and anthracene unit and 

agree well with values of other ruthenium allenylidene complexes reported in the 

literature.
[28, 85]

 The weak reduction processes might be due to ligand decomposition of the 

prior oxidation (see Figure 4.61).  
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Figure 4.61: Cyclic voltammogram and isolated reduction processes (–0.25 to –2.25 V) of 22 

(1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as electrolyte at a scan rate of 300 mV/s with 

potentials plotted against FeCp2
+
/FeCp2

0
. 

 

Figure 4.62: Isolated oxidation process of 22 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of             

–0.1 to 1.3 V. 
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The CV analysis of the complex 23 is quite different (Figure 4.63). Here, one irreversible 

oxidation process appears at 1.16 V, and at 1.70 V another weak shoulder occurs, which could 

possibly be the oxidation to Ru(IV). In contrast to 22, a reversible reduction process appears 

at –0.14 V (ipa/ipc = 0.88), which indicates a facile reduction of Ru(III). The second redox 

potential at negative voltage can best be described as reversible, and it is assigned to a 

reduction involving the allenylidene moiety (E1/2 = –0.41 V, (ipa/ipc = 0.93)) (Figure 4.64). 

The comparison of the traces of 22 and 23 accentuates the assumption of the mixed-valent 

complex 23.  

 

Figure 4.63: Cyclic voltammogram of 23 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 500 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
. 
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Figure 4.64: Isolated reduction processes of 23 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of             

0.5 to –0.8 V. 

 

The preliminary electrochemical and spectroscopic results point out that complex 23 might be 

a mixed-valent complex with interesting behavior, which has to be investigated to verify the 

exact structure. This complex could, due to the criteria, which should be fulfilled, classified as 

a Robin-Day Class III.
[130, 193]

 The Creutz-Taube Ion [(NH3)5Ru(C4H4N2)Ru(NH3)5]
5+

 is also 

part of this class.
[194-195]

 Members of this class III exhibit an IVCT band. The coordination 

environment of both of the metal sites is usually quite similar or, like in this case, equal. The 

multi-conjugated spacer of a Robin-Day should possess a good electron transfer potential, be 

highly conjugated and being reduced easily.
[130]

 

 

4.2.2  Pentacene-Based Dinuclear Bisallenylidene Complex [Ru(η
5
-

C5H5)(PPh3)2(=C=C=)(PC)(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2 (25) 

 

After the discussion of the anthracene-based dinuclear complex, the next even more extended 

polyaromatic substituent is pentacene. The pentacenequinone-based mononuclear complex 
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already shows interesting properties regarding the packing in solid state and in solution.
[189]

 

The pentacene-based ligand precursor, 6,13-diethynyl-6,13-dihydropentacene-6,13-diol (24), 

was synthesized based on adaptation of the route of LEHNHERR.
[127, 196]

 The dinuclear complex 

was synthesized by stirring and subsequently reacting two equivalents of the precursor 

[RuCl(η
5
-C5H5)(PPh3)2], the ligand 6,13-diethynyl-6,13-dihydropentacene-6,13-diol (24) 

(1 eq) and NH4[PF6] in MeOH for overall eight days (Scheme 4.18). 

Scheme 4.18: Synthesis of the complex [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(PC)(=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2 (25) (PC = pentacene). 

 

The IR spectrum, measured in dichloromethane, exhibits one signal at 1930 cm
–1

, which 

corresponds to the stretch vibration of the allenylidene unit. No alkyne vibration can be seen, 

which confirms the successful formation of the allenylidene complex and completion of the 

reaction. After purification, a dark blue product could be obtained in a yield of 22 %. In the 

13
C NMR spectrum, the allenylidene unit shows signals for the carbon atoms as a multiplet at 

311.4-311.2 (C–α) and as two singlets at 212.8 (C–β) and 152.4 ppm (C–γ), respectively. 

Although, in comparison to complex 22, a triplet should be obtained for C–α. The fact that 

this triplet could not be resolved properly might indicate that in this case, the two C–α are not 

fully spectroscopically equivalent in solution. However, no 
3
JC,P coupling to C–β is observed. 

The cyclopentadienyl groups show strong signals in the 
1
H NMR spectrum as singlets at a 

chemical shift of 5.37 ppm with an integration of ten, and in the 
13

C NMR spectrum at 

93.5 ppm. The signals of the pentacene ligand are detected in the typical aromatic range of 

8.00 to 6.00 ppm and confirm the bridging polyaromatic moiety. In the 
31

P NMR spectrum, 
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beside the signal of the [PF6]
–
 counter ion, only another singlet is observed at 27.6 ppm, 

which belongs to the triphenylphosphine ligands. In addition, complex 25 shows a doubly 

charged molecular ion peak in the ESI MS spectrum at m/z = 803.16 (100 %, [M]
2+

).  

The pentacene-based complex 25 shows, in comparison to other dinuclear complexes, the 

highest absorption with an extinction coefficient of ε = 9808 L mol
–1

 cm
–1 

at 623 nm 

(Figure 4.65). This indicates a significant metal-perturbed π-π* transition. The signal below 

400 nm, for example at 396 nm, can be attributed to ligand-centered π-π* transitions 

involving the cyclopentadienyl and triphenylphosphine ligand. 

 

Figure 4.65: UV/Vis/NIR absorption spectrum of 25 in CH2Cl2 with a concentration of 10
–6

 mol L
–1

. 

 

The cyclic voltammograms of the complexes 22 and 25, show major similarities to each 

other, due to the similarity of the anthracene and pentacene spacer. A quasi-reversible 

oxidation appears at 0.81 V in the cyclic voltammogram of 25 (Figure 4.66), whereupon a 

mixed-valent derivative of 25 might be possible in this case, too. Nevertheless, no such 

species could be isolated up to now. In the CV data of 25, a second oxidation process can be 

described as irreversible for the additional oxidation of the second Ru(II) center to Ru(III). If 

one takes a closer look at the negative voltage range, the voltammogram shows only weak 

reduction processes.  
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Figure 4.66: Cyclic voltammogram of 25 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
. 

 

4.2.3  Bianthracene-Based Dinuclear Bisallenylidene Complex [Ru(η
5
-

C5H5)(PPh3)2(=C=C=)(BAN)(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2 (27) 

 

Based on the previous results, larger systems for dinuclear complexes were considered as 

suitable precursors for new stacking patterns. Derived from anthraquinone or 

pentacenequinone, alternative fused systems could be interesting. The literature known 

complex, of ZANELLO and coworkers, trans,trans-[(dppe)2RuCl(C=C=C(bianth) 

C=C=C)ClRu-(dppe)2](OTf)2 was already introduced in chapter 4.1.7.
[14]

 Thus,  

[9,9´]bianthracenylidene-10,10´-dione (bianthrone) was prepared by dimerizing two anthrone 

units by following the procedure of ARABEI and PAVICH.
[181]

 The bis-α-alkynol ligand, 

10,10'-diethynyl-10H,10'H-[9,9'-bianthracenylidene]-10,10'-diol (26), was synthesized 

following the literature procedure of MANTOVANI et al. via reaction with ethynylmagnesium 

bromide, starting from bianthrone.
[14]

 The corresponding bisallenylidene complex 27 was 

synthesized by reacting the precursor [RuCl(η
5
-C5H5)(PPh3)2] (2 eq) with 10,10'-diethynyl-

10H,10'H-[9,9'-bianthracenylidene]-10,10'-diol (26) and two equivalents of NH4[PF6] in 
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MeOH (Scheme 4.19). After six days, the formation of the allenylidene unit was completed as 

monitored by IR spectroscopy (see below).  

Scheme 4.19: Synthesis of the complex [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(BAN)(=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2  (27). 

 

The IR spectrum of the complex shows the typical 𝜈 (C=C=C) allenylidene vibration at 

1928 cm
–1

. The allenylidene unit presents three characteristic signals in the 
13

C NMR due to 

the equivalence of the two allenylidene units, corresponding to carbon atoms C–α, C–β, and 

C–γ at δ = 293.2-292.8 (m), 210.8 (s) and 145.8 (s) ppm, respectively. For this complex, 

similar to complex 9, a multiplet for C–α is obtained. However, no 
3
JC,P coupling to C–β is 

observed. In the 
1
H NMR spectrum, the protons of the cyclopentadienyl groups show a strong 

singlet at a chemical shift of 5.28 ppm with an integration of ten, and in the 
13

C NMR 

spectrum at 91.3 ppm. The signals of the bianthracene ligand are detected in the typical 

aromatic region of 8.65 to 7.54 ppm in the 
1
H NMR spectrum. In the 

31
P NMR spectrum, two 

signals were found: beside the signal of the [PF6]
–
 counter ion, which appears as a quintet, a 

singlet is observed, at 30.3 ppm, which belongs to the triphenylphosphine ligands. The 

ESI MS measurement confirms the successful reaction by the initial signal at 

m/z (%) = 899.19 (100) for the proton-substituted dicationic complex [M + H]
2+. Likewise, 

the elemental analysis provides additional proof for the successful synthesis of the complex. 

The bianthracene-based complex 27 shows an absorption at 546 nm with an extinction 
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coefficient of ε = 7632 L mol
–1

 cm
–1 

for the characteristic metal perturbed π-π* transitions, 

which is less intensive than complex 17 (Figure 4.67). Below 400 nm, at 326 and 267 nm, the 

absorption bands can be attributed to ligand-centered π-π* transitions involving the 

cyclopentadienyl and triphenylphosphine ligand. 

 

Figure 4.67: UV/Vis/NIR absorption spectrum of 27 in CH2Cl2 with a concentration of 10
–5

 mol L
–1

. 

 

In the positive range of the cyclic voltammogram, at 0.99 V, an irreversible oxidation process 

appears which can be assigned to the Ru(II)/Ru(III) couple (Figure 4.68). The 

bianthracene-based complex 27 shows a redox process at a potential of –0.86 V, which most 

likely derives from the aromatic spacer. In this redox process, another weak band at –0.84 V 

indicates the reduction of the allenylidene unit. Compared to complex 27, the dinuclear 

bisallenylidene complex trans,trans-[(dppe)2RuCl(C=C=(BAN)=C=C)ClRu(dppe)2](OTf)2, 

reported by ZANELLO and coworkers, shows a well-defined oxidation process and three 

reduction processes.
[14]

 In contrast to this report, the dinuclear complex 27 exhibits an 

irreversible oxidation and just two reduction processes. Nevertheless, ZANELLO’S suggestions 

regarding the reversible oxidation for one metal center to Ru(III), whereas the oxidation of the 

second Ru(II) center is masked by the solvent discharge, fits quite well to the results obtained 

for the anthracene-based complex 22.
[14]
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Figure 4.68: Cyclic voltammogram of 27 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 300 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
. 

 

4.2.4 Indenofluorene-Based Dinuclear Bisallenylidene Complex [Ru(η
5
-

C5H5)(PPh3)2(=C=C=)(IndFN)(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2 (30) 

4.2.4.1 Synthesis and Characterization of 6,12-Bis((trimethylsilyl)ethynyl)-6,12-

dihydroindeno[1,2-b]fluorene-6,12-diol (28)  

 

6,12-Diethynyl-6,12-dihydroindeno[1,2-b]fluorene-6,12-diol (28) was synthesized from the 

corresponding diketone. Reaction of indeno[1,2-b]fluorene-6,12-dione, which was first 

reported by WANG and coworkers,
[197]

 with lithium trimethylsilylacetylene in THF resulted in 

the TMS-protected intermediate 28 (Scheme 4.20). The light yellow product was at first 

analyzed by NMR spectroscopy. A distinctive signal shows up at a chemical shift of 

0.08 ppm, which corresponds to the trimethylsilyl group. The protons of the alcohol 

functionalities give a singlet at 3.89 ppm with an integration of two. Moreover, it was 

possible to detect the signals for the aromatic protons as a singlet at δ = 7.98 ppm (2H, H1), as 

two doublets at 7.88 (
3
JH,H = 7.5 Hz, 2H, H2) and 7.63 ppm (

3
JH,H = 7.5 Hz, 2H, H3) and as a 

multiplet at 7.45-7.34 ppm (4H, H4/H5). By measuring an APT 
13

C NMR spectrum, the 
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signals for the aromatic carbon atoms could be assigned. At a chemical shift of δ = 149.4, 

148.3, 139.0 and 138.2 ppm the aromatic carbon atoms are in resonance with the external 

field. More upfield shifted, the aromatic CH carbon atoms of the indenofluorenone are 

localized at 129.4, 128.4, 124.3, 120.4 and 116.4 ppm. The 
13

C NMR spectrum also shows 

three characteristic signals corresponding to the acetylene (δ = 107.5 and 85.9 ppm), the 

alcohol C–OH (δ = 73.6 ppm) and the TMS group (δ = –0.1 ppm). Furthermore, the ESI MS 

measurement, the elemental analysis and the IR spectrum support the successful product 

formation.  

 

Scheme 4.20: Synthesis of the diol 28 and the free desilylated propargyl alcohol 29. 
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4.2.4.2 Synthesis and Characterization of 6,12-Diethynyl-6,12-dihydroindeno[1,2-

b]fluorene-6,12-diol (29) 

 

The subsequent desilylation of the alkyne 29 was achieved in THF/MeOH (1:1) with 

potassium hydroxide in high yield (Scheme 4.21). The first proof for a successful conversion 

gives the 
1
H NMR spectrum, in which the TMS signal disappeared and the signal for the 

proton of the alkyne appears at a chemical shift of 2.84 ppm. Likewise, the APT 
13

C NMR 

spectrum shows no TMS signal, but instead the shifted signals for the alkyne and the alcohol 

at 87.5 (C≡CH), 76.9 (C≡CH) and 69.2 ppm (C–OH). Moreover, the ESI MS spectrum shows 

a signal with an intensity of 100 %, which corresponds to the negatively charged ligand 

precursor 29 at m/z = 333.10. To proof the successful desilylation, also IR spectroscopy and 

elemental analysis was applied.  

 

4.2.4.3 Synthesis and Characterization of [Ru(η
5
-C5H5)(PPh3)2(=C=C=) 

(IndFN)(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2 (30) 

 

After synthesizing the suitable bispropargyl alcohol, 6,12-bis((trimethylsilyl)ethynyl)-6,12-

dihydroindeno[1,2-b]fluorene-6,12-diol (29), the indenofluorene-based complex 30 was 

prepared (Scheme 4.21). The standard procedure includes the reaction of two equivalents of 

the precursor [RuCl(η
5
-C5H5)(PPh3)2] and NH4[PF6], respectively, with one equivalent of the 

ligand precursor 29. The reaction was completed after stirring the reaction mixture for five 

days under reflux. During this time the conversion of the alkyne to the allenylidene unit was 

monitored by IR spectroscopy. After five days, only one signal at 1933 cm
–1

 appears, which 

corresponds exclusively to the allenylidene double bonds (C=C=C). 
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 Scheme 4.21: Synthesis of the complex [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(IndFN)(=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2  (30) (IndFN = indenofluorene). 

 

In the 
1
H NMR spectrum, the aromatic protons appear as one singlet for the central aromatic 

ring of the indenofluorene at 7.98 ppm (2H, H1) and as multiplets at 7.91-7.86 (2H, H2), 

7.75-7.66 (2H, H3), 7.58-7.53 (4H, H4/H5). The triphenylphosphine shows signals in the 

range of 7.43-7.30 (12H, p-PPh3), 7.15-7.07 (24H, o-PPh3) and 7.04-7.01 (24H, m-PPh3). The 

protons of the cyclopentadienyl ligands show a singlet with an integration of ten at 5.01 ppm. 

The typical allenylidene presents three characteristic signals due to the equivalence of the two 

allenylidene units, corresponding to carbon atoms C–α, C–β, and C–γ at 295.9 (t, 

2
JC,P = 17.5 Hz), 212.8 (s) and 159.7 (s) ppm. The signals for C–α appear as triplets, caused 

by a 
2
JC,P coupling with the two phosphorous atoms of the triphenylphosphine ligands, which 

agrees well with the anthracene-based dinuclear complex and various of the other ruthenium 

complexes reported above.
[28] 

In the 
31

P NMR spectrum, two signals show up and comply 

with the singlet of the triphenylphosphine ligands at 30.7 ppm, and one septet at –144.2 ppm 

for the counter ion [PF6]
–
. The ESI MS measurement reveals one signal with an intensity of 

100 % at m/z = 840.16, which is assigned to the dicationic complex [M]
2+

.  
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Figure 4.69: UV/Vis/NIR absorption spectrum of 30 in CH2Cl2 with a concentration of 10
–5

 mol L
–1

. 

 

Similar to the dinuclear ruthenium allenylidene complexes described above, the 

metal-perturbed π-π* transition absorption for the indenofluorene-based complex 30 reaches 

an extinction coefficient of only 5896 L mol
–1

 cm
–1

 at a wavelength of 541 nm (Figure 4.69). 

The high absorption at 236 and 289 nm corresponds to typical ligand centered π-π* transitions 

involving the cyclopentadienyl and triphenylphosphine ligand.  

In the positive range of the CV of 30, at approx. 1.06 V, an irreversible oxidation appears, 

which can be assigned to the Ru(II)/Ru(III) couple (Figures 4.70). If one takes a closer look at 

the negative voltage range, the voltammogram shows only weak reduction processes similar 

to the pentacene-based complex 25, which are caused by the organic framework. 
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Figure 4.70: Cyclic voltammogram of 30 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 500 mV/s. 

 

In contrast to known mononuclear ruthenium allenylidene complexes, these complexes seem 

to possess poorer electron-acceptor properties, according to the weak ligand-based redox 

transitions.
[11, 21, 28-29, 75]
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4.3 Cyclopentadienyl Ruthenium Cumulenylidene Complexes Bearing 

PTA Ligands 

 

As stated in the “State of Knowledge” chapter, ruthenium allenylidene complexes with 

carbon-rich substituents could find application in, for example, the exfoliation of carbon 

allotropes. For this purpose, these complexes should be soluble in aqueous media or at least in 

alcohols. One approach consists of changing the phosphine ligands. Thus, in a first attempt 

the triphenylphosphine ligands should be changed into more water-soluble ligands. In general, 

two typical water-soluble ligands are known and often used in organometallic chemistry: the 

sulfonated derivative of the classical triphenylphosphine ligand triphenylphosphine-3,3′,3′′-

trisulfonic acid trisodium salt (TPPTS) and the adamantane derived 

1,3,5-triaza-7-phosphaadamantane (PTA). Ruthenium vinylidene and allenylidene complexes 

with water-soluble phosphine ligands, especially the PTA ligand have already been 

reported.
[198-204]

 The ruthenium complexes [Ru(η
5
-C5H5)(PPh3)(PTA)] (31) and 

[Ru(η
5
-C5H5)(PTA)2] (32), with one or two PTA ligands, are known in literature and were 

synthesized according to the procedure of ROMEROSA et al.
[199]

 and AKBAYEVA et al.
[200]

, 

respectively (Scheme 4.22).  

 

Scheme 4.22: Synthesis of the PTA mono- and disubstituted cyclopentadienyl ruthenium complex 31 

and 32.
[199-200]
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Basically, the PTA mono- and disubstituted ruthenium precursors 31 and 32 were synthesized 

by adding one or two equivalents of PTA to [RuCl(η
5
-C5H5)(PPh3)2] in toluene heating under 

reflux for two hours. After purification, these complexes could be obtained in high purity and 

in high yield. These complexes could now be used as new precursors for water-soluble 

ruthenium allenylidene complexes. Similar to the synthesis of ruthenium allenylidene 

complexes based on [RuCl(η
5
-C5H5)(PPh3)2], the reaction led to the formation of a cationic 

allenylidene complex by releasing the chlorido substituent via the side-on coordination of the 

alkyne moiety of the propargyl alcohol. Meanwhile, it is interesting whether the PTA ligand, 

in contrast to PPh3 has any influence on the properties of the complexes.  

 

4.3.1 Mono- and Disubsituted PTA Ruthenium Allenylidene and Vinylidene 

Complexes [Ru(η
5
-C5H5)(=C=C=C(Ph)2)(PPh3)(PTA)]PF6 (33) and [Ru(η

5
-

C5H5)(=C=CH-C(OMe)(Ph)2)(PTA)2]PF6 (34) 

 

At first, one equivalent of the most benchmark propargyl alcohol, 1,1-diphenyl-2-propin-1-ol, 

was reacted with [RuCl(η
5
-C5H5)(PPh3)(PTA)] or [RuCl(η

5
-C5H5)(PTA)2] and NH4[PF6] in 

MeOH (Scheme 4.23). In case of the monosubsituted PTA complex 33, the reaction mixture 

turned dark red within the first minutes. Moreover, the reaction could be tracked by IR 

monitoring, to verify the completion of the reaction. In contrast, the reaction mixture of the 

disubstituted PTA complex changed the color to orange, and after two days heating under 

reflux, the color did not change anymore. After the work-up of the reaction mixture, complex 

33 was characterized as a typical ruthenium allenylidene complex. The IR spectrum shows the 

characteristic band at 1938 cm
–1

 for the allenylidene stretch vibration ν(C=C=C). 

Furthermore, the PTA ligand exhibits one additional band at 2941 cm
–1

 (CH2). The 
1
H NMR 

spectrum shows one multiplet for the triphenylphosphine ligand and the phenyl subsitutents in 

the range of 7.60-7.26 ppm, one singlet at 4.94 ppm for the protons of the cyclopentadienyl 

ligand and one multiplet for the methylene groups of the PTA ligand at 4.38-4.15 ppm 

integrated to 12 protons. 
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Scheme 4.23: Synthesis of the PTA monosubstituted cyclopentadienyl ruthenium allenylidene 

complex (33) and the PTA disubstituted cyclopentadienyl ruthenium vinylidene complex 34. 

 

In the 
13

C NMR spectrum, the signals for the allenylidene unit also appear as a multiplet at a 

chemical shift of 290.4-290.2 ppm for C–α, due to the 
2
JC,P coupling with both, the PPh3 and 

PTA, and as two singlets at 255.9 (C–β) and 146.0 ppm (C–γ), respectively. The aromatic 

carbon atoms of PPh3 and the phenyl subsitutents are localized between 136.7 and 126.2 ppm. 

The PTA ligand includes N–CH2–N and P–CH2–N moieties, whereby two doublets are 

obtained at 73.2 (
3
JC,P = 5.8 Hz, N–CH2–N) and at 57.4 ppm (

1
JC,P = 15.5 Hz, P–CH2–N). 

Likewise, in the 
31

P NMR spectrum, two doublets were found for the PPh3 at δ = 50.6 ppm 

with a coupling constant of 
2
JP,P = 31.2 Hz and for PTA at –32.7 ppm with a coupling 

constant of 
2
JP,P = 35.6 Hz. Furthermore, the counter ion shows up as one typical quintet 

signal at –144.4 ppm, although it should appear as a septet. The ESI MS measurements reveal 

one 100 % signal caused by the monocationic complex with one acetonitrile at m/z = 808.22 
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and the monocationic complex [M]
+
 with an intensity of 80 % at m/z = 776.19. In contrast to 

this allenylidene complex 33, complex 34 shows no characteristic allenylidene vibration in 

the IR spectrum, but rather intensive bands around 1450 cm
–1

, which correspond to 

carbon-carbon double bonds. Likewise, the 
1
H NMR spectrum exhibits one singlet at 

2.94 ppm, which can be attributed to H–β, the proton attached to C–β. Both findings suggest 

the formation of a vinylidene complex instead of an allenylidene complex. Unlike an 

allenylidene complex, the vinylidene complex gives a more downfield shifted signal in the 

13
C NMR spectrum for C–α at δ = 356.4 (d, 

2
JC,P = 24.8 Hz) and the singlets for C–β and C–γ 

are upfield shifted to 109.5 and 48.5 ppm. Interestingly, at the C–γ position, the alcohol was 

replaced by a methoxy group, which could be the consequence of the methanol used as a 

solvent. Signals at 4.55 ppm in the 
1
H NMR spectrum and at 54.8 ppm in the 

13
C NMR 

spectrum correspond well to the CH3 group. The complex could also be verified by ESI MS 

experiments, in which the protonated monocationic complex gives a signal at 

m/z (%) = 703.20 (100) [M + H]
+
.  

 

4.3.2 Mono- and Disubstituted PTA Ruthenium Vinylidene Complexes 

[Ru(η
5
-C5H5)(=C=CH-(FN-OMe))(PPh3)(PTA)]PF6 (35) and [Ru(η

5
-

C5H5)(=C=CH-(FN-OMe))(PTA)2]PF6 (36) 

 

Beside the 1,1-diphenyl-2-propin-1-ol ligand, 9-ethynyl-9-fluorenol was used as precursor for 

the formation of PTA ruthenium allenylidene complexes. Likewise, the synthesis includes the 

reaction of the mono- and disubstituted PTA ruthenium precursor with one equivalent of 

9-ethynyl-9-fluorenol in methanol (Scheme 4.24). However, in both cases no ruthenium 

allenylidene complex but only vinylidene complexes could be obtained. No significant color 

change was observed, even after heating the reaction mixtures under reflux. Complexes 35 

and 36 were obtained as light red and light orange products. Both IR spectra give a hint for 

the formation of the ruthenium vinylidene complex bearing a methoxy group in C–γ position. 

No alkyne or allenylidene vibration band is observed in the range of 2300 to 1900 cm
–1

.  
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Scheme 4.24: Synthesis of the PTA monosubstituted cyclopentadienyl ruthenium allenylidene 

complex 35 and the PTA disubstituted cyclopentadienyl ruthenium vinylidene complex 36. 

 

Similar to complex 34, both fluorene-based vinylidene complexes show the typical vinylidene 

proton H–β at 2.60 (for complex 35) and at 2.61 ppm (for complex 36) in the 
1
H NMR 

spectrum. The aromatic protons of the fluorene moiety and, in case of 35, for the 

triphenylphosphine ligand, are arranged in the region of 7.99 to 7.37 ppm. The methoxy 

groups give singlets at 3.43 and 3.42 ppm in the 
1
H NMR spectrum and in the 

13
C NMR 

spectrum at chemical shifts of 54.8 and 51.0 ppm for complex 35 and 36, respectively. 

Furthermore, the 
13

C NMR spectrum reveals the typical vinylidene carbon resonances for 35 

at 345.4-345.0 (m, C–α), 111.5 (C–β) and 49.0 (C–γ) and for 36 at 342.3-341.9 (m, C–α), 

111.6 (C–β) and 47.3 (C–γ) ppm. The 
31

P NMR spectrum of 35 shows two doublets at 48.3 

(d, 
2
JP,P = 31.4 Hz, PPh3) and –27.8 ppm (d,

 2
JP,P = 35.0 Hz, PTA) and the typical signal for 
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the counter ion [PF6]
– 

at –144.2 ppm (quint, PF6). Furthermore, the ESI MS measurements 

exhibit in each case the monocationic complex [M]
+
 with an intensity of 100 %.  

The basic idea of these PTA-substituted complexes was the formation of water-soluble 

allenylidene complexes. So, the solubility of various PTA complexes was tested. The 

exchange of the PPh3 ligand with PTA should increase the solubility of the complexes in 

polar solvents like ethanol and methanol. In general, no differences between the allenylidene 

complex and the vinylidene complexes were observed. Nevertheless, the complexes with two 

PTA ligands exhibit a better solubility in polar solvents than the complexes with one PTA and 

one PPh3 ligand. However, the aim of synthesizing water-soluble allenylidene complexes 

could not be fulfilled. Moreover, the exchange of PPh3 by PTA did not increase the solubility 

in water as significantly as expected. The complexes were only soluble in aqueous solutions 

with approximately 20 vol % DMSO for extended periods of time without precipitation. 

Since, it was not possible to obtain more PTA-based ruthenium allenylidene complexes, apart 

from complex 33, the idea of a different synthetical route is conceivable. The methoxy 

coordination at C–γ is probably a consequence of using methanol as solvent. In view of these 

results, a weakly nucleophilic solvent like THF should be used to explore other synthesical 

routes for PTA-substituted ruthenium allenylidene complexes in future. In case of complex 

33, the spontaneous dehydration of the hydroxyvinylidene complex was probably favoured 

compared to solvent addition.  

 

4.4 Ruthenium Vinylidene Complexes 

4.4.1 Malonitrile-Substituted Pentacenequinone-Based Ruthenium Vinylidene 

Complex [Ru(η
5
-C5H5)(=C=CH-(PCN-OMe))(PPh3)2]PF6 (37) 

  

The synthesis of new metal carbenes and carbynes has been object of an interesting 

development.
[16, 20, 205-206]

 Monosubstituted vinylidene complexes have been turned out to be 

excellent precursors of carbene complexes by nucleophilic addition and useful in alkyne 

polymerization as active species in, for example, selective homogenous catalytic 

transformations of terminal alkynes.
[16, 20, 205, 207-208]

 It is known that especially a ruthenium(II) 

vinylidene intermediate is the crucial catalytic species in the dimerization of terminal alkynes 
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and the coupling reaction of allylic alcohols with terminal alkynes to generate unsaturated 

ketones.
[209-211]

  

One interesting and promising cyanoacene is 11,11,12,12-tetracyano-9,10,-

anthraquinodimethane (TCAQ), which plays an  important role in the field of organic 

electron-acceptors.
[212]

 To improve the electron-acceptor properties, the formation of 

cyano-susbtituted quinones is promising by reacting quinones with malonodinitrile in the 

presence of titanium(IV) oxide.
[213-214]

 F. STRINITZ already synthesized a vinylidene complex 

bearing a malonodinitrile-substituted pentacenequinone complex.
[75]

 The ligand precursors 

were prepared by A. WATERLOO, whose project was the syntheses of unsymmetrical acenes 

bearing acetylene moieties and one or two malononitrile units. The ligand precursor used by 

F. STRINITZ for heteroscorpionate ruthenium complexes was the                                                  

malonodinitrile-substituted pentacenequinone 2-(13-(dicyanomethyl)-13-ethynylpentacene-

6(13H)-ylidene)malononitrile.
[75]

 Here in this case, the ligand 2-(13-ethynyl-13-methoxy-

13,13a-dihydropentacen-6(5aH)-ylidene)malononitrile was chosen as a precursor for possible 

ruthenium complexes. The perceptible difference between these ligands is the second 

malonitrile unit in a) in contrast to the methoxy group in b) (Figure 4.71).  Generally, during 

the reaction to form allenylidene complexes, the spontaneous elimination of water is required. 

In case of a), the loss of the malononitrile group is on a somewhat more difficult than the 

elimination of methanol in case of b). The investigation of the                                          

reaction of 2-(13-(dicyanomethyl)-13-ethynylpentacene-6(13H)-ylidene)malononitrile with 

[Ru(bdmpza)Cl(PPh3)2] probably lead to the corresponding vinylidene complex, due to the 

lack of stability.
[75]

 

 

Figure 4.71: a) Malonodinitrile-substituted pentacenequinone 2-(13-(dicyanomethyl)-13-

ethynylpentacene-6(13H)-ylidene)malononitrile; b) malononitrile-substituted pentacenequinone 2-(13-

ethynyl-13-methoxy-13,13a-dihydropentacen-6(5aH)-ylidene)malononitrile. 
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Similar to the procedure reported by SELEGUE, [RuCl(η
5
-C5H5)(PPh3)2] was reacted                     

with 2-(13-ethynyl-13-methoxy-13,13a-dihydropentacen-6(5aH)-ylidene)malononitrile and 

NH4[PF6] for three days under reflux (Scheme 4.25). After this time, IR measurements 

conclude the formation of the ruthenium vinylidene complex.  

 

Scheme 4.25: Synthesis of the complex [Ru(η
5
-C5H5)(=C=CH-(PCN-OMe))(PPh3)2]PF6 (37). 

 

The IR spectrum shows the signals for the methoxy group at 2941 and 2899 cm
–1

, and for the 

nitrile unit two specific bands occur at 2195 and 2125 (C≡N). The carbon-carbon double bond 

shows up at a wavenumber of 1618, 1565 and 1527 cm
–1

. In the 
1
H NMR spectrum, the 

aromatic signals appear in the characteristic range of 8.91 to 7.44 ppm, whereas, the 

cyclopentadienyl ligand shows one singlet at 4.56 ppm. The protons of the methoxy group 

reveal one singlet at 3.22 ppm and the H–β gives a singlet at 2.75 ppm with an integration of 

one proton. Unfortunately, it was not possible to determine the 
13

C NMR spectrum 

completely, due to the low yield and the corresponding low concentration. So it was not 

possible to find the typical signal for C–α. But, one signal at a chemical shift of 111.8 and one 

at 48.3 ppm could be clearly associated to C–β and C–γ, respectively. This chemical shift is in 

accordance with those of typical vinylidene complexes.
[16, 26, 75, 215]

 The phosphor atoms of the 

triphenylphosphine ligand exhibit a signal at 30.4 ppm and the counter ion [PF6]
–
 reveals a 

septet at –142.9 ppm. The ESI MS measurement confirms the appropriate vinylidene structure 

by showing a signal at m/z = 1087.25 which belongs to the mass of the monocationic complex 

[M]
+
. In some cases, the vinylidene complex can be converted into the allenylidene complex 

by elimination of the methoxy group at the C–γ position. But, neither the use of an acid nor 
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increasing the reaction time under reflux yielded in the corresponding allenylidene complex. 

Instead, a decomposition of the unstable vinylidene complex was observed.  

 

4.4.2 Dithiophene Malononitrile-Substituted Pentacene-Based Ruthenium Vinylidene 

Complex [Ru(η
5
-C5H5)(=C=CH-(DTPCN-OMe))(PPh3)2]PF6 (38) 

 

Another interesting ligand, which was provided by M. GRUBER from the group of 

PROF. TYKWINSKI, organic chemistry, department of chemistry and pharmacy of Erlangen, 

was an isomeric mixture of 2-(11-ethynyl-11-methoxyanthra[2,3-b:6,7-b']dithiophen-5(11H)-

ylidene)malononitrile. Unfortunately, it was not possible to separate the isomers, a, b and c, 

due to their distinct similarity (Figure 4.72).  

 

Figure 4.72: Isomeric structures a, b and c and the structure of the isomeric mixture of 2-(11-ethynyl-

11-methoxyanthra[2,3-b:6,7-b']dithiophen-5(11H)-ylidene)malononitrile. 

 

Nevertheless, the reaction of the precursor [RuCl(η
5
-C5H5)(PPh3)2] with the isomeric mixture 

of 2-(11-ethynyl-11-methoxyanthra[2,3-b:6,7-b']dithiophen-5(11H)-ylidene)malononitrile and 

NH4[PF6] was attempted (Scheme 4.26). A relatively fast change of color was observed. So, 

after stirring the reaction mixture for three days, the dark red solution was worked up. At first 
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sight, not only one product was obtained. Unfortunately, these isomeric products could not be 

separated by column chromatography, as well, similar to the corresponding ligand. So, just 

impurities, like a small amount of precursor [RuCl(η
5
-C5H5)(PPh3)2] or NH4Cl could be 

removed. The analyses give indication for an isomeric mixture of the vinylidene ruthenium 

complex.   

 

Scheme 4.26: Synthesis of the complex [Ru(η
5
-C5H5)(=C=CH-(DTPCN-OMe))(PPh3)2]PF6 (38). 

 

Due to the isomeric mixture, the analyses of the NMR measurements indicate three products. 

In the 
1
H NMR spectrum, signals in the aromatic region were found and also signals 

corresponding to the cyclopentadienyl ligand in the typical range (5.21 (s), 5.11 (s), 5.09 

(s) ppm). As well, the protons of the methoxy group probably exhibit the signals at 3.30 (s), 

3.28 (s), 3.18 (s) ppm. Likewise, the 
13

C NMR spectrum shows a huge number of signals, 

which can be attributed to three possible isomers. However, it was not possible to find a 

signal corresponding to C–α, but, maybe, C–β and C–γ of a typical vinylidene complex could 

be assigned to signals at a chemical shift of 114.2 and 46.0 ppm. The ESI MS measurement 

reveals just one signal with an intensity of 100 %, belonging to the monocationic molecular 

ion [M]
+
 at m/z = 1099.16. Due to the low yield and the isomeric mixture, it was not possible 

to measure a significant UV/Vis or CV spectrum. So, it could not be verified, whether the 

thiophene unit has an influence on these carbon-rich vinylidene systems or not.  
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4.5 Ruthenium Allenylidene Complexes with a Ferrocenyl and   

Ruthenocenyl Substituent 

4.5.1 Synthesis and Characterization of [Ru(η
5
-C5H5)(PPh3)2(=C=C=C(Ph(C5H4)-

Ru(η
5
-C5H5))]PF6 (39) 

 

The ferrocenyl-substituted ruthenium allenylidene complex 

[Ru((η
5
-C5H5)(=C=C=C(Ph)(Fc)(PPh3)2]PF6 was already reported by CHANG et al. in 

2010.
[161]

 This complex seems to have interesting properties with regard to the redox-active 

site of the ferrocenyl substituent. Due to the similarity of ferrocene to ruthenocene, the 

analogue ruthenocene allenylidene complex should be synthesized.  

First of all, ruthenocene was synthesized according to the procedure of KÜNDIG and MONNIER 

from 2004 by adding cyclopentadiene and zinc dust to a solution of ruthenium(III)chloride in 

dry ethanol.
[216]

 Ruthenocene was obtained in high yield and purity. The benzoyl ruthenocene 

was synthesized by a Friedel-Crafts acylation. Thus, a solution of one equivalent of 

benzoylchloride and aluminium chloride in dichloromethane was transferred to the 

ruthenocene solution in the same solvent.
[217-218]

 After stirring the reaction mixture for one 

hour, the intense purple solution was quenched with water. After workup, monobenzoyl 

ruthenocene was obtained in good yield. In the next step to obtain 

[Ru(η
5
-C5H5)(C5H4-CPh(OH)C≡CH)], benzoyl ruthenocene was reacted with lithium 

acetylide in THF.
[217]

 After stirring the reaction mixture for 2.5 hours, hydrolyzation with 

aqueous NH4Cl solution and washing the organic phase with water, the solvent was removed 

under vacuum. The crude product was purified (silica gel) and eluted with hexane/diethyl 

ether (5:1, v:v). The product, 1-ruthenocenyl-1-phenylprop-2-yn-ol 

([Ru(η
5
-C5H5)(C5H4-CPh(OH)C≡CH)]) was obtained in good yield. The synthesis of the 

allenylidene complex proceeds according the procedure of SELEGUE.
[59]

 The precursors 

[Ru(η
5
-C5H5)(C5H4-CPh(OH)C≡CH)], [RuCl(η

5
-C5H5)(PPh3)2] and the counter ion NH4[PF6] 

were dissolved in methanol and the reaction mixture was stirred for 18 hours at room 

temperature (Scheme 4.27). The formation of the allenylidene unit was observed by IR 

monitoring of the solution.  
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Scheme 4.27: Synthesis of the complex [Ru(η
5
-C5H5)(PPh3)2(=C=C=C(Ph(C5H4)Ru(η

5
-

C5H5))]PF6 (39). 

 

The specific allenylidene vibration shows a band at 1947 cm
–1

 (C=C=C). The 
1
H NMR 

spectrum gives no indication for the formation of isomers, unlike it is the case for the 

structurally related Tp-substituted complex [RuTp(PPh3)2(=C=C=CPh)(Fc)]SbF6 

(see Figure 2.16 in chapter 2.5.2), which exists as two isomers.
[24]

 The protons for the 

triphenylphosphine ligand exhibit one multiplet in the range of 7.71 to 7.44 ppm. The phenyl 

residue shows signals at chemical shifts of 7.39-7.30 ppm as a multiplet for o-Ph and m-Ph 

and one triplet at 7.26 ppm with a coupling constant of 
3
JH,H = 7.0 Hz for p-Ph. The fivefold 

proton-substituted Cp rings show singlets at 5.15 and 4.90 ppm. Furthermore, the triplets at 

7.26, 5.35 and 5.28 ppm and the doublets at 5.41 and 5.23 ppm belong to the 

allenylidene-substituted Cp ring of the ruthenocene moiety. In the 
13

C NMR spectrum, the 

allenylidene unit exhibits signals at 291.4-290.4 (m), 250.9 (s) and at 146.0 (s) for C–α, C–β 

and C–γ, respectively. The aromatic carbon atoms appear in the characteristic region between 

136.0 and 128.9 ppm. The carbon atoms of the cyclopentadienyl rings show seven signals: At 

96.5 (5C, Cp), 93.4 (5C, CpRc) and the substituted cyclopentadienyl ring exhibits signals at 

98.5 ppm (C), 91.5 (C), 90.4 (C), 85.4 (C) and 80.3 (C). Furthermore, in the 
31

P NMR 

spectrum, just one signal is obtained at 47.1 ppm, which belongS to the triphenylphosphine 

groups, beside the signal of the counter ion (sept, –144.5 ppm). The ESI MS measurement 

supports the formation of the product by emerging one signal with an intensity of 100 % 

corresponding to the monocationic complex [M]
+
.  

The cyclic voltammogram reveals one broad event at 0.82 V corresponding to an irreversible 

oxidation process (Figure 4.73). At a potential of approx. 0.69 V, also one weak shoulder 
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appears, which indicateso two oxidation processes overall. In case of the ruthenium 

allenylidene complexes described above, the oxidation of the metal center of the precursor is 

usually found at about 500 mV. Thus, these irreversible oxidation processes could be assigned 

to the Ru
II
/Ru

III 
couple of both ruthenium centers.

[219]
 The isolated reversible redox process at             

–1.10 V (ipa/ipc = 0.99) is typical for the ruthenocene unit (Figure 4.74).
[220]

 In conclusion, this 

dinuclear complex shows a strong electron-accepting potential, which could be useful for 

various future applications.  

 

Figure 4.73: Cyclic voltammogram of 39 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 500 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
. 
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Figure 4.74: Isolated redox process of 39 (1.00 mM) in CH2Cl2 with n-Bu4N[PF6] (0.1 M) as 

electrolyte at a scan rate of 500 mV/s with potentials plotted against FeCp2
+
/FeCp2

0
 in the range of  –

0.5 to –1.7 V. 

 

4.5.2 Synthesis and Characterization of [Ru((C5H4-C(OH)(≡CH))Ph)2] (40),  

[Ru(η
5
-C5H5)(PPh3)2(=C=C=C(Ph(Ru(C5H4)2)Ph)(C=C=C=)(PPh3)2(η

5
-C5H5) 

Ru](PF6)2 (41) and [Ru(η
5
-C5H5)(PPh3)2(=C=C=C(Ph(Fe(C5H4)2)Ph)(C=C=C=) 

(PPh3)2(η
5
-C5H5)Ru](PF6)2 (42) 

 

Since, the synthesis of dibenzoyl ferrocene and dibenzoyl ruthenocene is straightforward as 

reported by Kalenda et al.
[221]

 and GROCKA et al.
[222]

, respectively, the idea of trinuclear 

ruthenium allenylidene complexes was tempting. Analogous to the synthesis of the 

monobenzoyl metallocene, the dibenzoyl ferrocene and dibenzoyl ruthenocene were prepared 

by transferring 2.5 equivalents of benzoylchloride and aluminium chloride in 

dichloromethane with either ferrocene or ruthenocene solution.
[221-225]

 The corresponding 

dibenzoyl ferrocene bispropargyl alcohol was synthesized by using an excess of 

ethynylmagnesium bromide as reported in 1967.
[226-227]

 This straightforward synthesis was 

also used for preparing dibenzoyl ruthenocene bispropargyl alcohol. Dibenzoyl-1,1 ́-

ruthenocene was treated with an excess of ethynylmagnesium bromide in THF. Afterwards, 
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the reaction mixture was quenched with water and after workup, dibenzoyl ruthenocene 

bispropargyl alcohol was obtained in a yield of 30 % (Scheme 4.28).  

 

Scheme 4.28: Synthesis of [Ru((C5H4-C(OH)(≡CH))Ph)2]  (40). 

 

The 
1
H NMR spectrum reveals two multiplets in the range of 7.46 to 7.42 and 7.23 to 

7.2 ppm, corresponding to the protons of o-Ph, m-Ph and p-Ph, respectively. At a chemical 

shift of 5.70 ppm, a singlet for the hydroxyl group, and at 2.86 ppm, a singlet for the proton of 

the alkyne appear with an integration of two in each case. Furthermore, the protons of the 

substituted cycopentadienyl ring show two doublets and two triplets with coupling constants 

of 
3
JH,H = 6.5 Hz and 

3
JH,H = 7.5 Hz. Likewise, the 

13
C NMR spectrum shows signals for the 

alkyne and the alcohol at 88.5 (C≡CH), 75.7 (C≡CH) and 70.2 ppm (C–OH). Moreover, the 

ESI MS spectrum proofs the successful formation of [Ru((C5H4-C(OH)(≡CH))Ph)2]  (40) by 

emerging one signal for the deprotonated molecular anion [M – H]
–
 at m/z = 491.07 with an 

intensity of 100 %. 

Similar to dinuclear bisallenylidene complexes, the synthesis of the trinuclear complexes 

affords two equivalents of the precursor [RuCl(η
5
-C5H5)(PPh3)2], NH4[PF6] and the 

disubstituted ferrocenyl- or ruthenocenyl bispropargyl alcohol (Scheme 4.29). For both 

complexes, the reaction time amounted 18 hours. Longer reaction time leads to degradation of 

the complexes. Due to the poor stability of the complexes in solution, the work-up and the 

further analyses have to be done very fast, because after a few minutes already a degradation 

of the complexes could be observed, even under argon atmosphere. Therefore, it was just 

possible to measure a 
1
H NMR spectrum. 
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Scheme 4.29: Synthesis of the complexes [Ru(η
5
-C5H5)(PPh3)2(=C=C=(Ph(Fe(C5H4)2)Ph) 

(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2 (41) and [Ru(η

5
-C5H5)(PPh3)2(=C=C=(Ph(Ru(C5H4)2)Ph) 

(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2  (42). 

 

Both 
1
H NMR spectra exhibit similar signals. The aromatic region for 41 shows signals in the 

range of δ = 7.79 to 7.24 ppm and for 42 in the range of δ = 7.80 to 7.25 ppm. The signal for 

the unsubstituted cyclopentadienyl rings emerge at 4.90 ppm (41) and at 5.12 ppm (42). 
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However, the ESI MS measurements give evidence for the formation of both complexes by 

showing signals with an intensity of 100 % for the dicationic species [M]
2+ 

at m/z = 1064.12 

for 41 and at m/z = 1041.13 for 42. Unfortunately, it was not possible to measure an UV/Vis 

spectrum or cyclic voltammogram, due to the short-term stability in solution.  
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In the last years, the group of BURZLAFF synthesized a huge variety of ruthenium allenylidene 

complexes bearing heteroscorpionate ligands. These complexes were prepared based on 

polyaromatic substituents and the literature known precursor [Ru(bdmpza)Cl(PPh3)2].
[28-29, 75]

  

The main part of this thesis covers the syntheses of new carbon-rich ruthenium allenylidene 

complexes starting from the precursor [RuCl(η
5
-C5H5)(PPh3)2]. The complexes were prepared 

according to the procedure of SELEGUE.
[59]

 Reacting the ruthenium precursor with different 

polyaromatic propargyl alcohols (≡C–CR2OH) and NH4[PF6] yielded in carbon-rich 

ruthenium allenylidene complexes [Ru(η
5
-C5H5)(=C=C=(CR2))(PPh3)2]PF6 (Figure 5.1). 

Some of the compounds show significant π-π stacking interactions in the solid-state 

structures. Especially the complexes [Ru(η
5
-C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8) and 

[Ru(η
5
-C5H5)(=C=C=(ACO))(PPh3)2]PF6 (13) showed the formation of dimeric units. The 

complexes [Ru(η
5
-C5H5)(=C=C=(PyrPh))(PPh3)2]PF6 (9) and [Ru(η

5
-C5H5)(=C=C= 

(Tetracyclone))(PPh3)2]PF6 (12), with non-planar moieties make the stacking more difficult in 

the solid state. Thus, they are not arranged in a short face-to-face stacking. In cooperation 

with A. WATERLOO from the group of TYKWINSKI, the complex 

[Ru(η
5
-C5H5)(=C=C=(PCO))(PPh3)2]PF6 (17) was synthesized. The strong π-π stacking 

interactions in the solid state cause the formation of a staircase arrangement with short 

interplanar distances of 3.39 and 3.37 Å. Therefore, compound 17, could represent a good 

design for n-type semiconductors in thin film transistors. Future work will focus on the 

question, whether SWCNTs could be decorated with such complexes by π interactions. For 8, 

9, 13 and 17 the π-π stacking interactions were also studied in solution by UV/Vis 

experiments with pyrene and the associated Job plots. Likewise, the aggregation of complexes 

8 and 17 with pyrene were investigated via CSI MS.  

For the complexes [Ru(η
5
-C5H5)(=C=C=(Phenalene))(PPh3)2]PF6 (5), [Ru(η

5
-

C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8), [Ru(η
5
-C5H5)(=C=C=(Tetracyclone))(PPh3)2]PF6 (12) 

and [Ru(η
5
-C5H5)(=C=C=(PhenO))(PPh3)2]PF6 (16) the ligand precursors were synthesized 

by the following procedure.  
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Figure 5.1: Mononuclear ruthenium allenylidene complexes 1 to 18 based on Ph
t
Bu2, FN (fluorene), 

Phenalene, BPyr (benzopyrene), PyrPh (pyrenophenone), Tetracyclone, AO (anthraquinone), 

PhenO (phenalenone), PCO (pentacenequinone) and PyrPh2O (pyrenodiphenone). 
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The ketones phenalen-1-one, 6H-benzo[cd]pyren-6-one, tetraphenylcyclopentadienone or 

phenanthrene-9,10-dione were reacted with lithiated TMS-acetylene, and in a second step, the 

appropriate TMS-substituted ligand precursors were treated with potassium hydroxide to 

yield the propargyl alcohols 1-ethynyl-1H-phenalen-1-ol (4), 

6-ethynyl-6H-benzo[cd]pyren-6-ol (7), 1-ethynyl-2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-ol 

(11) and 10-ethynyl-10-hydroxyphenanthren-9(10H)-one (15). High extinction coefficients of 

the complexes in the visible spectrum, as well as absorptions in the near IR, suggest potential 

applications in dye-sensitized solar cells (DSSCs), particularly since these compounds are 

very stable according to TGA analyses. Moreover, the cyclic voltammetry (CV) data implies 

significant electron-acceptor potential of the complexes. 

The second part of this work reports on the syntheses of dinuclear ruthenium bisallenylidene 

complexes. Four new cyclopentadienyl dinuclear bisallenylidene complexes 

[Ru(η
5
-C5H5)(PPh3)2(=C=C=)(Ar)(=C=C=)(PPh3)2(η

5
-C5H5)Ru](PF6)2, with various 

polyaromatic spacers (=Ar) between the allenylidene units have been synthesized 

(Figure 5.2). The ligands, which were used are: 9,10-diethynyl-9,10-dihydroanthracene-9,10-

diol (21), 6,13-diethynyl-6,13-dihydropentacene-6,13-diol (24), 10,10'-diethynyl-10H,10'H-

[9,9'-bianthracenylidene]-10,10'-diol (26) and 6,12-diethynyl-6,12-dihydroindeno[1,2-

b]fluorene-6,12-diol (28). 9,10-diethynyl-9,10-dihydroanthracene-9,10-diol (21) was 

synthesized according to the literature procedure reported by TAYLOR and SWAGER.
[189]

 Two 

equivalents of the ruthenium precursor [RuCl(η
5
-C5H5)(PPh3)2], one equivalent of the before 

mentioned bispropargyl alcohols and two equivalents of NH4[PF6] were reacted to obtain the 

dinuclear ruthenium bisallenylidene complexes [Ru(η
5
-C5H5)(PPh3)2(=C=C=) 

(AC)(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2 (22), [Ru(η

5
-C5H5)(PPh3)2(=C=C=)(PC)(=C=C=) 

(PPh3)2(η
5
-C5H5)Ru](PF6)2 (25), [Ru(η

5
-C5H5)(PPh3)2(=C=C=)(BAN)(=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2 (27) and  [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(IndFN)(=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2  (30).  
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Figure 5.2: Dinuclear ruthenium bisallenylidene complexes 22, 25, 27 and 30 based on AC 

(anthracene), PC (pentacene), BAN (bianthrone) and IndFN (indenofluorene). 

 

During the synthesis of 22, an additional product 23 (see chapter 4.2.1) was obtained, which 

could not be structurally determined. Both complexes show different spectroscopic and 

electronic properties. The comparison of the UV/Vis/NIR and CV data of 22 and 23 
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accentuates the assumption of a mixed-valent species 23. In case of the complexes 25, 27 and 

30, no further additional products were obtained. 

In the third chapter, the solubility of ruthenium allenylidene complexes in polar solvents 

should be enhanced by exchanging either one or two triphenylphosphine ligands with PTA 

(1,3,5-triaza-7-phosphaadamantane). Based on the precursors [RuCl(η
5
-C5H5)(PPh3)(PTA)] 

and [RuCl(η
5
-C5H5)(PTA)2], one allenylidene complex [Ru(η

5
-

C5H5)(=C=C=(Ph)2)(PTA)(PPh3)]PF6 (33) could be synthesized (Figure 5.3). Furthermore, 

the vinylidene complexes [Ru(η
5
-C5H5)(=C=CH-C(OMe)(Ph)2)(PTA)2]PF6 (34), 

[Ru(η
5
-C5H5)(=C=CH-(FN-OMe))(PTA)(PPh3)]PF6 (35) and [Ru(η

5
-C5H5)(=C=CH-(FN-

OMe))(PTA)2]PF6 (36) were obtained (Figure 5.3). The complexes with two PTA ligands 

exhibit a better solubility in polar solvents compared to complexes with one PTA and one 

PPh3 ligand. However, the aim of synthesizing water-soluble complexes could not be 

achieved, because the exchange does not significantly increase the solubility in water. Since, 

it was not possible to obtain more PTA-based ruthenium allenylidene complexes, apart from 

complex 33, different synthetical routes should be considered. In view of these results, a 

weakly nucleophilic solvent like THF should be used for further synthesis of PTA-substituted 

ruthenium allenylidene complexes. 

 



SUMMARY AND OUTLOOK 

159 

 

 

Figure 5.3: PTA-substituted ruthenium allenylidene and vinylidene complexes 33 to 36. 

 

Furthermore, in the next chapter, two vinylidene complexes based on methoxy-substituted 

propargyl alcohols were synthesized (Figure 5.4). Both ligands, 2-(13-ethynyl-13-methoxy-

13,13a-dihydropentacen-6(5aH)-ylidene)malononitrile and 2-(11-ethynyl-11-methoxyanthra 

[2,3-b:6,7-b']dithiophen-5(11H)-ylidene)malononitrile were provided by M. GRUBER from the 

group of TYKWINSKI. The complexes [Ru(η
5
-C5H5)(=C=CH-(PCN-OMe))(PPh3)2]PF6 (37) 

and [Ru(η
5
-C5H5)(=C=CH-(DTPCN-OMe))(PPh3)2]PF6 (38) were synthesized by reacting the 

ruthenium precursor [RuCl(η
5
-C5H5)(PPh3)2] with NH4[PF6] and the corresponding ligand 

precursor. Unfortunately, it was not possible to convert the vinylidene complexes into the 

allenylidene complexes by elimination of MeOH.  
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Figure 5.4: Ruthenium vinylidene complexes 37 and 38.  

 

In the last chapter, ruthenium allenylidene complexes bearing a ferrocenyl and ruthenocenyl 

substituent were examined (Figure 5.5). The first complex was prepared using 

[Ru(η
5
-C5H5)2C-C≡CH)(OH)Ph], the ruthenium precursor [RuCl(η

5
-C5H5)(PPh3)2] and 

NH4[PF6], to provide a suitable counter ion. Due to the metallocene building block, the 

resulting complex [Ru(η
5
-C5H5)(PPh3)2(=C=C=C(Ph(C5H4)Ru(η

5
-C5H5))]PF6 (39) shows 

strong electron-accepting potential, which could be useful for different applications. Another 

idea was the syntheses of trinuclear ruthenium bisallenylidene complexes by using a 

disubstituted ferrocenyl- or ruthenocenyl propargyl alcohol and two equivalents of 

[RuCl(η
5
-C5H5)(PPh3)2]. Both complexes, [Ru(η

5
-C5H5)(PPh3)2(=C=C=C(Ph(Fe(η

5
-

C5H4)2)Ph)(C=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2  (41) and [Ru(η

5
-C5H5)(PPh3)2(=C=C=C 

(Ph(Ru(η
5
-C5H4)2)Ph)(C=C=C=)(PPh3)2(η

5
-C5H5)Ru](PF6)2  (42) could be prepared, but the 

poor stability in solution does not allow a comprehensive characterization of these complexes. 

The stability of the complexes strongly depends on the residues at the C–γ carbon atom. Thus, 

instead of the phenyl residue, other substituents might be better suited, which can further 

stabilize the allenylidene unit and preserve the complexes from decomposition. 
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Figure 5.5: Ruthenium allenylidene complexes 39, 40, 41 and 42 based on ferrocenyl- and 

ruthenocenyl substituents.  
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In den vergangenen Jahren stellte die Arbeitsgruppe von Professor BURZLAFF eine Vielzahl an 

Rutheniumallenylidenkomplexen mit Heteroskorptionatliganden her. Diese Komplexe 

wurden, ausgehend von polyaromatischen Substituenten und der literaturbekannten 

Ausgangsverbindung [Ru(bdmpza)Cl(PPh3)2] hergestellt.
[28-29, 75]

  

Der Hauptteil dieser Arbeit behandlet die Synthesen von neuen kohlenstoffreichen 

Rutheniumallenylidenkomplexen ausgehend von dem Präkursor [RuCl(η
5
-C5H5)(PPh3)2]. 

Diese Allenylidenkomplexe wurden entsprechend der Vorschrift von SELEGUE 

synthetisiert.
[59]

 Die Reaktion des Rutheniumpräkursors mit verschiedenen polyaromatischen 

Propargylalkoholen (≡C–CR2OH) und NH4[PF6] führte zu kohlenstoffreichen 

Rutheniumallenylidenkomplexen [Ru(η
5
-C5H5)(=C=C=(CR2))(PPh3)2]PF6 (Abbildung 6.1). 

Einige dieser Komplexe weisen signifikante π-π-Wechselwirkungen in der Festkörperstruktur 

auf. Besonders die Komplexe [Ru(η
5
-C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8) und 

[Ru(η
5
-C5H5)(=C=C=(ACO))(PPh3)2]PF6 (13) zeigen die Bildung von Dimeren. Die 

nicht-planaren Liganden der Komplexe [Ru(η
5
-C5H5)(=C=C=(PyrPh))(PPh3)2]PF6 (9) und 

[Ru(η
5
-C5H5)(=C=C=(Tetracyclone))(PPh3)2]PF6 (12) erschweren das π-stacking im 

Festkörper, wodurch kein kurzes face-to-face stacking möglich ist. In Kooperation mit A. 

WATERLOO aus der Arbeitsgruppe von TYKWINSKI, wurde der Komplex 

[Ru(η
5
-C5H5)(=C=C=(PCO))(PPh3)2]PF6 (17) synthetisiert. Die starken 

π-π-Wechselwirkungen im Festkörper lassen eine Schichtstruktur mit kurzen interplanaren 

Abständen von 3.39 und 3.37 Å entstehen, was zur Folge hat, das Komplex 17 ein gute 

Charakteristika für einen n-Typ Halbleiter in thin film transistors (Dünnfilmtransistoren) 

aufweisen könnte. Weiterführende Arbeiten könnten sich mit der Frage beschäftigen, ob 

einwandige Kohlenstoffnanoröhren (SWCNTs) mit eben diesen Komplexen über 

π-Wechelswirkungen dekoriert werden könnten. Für 8, 9, 13 and 17 konnten die 

π-π-Wechselwirkungen mit Pyren in Lösung mit Hilfe von UV/Vis Experimenten und den 

verbundenen Job Plots bestätigt werden. Ebenso konnte die Aggregation von Komplexen 8 

and 17 mit Pyren anhand von CSI-MS studiert werden.  

Die entsprechenden Propargylalkohole als Ausgangsverbindungen der Allenylidenliganden 

für die Komplexe [Ru(η
5
-C5H5)(=C=C=(Phenalene))(PPh3)2]PF6 (5), [Ru(η

5
-

C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8), [Ru(η
5
-C5H5)(=C=C=(Tetracyclone))(PPh3)2]PF6 (12) 

und [Ru(η
5
-C5H5)(=C=C=(PhenO)) (PPh3)2]PF6 (16) wurden anhand der folgenden Vorschrift 

hergestellt:  
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Abbildung 6.1: Einkernige Rutheniumallenylidenkomplexe 1 bis 18 basierend auf Ph
t
Bu2, 

FN (Fluoren), Phenalene, BPyr (Benzopyren), PyrPh (Pyrenophenon), Tetracyclon, 

AO (Anthraquinon), PhenO (Phenalenon), PCO (Pentacenequinon) and PyrPh2O (Pyrenodiphenon). 
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Die Ketone Phenalen-1-on, 6H-Benzo[cd]pyren-6-on, Tetraphenylcyclopentadienon und 

Phenanthrene-9,10-dion werden mit Lithium TMS-Acetylen (TMS = Trimethylsilyl) zur 

Reaktion gebracht. Im zweiten Schritt wurde der entsprechende TMS-substituierte Ligand mit 

KOH versetzt, um die Propargylalkohole 1-Ethinyl-1H-phenalen-1-ol (4), 

6-Ethinyl-6H-benzo[cd]pyren-6-ol (7), 1-Ethinyl-2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-ol 

(11) und 10-Ethinyl-10-hydroxyphenanthren-9(10H)-on (15) zu erhalten.  

Hohe Extinktionskoeffizienten im sichtbaren Bereich, sowie Absorptionen im nahen IR 

(Infrarot) Bereich der Komplexe, weißen auf mögliche Anwendungen in Farbstoffsolarzellen 

hin, da die Komplexe hohe Stabilität zeigen, was durch thermogravimetrische Analysen 

(TGA) gezeigt wurde. Weiterhin, zeigen die CV (Zyklovoltammetrie) Daten starkes 

Elektronenakzeptorpotential der Komplexe auf.  

Der zweite Teil dieser Arbeit berichtet über die Synthesen zweikerniger 

Rutheniumbisallenylidenkomplexe. Es wurden vier neue Cyclopentadienyl-basierte, 

zweikernige, Bisallenylidenkomplexe [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(Ar)(=C=C=) 

(PPh3)2(η
5
-C5H5)Ru](PF6)2 mit verschiedenen polyaromatischen Spacern (=Ar) zwischen den 

Allenylideneinheiten hergestellt (Abbildung 6.2). Folgende Liganden wurden verwendet: 

9,10-Diethynyl-9,10-dihydroanthracene-9,10-diol (21), 6,13-Diethynyl-6,13-

dihydropentacene-6,13-diol (24), 10,10'-Diethynyl-10H,10'H-[9,9'-bianthracenylidene]-

10,10'-diol (26) und 6,12-Diethynyl-6,12-dihydroindeno[1,2-b]fluorene-6,12-diol (28). 

9,10-Diethynyl-9,10-dihydroanthracene-9,10-diol (21) wurde anhand der Literaturvorschrift 

von TAYLOR und SWAGER synthetisiert.
[189]

 Die Umsetzung von zwei Äquivalenten 

Rutheniumpräkursor [RuCl(η
5
-C5H5)(PPh3)2] mit einem Äquivalent Bispropargylalkohol und 

zwei Äquivalenten NH4[PF6] ergaben die zweikernigen Rutheniumbisallenylidenkomplexe 

[Ru(η
5
-C5H5)(PPh3)2(=C=C=)(AC)(=C=C=)(PPh3)2(η

5
-C5H5)Ru](PF6)2 (22), [Ru(η

5
-C5H5)- 

(PPh3)2(=C=C=)(PC)(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2 (25), [Ru(η

5
-C5H5)(PPh3)2(=C=C=) 

(BAN)(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2 (27) und  [Ru(η

5
-C5H5)(PPh3)2(=C=C=)(IndFN) 

(=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2 (30).  
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Abbildung 6.2: Zweikernige Rutheniumbisallenylidenkomplexe 22, 25, 27 und 30 basierend auf AC 

(Anthracen), PC (Pentacen), BAN (Bianthracen) und IndFN (Indenofluoren). 

 

Während der Synthese von 22 konnte ein zusätzliches Produkt 23 isoliert, allerdings nicht 

strukturell bestimmt werden. Beide Komplexe weisen unterschiedliche spektroskopische und 

elektronische Eigenschaften auf. Ein Vergleich der UV/Vis/NIR und CV Daten von 22 und 
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23 unterstützt die Annahme eines gemischtvalenten Komplexes 23. Im Falle der Komplexe 

25, 27 und 30 wurden keine weiteren Nebenprodukte erhalten.  

Im dritten Kapitel sollte die Löslichkeit von Rutheniumallenylidenkomplexen in polaren 

Lösungsmitteln durch den Austausch von einem oder zwei Triphenylphosphanliganden durch 

PTA (1,3,5-Triaza-7-phosphaadamantan) verbessert werden. Ausgehend von den Präkursoren 

[RuCl(η
5
-C5H5)(PPh3)(PTA)] und [RuCl(η

5
-C5H5)(PTA)2] konnte ein Allenylidenkomplex 

[Ru(η
5
-C5H5)(=C=C=(Ph)2)(PTA)(PPh3)]PF6 (33) dargestellt werden (Abbildung 6.3). 

Weiterhin konnten die Vinylidenkomplexe [Ru(η
5
-C5H5)(=C=CH-C(OMe)(Ph)2)(PTA)2]PF6 

(34), [Ru(η
5
-C5H5)(=C=CH-(FN-OMe))(PTA)(PPh3)]PF6 (35) und [Ru(η

5
-C5H5)(=C=CH-

(FN-OMe))(PTA)2]PF6 (36) erhalten werden (Abbildung 6.3). Die Komplexe mit zwei PTA 

Liganden zeigen eine bessere Löslichkeit in polaren Lösungsmitteln auf als die Komplexe mit 

jeweils einem PTA- und einem PPh3-Liganden. Jedoch konnte das Ziel, wasserlösliche 

Komplexe zu erhalten, nicht erreicht werden, da der Austausch die Löslichkeit in Wasser 

nicht in gewünschtem Maße steigert. Da es, abgesehen von Komplex 33, nicht möglich war, 

weitere PTA-basierte Rutheniumallenylidenkomplexe zu synthestisieren, sind alternative 

Syntheserouten in Betracht zu ziehen. Im Hinblick auf die Ergebnisse, könnte ein schwach 

nukleophiles Lösungsmittel wie THF für weitere PTA-subsitutierte Synthesen von 

Rutheniumallenylidenkomplexen in Betracht gezogen werden.  
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Abbildung 6.3: PTA-subsitutierte Rutheniumallenyliden- and vinylidenkomplexe 33 bis 36. 

 

Des Weiteren wurden zwei Vinylidenkomplexe ausgehend von methoxysubstituierten 

Propargylalkoholen hergestellt. Beide Ligandenvorstufen 2-(13-Ethynyl-13-methoxy-13,13a-

dihydropentacen-6(5aH)-ylidene)malononitril und 2-(11-Ethynyl-11-methoxyanthra[2,3-

b:6,7-b']dithiophen-5(11H)-ylidene)malononitril wurden von M. GRUBER aus der 

Arbeitsgruppe von TYKWINSKI bereitgestellt. Die Komplexe [Ru(η
5
-C5H5)(=C=CH-(PCN-

OMe))(PPh3)2]PF6 (37) und [Ru(η
5
-C5H5)(=C=CH-(DTPCN-OMe))(PPh3)2]PF6 (38) konnten 

durch Reaktion des Rutheniumpräkursors [RuCl(η
5
-C5H5)(PPh3)2] mit NH4[PF6] und der 

entsprechenden Ligandenvorstufe synthetisiert werden (Abbildung 6.4). Leider war es nicht 

möglich, die erhaltenen Vinylidenkomplexe durch Elimination von MeOH in die 

gewünschten Allenylidenkomplexe umzuwandeln. 
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Abbildung 6.4: Rutheniumvinylidenkomplexe 37 und 38.  

 

Im letzten Kapitel wurden Rutheniumallenylidenkomplexe mit einem Ferrocenyl- und 

Ruthenocenylsubstitutenten studiert (Abbildung 6.5). Der erste Komplex wurde aus 

[Ru(η
5
-C5H5)2C-C≡CH)(OH)Ph], dem Rutheniumpräkursor [RuCl(η

5
-C5H5)(PPh3)2] und 

NH4[PF6] synthetisiert. Der entstandene Komplex [Ru(η
5
-

C5H5)(PPh3)2(=C=C=C(Ph(C5H4)Ru(η
5
-C5H5))]PF6 (39) zeigt ein starkes 

Elektronenakzeptorpotential auf, welches in verschiedenen Bereichen Anwendung finden 

könnte. Eine weitere Idee befasst sich mit der Synthese von trinuklearen 

Rutheniumbisallenylidenkomplexen unter Verwendung von disubstituierten Ferrocenyl- und 

Ruthenocenylpropargylalkoholen und zwei Äquivalenten [RuCl(η
5
-C5H5)(PPh3)2]. Beide 

Komplexe [Ru(η
5
-C5H5)(PPh3)2(=C=C=C(Ph(Fe(η

5
-C5H4)2)Ph)(C=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2  (41) und [Ru(η
5
-C5H5)(PPh3)2(=C=C=C(Ph (Ru(η

5
-

C5H4)2)Ph)(C=C=C=)(PPh3)2(η
5
-C5H5)Ru](PF6)2  (42) konnten hergestellt werden. Allerdings 

konnten diese Komplexe, aufgrund ihrer geringen Stabilität nicht vollständig charakterisiert 

werden. Die Stabilität ist von den Resten am C–γ Kohlenstoffatom abhängig. Somit könnte 

ein alternativer Rest, anstelle eines Phenylrestes, die Allenylideneinheit besser stabilisieren 

und die Komplexe vor Zersetzung bewahren. 
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Abbildung 6.5: Rutheniumallenylidenkomplexes 39, 40, 41 und 42 basierend auf Ferrocenyl- und 

Ruthenocenylsubstituenten. 
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7.1 General Remarks 

7.1.1  Working Techniques 

 

All air-sensitive compounds were prepared under dry nitrogen or argon atmosphere using 

conventional Schlenk techniques. Purchased solvents (p.a. grade, < 50 ppm H2O) were 

degassed prior to use and stored under N2 or Ar atmosphere.  

 

7.1.2 Spectroscopic and Analytical Methods 

 

NMR Spectroscopy 

1
H, 

13
C, APT 

13
C and 

31
P NMR spectra were measured with a Bruker AVANCE DPX300 NB, 

Bruker AVANCE DRX400 WB and a Bruker AVANCE III HD 400 MHz and Bruker AVANCE 

III HD 600 MHz instrument. The δ values are given in ppm relative to tetramethylsilane and 

were calibrated by the solvent peaks of the deuterated solvent. 

 

Infrared Spectroscopy 

IR spectra were recorded with a Varian EXCALIBUR FTS-3500 FT-IR spectrometer in a KBr 

matrix or in CaF2 cuvettes (0.2 mm).  

 

Elemental Analysis 

For elemental analyses, an Euro EA 3000 (Euro Vector) and EA 1108 (Carlo Erba) instrument 

was used (σ = ± 1 % of the measured content). 

 

Mass Spectrometry 

Electrospray-ionization mass spectrometry (ESI MS) and cryospray-ionization mass 

spectrometry (CSI MS) measurements were performed on a UHR-TOF Bruker Daltonik 

maXis plus 5G, an ESI-ToF MS capable of resolution of at least 60.000 FWHM and in case of 

CSI MS, coupled to a Bruker Daltonik Cryospray unit. ESI MS detection was in positive and 

in negative ion mode, the source voltage was 2.8 kV. The flow rates were 180 µL/hour. The 

drying gas (N2), to aid solvent removal, was held at 180 °C and the spray gas was held at 

20 °C.  

For CSI MS, the detection was in positive and in negative ion mode, the source voltage was 

4.5 kV. The flow rates were 280 µL/hour. The drying gas (N2), to aid solvent removal, was 
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held at –35 °C and the spray gas was held at –40 °C. The machine was calibrated prior to 

every experiment via direct infusion of the Agilent ESI-ToF low concentration tuning mixture, 

which provided an m/z range of singly charged peaks up to 2700 Da in both ion modes. The 

CSI MS samples for the possible aggregation of complex 8, 9, 13 and 17 were prepared by the 

following procedure. The appropriate complex and pyrene, in a concentration of about               

10
–6 

mol L
–1

, were dissolved in acetonitrile and placed in an ultrasonic bath for 5 h. 

Afterwards, the samples were measured immediately.
[228]

 

 

Thermogravimetric Analyses 

TGA were achieved on a Mettler Toledo DSC 821e/Sensor FRS5-Ceramic. All thermal 

analyses were carried out under a flow of nitrogen with a heating rate of 10 °C/min. Thermal 

decomposition temperature as measured by TGA (as sample weight loss) is reported as Td in 

which the temperature listed corresponds to the intersection of the tangent lines of the 

baseline and the edge of the peak corresponding to the first significant weight loss, typically 

> 5 %. 

 

X-Ray Structure Determination 

The structure determination for structures 13 and 17 were carried out on a Bruker-Nonius 

Kappa-CCD diffractometer and for 8, 9, 12 and 22 the structure determination was carried out 

on a Rigaku Oxford Diffraction (formerly Agilent) Supernova A S2 (Dual) diffractometer 

using an Atlas S2 CCD detector and Mova (Mo) X-ray Sources (Mova, Mo-Kα: 

λ = 0.71073 Å) and Nova (Cu) (Noca, Cu-K α: λ = 1.54184 Å) X-ray Sources.  

 

Computational Data 

All density-functional theory (DFT)-calculations were carried out by using the Jaguar 7.7.107 

software running on Linux 2.6.18-238.el5 SMP (x86_64) on two AMD Phenom II X6 1090T 

processor workstations (Beowulf-cluster) parallelized with OpenMPI. The X-ray crystal 

structure of 17 was used as starting geometry. Complete geometry optimization was carried 

out on the implemented LACVP* (Hay-Wadt effective core potential (ECP) basis on heavy 

atoms, N31G6* for all other atoms) basis set and with the B3LYP density functional. The 

calculated structure was proven to be true minima by the absence of large imaginary 

frequencies. Orbital Plots were obtained using Maestro 9.1.207, the graphical interface of 

Jaguar. UV/Vis transitions were obtained by time-dependent (TD) DFT-calculations on the 

geometry of the minimized structure.
[229]
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UV/Vis and NIR Spectroscopy 

The spectra were performed with a Varian Cary 5G spectrometer. The spectra were recorded 

in CH2Cl2 and the measuring range is from 2000 nm up to 200 nm. 

 

Cyclic Voltammetry 

The experiments were done, using an AUTOLAB PGSTAT 100. A three-electrode cell was 

applied, using a gold disk working electrode, a platinum sheet counter electrode and a silver 

wire as a pseudo-reference electrode. The measurements were performed in MeCN or CH2Cl2 

solution (1.00 mM complex) containing 0.1 M n-Bu4N[PF6] as supporting electrolyte. All 

solutions were deoxygenated with N2 before each experiment and a blanket of N2 was used to 

cover the solution during the experiment. The potential values (E) were calculated using the 

following equation: E = (Epc + Epa)/2, where Epc and Epa correspond to the cathodic and 

anodic peak potentials, respectively. Potentials are referenced to the ferrocenium/ferrocene 

(Fc
+
/Fc) couple used as an internal standard. 

 

Determination of Stoichiometry 

The determination of the stoichiometric coefficients was performed by recording Job plots, a 

method of Continuous Variations. Therefore, a series of measurements of ten samples was 

prepared in which the concentrations of pyrene and the complexes 8, 9, 13, 17 were modified 

whereas the total concentration was kept constant. For each sample, an UV/Vis spectrum was 

recorded at ambient temperature. The change of absorption 𝛥𝐴 multiplied by the mole 

fraction 𝜒𝑅  was plotted against the mole fraction 𝜒𝑅 =
[𝑆]

[𝑆] + [𝑅]
. The maximum of the acquired 

curve shows the stoichiometric ratio of substrate (S) and receptor (R). 
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Table 7: Pipetting scheme of the sample preparation for a Job plot via UV/Vis titration.
a 

Sample VR [µL] VS [µL] VSolv [µL] VTotal [µL] 

01 100 00 3000 3100 

02 090 10 3000 3100 

03 080 20 3000 3100 

04 070 30 3000 3100 

05 060 40 3000 3100 

06 050 50 3000 3100 

07 040 60 3000 3100 

08 030 70 3000 3100 

09 020 80 3000 3100 

10 010 90 3000 3100 

a 
Measurement with Varian Cary 5G 

 

7.1.3 Chemicals 

 

The following chemicals were used as purchased without further purification: 

 9-ethynyl-9-fluorenol 

 1H-phenalen-1-one 

 phenanthrene-9,10-dione 

 1,3,5-triaza-7-phosphaadamantane (PTA) 

 1,1-diphenyl-2-propin-1-ol 

 ethynylmagnesium bromide 

 n-butyllithium 
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 trimethylsilylacetylene 

The group of PROF. R. R. TYKWINSKI provided the following chemicals: 

 13-ethynyl-13-hydroxypentacen-6-one 

 1,1-bis(3,5-di-tert-butylphenyl)prop-2-yn-1-ol 

 6,13-diethynyl-6,13-dihydropentacene-6,13-diol 

 2-(13-ethynyl-13-methoxy-13,13a-dihydropentacen-6(5aH)-ylidene)malononitrile 

 2-(11-ethynyl-11-methoxyanthra[2,3-b:6,7-b']dithiophen-

5(11H)-ylidene)malononitrile 

The group of PROF. N. JUX provided the following chemicals: 

 2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-one 

The following chemicals were synthesized according to literature methods:  

 [RuCl(η
5
-C5H5)(PPh3)2]

[228]
 

 6H-benzo[cd]pyren-6-one
[165]

 

 indeno[1,2-b]fluorene-6,12-dione
[197]

 

 9,10-diethynyl-9,10-dihydroanthracene-9,10-diol
[189]

 

 10,10'-diethynyl-10H,10'H-[9,9'-bianthracenylidene]-10,10'-diol
[14]

 

 ruthenocene
[216]

 

 benzoyl ruthenocene
[217-218]

 

 [Ru(η
5
-C5H5)(C5H4-C(OH)(≡CH))Ph]

[217]
 

 dibenzoyl-1,1 ́-ferrocene
[221, 224]

 

 dibenzoyl-1,1 ́-ruthenocene
[222]

 

 [Fe((C5H4-C(OH)(≡CH))Ph)2]
[226-227]

 

The following chemicals were used as prepared by the group of PROF. N. BURZLAFF: 

 10-ethynyl-10-hydroxyanthracen-9-one
[28]

 

 1-phenyl-1-(pyren-1-yl)prop-2-yn-1-ol
[28]

 

 (8-(1-hydroxy-1-phenylprop-2-yn-1-yl)pyren-1-yl)(phenyl)methanone 
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7.2 Synthetic Procedures 

7.2.1 Mononuclear Cyclopentadienyl Ruthenium Allenylidene Complexes 

7.2.1.1 [Ru(η
5
-C5H5)(=C=C=C(Ph

t
Bu2)2)(PPh3)2]PF6 (1) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (247 mg, 0.340 mmol), 1,1-bis(3,5-

di-tert-butylphenyl)prop-2-yn-1-ol (150 mg, 0.347 mmol) and NH4[PF6] (55.4 mg, 

0.340 mmol) were dissolved in MeOH (30 mL) and stirred for 1 d at rt. The resulting dark red 

solution was filtered and the solvent removed under vacuum. The crude product was loaded 

on a column (silica) and eluted with CH2Cl2 and afterwards, the solvent was removed under 

vacuum. The product was achieved as dark red solid in yield of 222 mg (0.177 mmol, 52 %). 

1
H NMR (CDCl3, 300 MHz): δ = 7.83-7.82 (m, 2H, Ar), 7.57-7.55 (m, 4H, Ar), 7.35-7.32 (m, 

6H, p-PPh3), 7.10-7.07 (m, 24H, o-PPh3, m-PPh3), 5.01 (s, 5H, Cp), 1.32 (s, 36H, CH3) ppm. 

13
C{

1
H} NMR (CD2Cl2, 75 MHz): δ = 297.2 (t, 

2
JC,P = 15.7 Hz, C–α), 210.8 (C–β), 150.3 

(m-Ph
t
Bu2–C), 147.7 (i-Ph

t
Bu2–C), 145.8 (C–γ),  134.3 (d, 

1
JC,P = 49.0 Hz, i-PPh3), 133.2 (t, 

2
JC,P = 10.0 Hz, o-PPh3), 131.4 (p-PPh3), 139.2 (C), 129.5 (t, 

2
JC,P = 10.0 Hz, m-PPh3), 122.2 

(o-Ph
t
Bu2–C), 120.2 (p-Ph

t
Bu2–C), 93.8 (Cp), 34.6 (C–(CH3)3), 31.4 (C–(CH3)3) ppm. 

31
P{

1
H} NMR (CDCl3, 122 MHz): δ = 47.1 (s, PPh3), –143.1 (quint, PF6) ppm. ESI MS 

(CH2Cl2): m/z (%) = 1105.46 (100) [M]
+
. IR (CH2Cl2): 𝜈 = 1922 (C=C=C), 1659 (C=O), 

1612 (C=C), 1584 (C=C) cm
–1

. EA C72H78F6P3Ru (1251.40 g mol
–1

): calcd. C 69.16, H 6.21; 

found: C 69.40, H 6.19 %. UV/Vis (CH2Cl2): λmax in nm (ε/L mol
–1

 cm
–1

) = 514 (32606), 363 

(13211). 
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7.2.1.2 [Ru(η
5
-C5H5)(=C=C=(FN))(PPh3)2]PF6 (2) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (363 mg, 0.500 mmol), 9-ethynyl-9-fluorenol (107 mg, 

0.520 mmol) and NH4[PF6]  (81.5 mg, 0.500 mmol) was dissolved in MeOH (35 mL) and 

stirred for 2 d at rt. The pink solution was filtered and the solvent was removed under 

vacuum. The residue was dissolved in CH2Cl2 (10 mL), filtered and poured into an excess of 

rapidly stirred Et2O. The suspension was filtered and the dark pink precipitate was washed 

with Et2O (3 × 5 mL) and dried in vacuo. The product was obtained as dark pink solid in a 

yield of 343 mg (0.335 mmol, 67 %). 

1
H NMR (CD2Cl2, 300 MHz): δ = 7.70-7.68 (m, 4H, FN–H), 7.64 (t, 

3
JH,H = 7.5 Hz, 

3
JH,H = 7.5 Hz, 2H, FN–H), 7.55 (d, 

3
JH,H = 7.5 Hz, 2H, FN–H), 7.38-7.37 (m, 6H, p-PPh3), 

7.26-7.13 (m, 24H, o-PPh3, m-PPh3), 5.16 (s, 5H, Cp) ppm. 
13

C{
1
H} NMR (CD2Cl2, 

75 MHz): δ = 294.7 (t, 
2
JC,P = 17.5 Hz, C–α), 213.4 (C–β), 155.4 (C–γ), 135.1 (FN–C), 134.8 

(d, 
1
JC,P = 50.0 Hz, i-PPh3), 134.3 (FN–C), 134.0 (FN–CH), 133.5 (t, 

2
JC,P = 10.5 Hz, o-PPh3), 

131.1 (FN–CH), 129.8 (p-PPh3), 129.0 (t, 
2
JC,P = 10.5 Hz, m-PPh3), 124.3 (FN–CH), 121.9 

(FN–CH), 94.6 (Cp) ppm. 
31

P{
1
H} NMR (CD2Cl2, 122 MHz): δ = 47.6 (s, PPh3), –144.5 

(quint, PF6) ppm. ESI MS (CH2Cl2): m/z (%) = 879.19 (100) [M]
+
. IR (CH2Cl2): 

𝜈 = 1939 (C=C=C), 1600 (C=C) cm
–1

. EA C56H43F6P3Ru (1023.94 g mol
–1

): calcd. C 65.69, 

H 4.23; found: C 66.02, H 4.32 %. UV/Vis (CH2Cl2): λmax in nm (ε/L mol
–1

 cm
–1

) = 920 

(175), 535 (10271), 397 (4363). 
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7.2.1.3 1-((Trimethylsilyl)ethynyl)-1H-phenalen-1-ol (3) 

 

 

n-BuLi (13.0 mL, 1.6 M in hexanes, 8.10 mmol, 5.0 eq) was added dropwise to a solution of 

trimethylsilylacetylene (5.84 mL, 8.42 mmol, 5.2 eq) in THF (20 mL) at –50 °C under Ar 

atmosphere. The mixture was allowed to warm to rt and stirred for 45 min. 1H-Phenalen-1-

one (292 mg, 1.62 mmol, 1.0 eq) was added in one portion and the reaction mixture was 

stirred for 18 h at rt. The reaction mixture was quenched with water (5 mL) and the solvent 

was removed under vacuum. The crude product was loaded on a column (silica, length 10 cm, 

Ø 4 cm) and eluted with acetone/n-pentane (1:1, v/v) to obtain the brown product (Rf = 0.5) in 

a yield of 431 mg (1.55 mmol, 96 %) after evaporation of the solvents under vacuum. 

1
H NMR (CDCl3, 300 MHz): δ = 7.34-7.30 (m, 3H, Phen–H), 7.22-7.19 (m, 3H, Phen–H), 

6.43-6.37 (m, 2H, Phen–H), 5.04 (s, 1H, OH), 0.08 (s, 9H, TMS) ppm. 
13

C{
1
H} NMR 

(CDCl3, 75 MHz): δ = 133.9 (C), 131.6 (C), 131.2 (C), 130.8 (C), 127.4 (CH), 126.4 (CH), 

126.2 (CH), 125.8 (CH), 123.8 (CH), 123.0 (CH), 122.8 (CH), 121.7 (CH), 105.7 

(C≡C(TMS)), 84.1 (C≡C(TMS)), 72.7 (C–OH), –0.38 (C, TMS) ppm. ESI MS (CH3OH): 

m/z (%) = 277.43 (100) [M – H]
–
. IR (KBr): 𝜈 = 3046 (OH), 2956 (CH3), 2144 (C≡C), 1637 

(C=C) cm
–1

. EA C18H18OSi (278.43 g mol
–1

): calcd. C 77.35, H 6.52; found: C 77.00, 

H 6.38 %. 
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7.2.1.4 1-Ethynyl-1H-phenalen-1-ol (4) 

 

 

1-((Trimethylsilyl)ethynyl)-1H-phenalen-1-ol (3) (411 mg, 1.48 mmol, 1.0 eq) was dissolved 

in THF/MeOH (20 mL) (1:1, v/v) at rt. A solution of KOH (100 mg in 5 mL water, 

1.78 mmol, 1.2 eq) was added dropwise to the solution and stirred for 3 h. The solvent was 

removed under vacuum and the crude product was loaded on a column (silica, length 10 cm, 

Ø 3 cm) with CHCl3 as eluent. The product could be isolated at Rf = 0.8 in a yield of 100 mg 

(0.490 mmol, 33 %) after evaporation of the solvent under vacuum. 

1
H NMR (CDCl3, 300 MHz): δ = 8.15 (d, 1H, 

3
JH,H = 7.8 Hz, Phen–H), 7.89 (d, 1H, 

3
JH,H = 8.1 Hz, Phen–H), 7.76 (d, 1H, 

3
JH,H = 8.1 Hz, Phen–H), 7.61 (t, 1H, 

3
JH,H = 7.8 Hz, 

3
JH,H = 6.9 Hz, Phen–H), 7.43 (t, 1H, 

3
JH,H = 8.1 Hz, Phen–H), 7.34 (d, 1H, 

3
JH,H = 6.9 Hz, 

Phen–H), 6.87 (d, 1H, 
3
JH,H = 9.6 Hz, Phen–H), 6.32 (d, 1H, 

3
JH,H = 9.6 Hz, Phen–H), 5.28 (s, 

1H, OH), 3.45 (s, 1H, CH)  ppm. 
13

C{
1
H} NMR (CDCl3, 75 MHz): δ = 133.9 (C), 132.0 (C), 

131.4 (C), 130.8 (C), 126.8 (CH), 126.4 (CH), 126.0 (CH), 125.8 (CH), 123.7 (CH), 123.0 

(CH), 122.8 (CH), 121.8 (CH), 86.6 (C≡CH), 77.6 (C≡CH), 68.2 (C–OH) ppm. ESI MS 

(CH3OH): m/z (%) = 205.24 (100) [M – H]
–
. IR (KBr): 𝜈 = 3046 (OH), 2144 (C≡C), 1579 

(C=O) cm
–1

. EA C15H10O (206.24 g mol
–1

): calcd. C 87.36, H 4.89; found: C 87.40, 

H 4.78 %. 
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7.2.1.5 [Ru(η
5
-C5H5)(=C=C=(Phenalene))(PPh3)2]PF6 (5) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (356 mg, 0.490 mmol), 1-ethynyl-1H-phenalen-1-ol 

(100 mg, 0.490 mmol) and NH4[PF6] (80.0 mg, 0.490 mmol) was dissolved in MeOH 

(30 mL) and stirred for 2 d at rt. The resulting dark blue solution was filtered and the solvent 

removed under vacuum. The crude product was dissolved in CH2Cl2 (5 mL) and loaded on a 

column (silica, length 15 cm, Ø 3.0 cm) and eluted with CH2Cl2/hexane/acetone (2:2:1, v/v/v) 

(Rf = 0.5) and the solvent was removed under vacuum. The product was obtained as blue solid 

in a yield of 43.0 mg (0.0420 mmol, 9 %). 

1
H NMR (CDCl3, 300 MHz): δ = 8.20 (d, 1H, 

3
JH,H = 7.8 Hz, Phen–H), 7.87 (d, 1H, 

3
JH,H = 8.1 Hz, Phen–H), 7.74 (d, 1H, 

3
JH,H = 8.1 Hz, Phen–H), 7.63 (t, 1H, 

3
JH,H = 7.8 Hz, 

3
JH,H = 6.9 Hz, Phen–H), 7.44 (t, 1H, 

3
JH,H = 8.1 Hz, Phen–H), 7.42-7.39 (m, 6H, p-PPh3), 

7.34 (d, 1H, 
3
JH,H = 6.9 Hz, Phen–H), 7.30-7.28 (m, 12H, m-PPh3), 7.20-7.16 (m, 12H, 

o-PPh3), 6.87 (d, 1H, 
3
JH,H = 9.6 Hz, Phen–H), 6.33 (d, 1H, 

3
JH,H = 9.6 Hz, Phen–H), 5.13 (s, 

5H, Cp)  ppm. APT
 13

C{
1
H} NMR (CD2Cl2, 75 MHz): δ = 287.2-286.9 (m, C–α), 210.8 (C–

β), 144.3 (C–γ), 134.3 (d, 
1
JC,P = 40.2 Hz, i-PPh3), 133.9 (Phenalene–C), 133.3 (t, 

2
JC,P = 10.0 Hz, o-PPh3), 132.0 (Phenalene–C), 131.4 (Phenalene–C), 130.8 (Phenalene–C), 

130.5 (p-PPh3), 128.6 (t, 
2
JC,P = 10.0 Hz, m-PPh3), 126.8 (Phenalene–CH), 126.4 (Phenalene–

CH), 126.0 (Phenalene–CH), 125.8 (Phenalene–CH), 123.7 (Phenalene–CH), 123.0 

(Phenalene–CH), 122.8 (Phenalene–CH), 121.8 (Phenalene–CH), 90.8 (Cp) ppm. 

31
P{

1
H} NMR (CDCl3, 122 MHz): δ = 42.3 (s, PPh3), –143.8 (quint, PF6) ppm. ESI MS 

(CH2Cl2): m/z (%) = 878.98 (100) [M]
+
. IR (CH2Cl2): 𝜈 = 1929 (C=C=C), 1615 (C=C), 1593 

(C=C) cm
–1

. EA C56H43F6P3Ru (1023.94 g mol
–1

): calcd. C 65.69, H 4.23; found: C 65.40, 

H 4.38 %. UV/Vis (CH2Cl2): λmax in nm (ε/L mol
–1

 cm
–1

) = 983 (1894), 665 (44045), 239 

(60157). 
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7.2.1.6 6-((Trimethylsilyl)ethynyl)-6H-benzo[cd]pyren-6-ol (6) 

 

 

n-BuLi (1.95 mL, 1.6 M in hexanes, 3.12 mmol, 8 eq) was added dropwise to a solution of 

trimethylsilylacetylene (0.550 mL, 3.90 mmol, 10 eq) in THF (30 mL) at –50 °C under Ar 

atmosphere. The mixture was allowed to warm to rt and stirred for 45 min. 

6H-Benzo[cd]pyren-6-one (3) (100 mg, 0.394 mmol, 1 eq) was added in one portion and the 

reaction mixture was stirred overnight. The reaction mixture was quenched with water (5 mL) 

and the solvent was removed under vacuum. The crude product was loaded on a column 

(silica, length 10 cm, Ø 4 cm) and eluted with acetone/n-pentane (1:1, v/v) to obtain the 

brown product (Rf = 0.6) in a yield of 128 mg (0.241 mmol, 61 %) after evaporation of the 

solvents under vacuum. 

1
H NMR (CDCl3, 300 MHz): δ = 8.50 (d, 

3
JH,H = 7.2 Hz, 2H, H3), 8.07 (d, 

3
JH,H = 8.1 Hz, 

2H, H5), 8.03 (d, 
3
JH,H = 8.7 Hz, 2H, H7/H8), 7.95 (d, 

3
JH,H = 8.7 Hz, 2H, H7/H8), 7.82 (t,

 

3
JH,H = 7.2 Hz, 

3
JH,H = 8.1 Hz, 2H, H4), 3.34 (s, 1H, OH), 0.26 (s,

 
9H, TMS) ppm. 

APT 
13

C{
1
H} NMR (CDCl3, 100 MHz): δ = 143.2 (C), 136.4 (C), 131.2 (C), 129.4 (C), 128.8 

(CH), 127.6 (CH), 127.6 (CH), 126.9 (CH), 126.7 (CH), 124.2 (C), 108.5 (C≡C(TMS)), 93.0 

(C≡C(TMS)), 68.9 (C–OH), –0.1 (C, TMS) ppm. ESI MS (MeOH): m/z (%) = 531.13 (30) 

[M – H]
–
. IR (KBr): 𝜈 = 3258 (OH), 2948 (CH), 2114 (C≡C), 1617 (C=C), 1583 (C=C) cm

–1
. 

EA C24H20OSi (352.51 g mol
–1

): calcd. C 81.78, H 5.72; found: C 81.58, H 5.80 %. 
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7.2.1.7 6-Ethynyl-6H-benzo[cd]pyren-6-ol (7) 

 

 

6-((Trimethylsilyl)ethynyl)-6H-benzo[cd]pyren-6-ol (200 mg, 0.567 mmol, 1.0 eq) was 

dissolved in THF/methanol (1:1, v/v). A solution of KOH (47.7 mg in 5 mL water, 

0.850 mmol, 1.5 eq) was added dropwise to the solution and stirred for 3 h at rt. The solvent 

was removed under vacuum and the crude product was loaded on a column (silica, length 

10 cm, Ø 3 cm) with CHCl3 as eluent. The product could be isolated at Rf = 0.8 in a yield of 

128 mg (0.457 mmol, 81 %) after evaporation of the solvent under vacuum. 

1
H NMR (CDCl3, 300 MHz): δ = 8.90 (dd, 

3
JH,H = 7.5 Hz, 

3
JH,H = 0.9 Hz, 2H, H3), 8.35 (dd, 

3
JH,H = 7.8 Hz, 

3
JH,H = 0.9 Hz, 2H, H5), 8.14 (d, 

3
JH,H = 8.7 Hz, 2H, H7/H8), 8.03 (d, 

3
JH,H = 8.7 Hz, 2H, H7/H8), 7.91 (t,

 3
JH,H = 7.7 Hz, 2H, H4), 5.30 (s, 1H, OH), 3.32 (s, 1H, 

CH) ppm. APT 
13

C{
1
H} NMR (CDCl3, 100 MHz): δ = 144.2 (C), 135.5 (C), 131.3 (C), 129.4 

(C), 128.9 (CH), 128.6 (CH), 127.2 (CH), 126.2 (CH), 126.7 (CH), 124.2 (C), 87.5 (C≡CH), 

78.0 (C≡CH), 73.9 (C–OH) ppm. ESI MS (CH3OH): m/z (%) = 279.33 (100) [M – H]
–
. 

IR (KBr): 𝜈 = 3206 (OH), 2948 (CH), 2115 (C≡C), 1620 (C=C), 1584 (C=C) cm
–1

. EA 

C21H12O (280.33 g mol
–1

): calcd. C 89.98, H 4.31; found: C 89.80, H 4.38 %.  
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7.2.1.8 [Ru(η
5
-C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (109 mg, 0.150 mmol), 6-ethynyl-6H-

benzo[cd]pyren-6-ol (50.0 mg, 0.178 mmol) and NH4[PF6] (24.4 mg, 0.150 mmol) was 

dissolved in MeOH (20 mL) and stirred for 2 d at rt. The dark green solution was filtered and 

the solvent removed under vacuum. The residue was dissolved in CH2Cl2 (50 mL) and loaded 

on a column (silica, length 10 cm, Ø 2.0 cm) and eluted with CH2Cl2/acetone (3:1, v/v) 

(Rf = 0.8) and the solvent was removed in vacuo. The product was obtained as a dark green 

solid in a yield of 97.0 mg (88.0 μmol, 59 %). 

1
H NMR (CD2Cl2, 300 MHz): δ = 8.69 (d, 

3
JH,H = 6.0 Hz, 2H, H7), 8.64 (d, 

3
JH,H = 9.0 Hz, 

2H, H8), 8.38 (d, 
3
JH,H = 6.0 Hz, 2H, H5), 8.14 (d, 

3
JH,H = 9.0 Hz, 2H, H3), 7.83 (t, 2H, 

3
JH,H = 9.0 Hz, 

3
JH,H = 6.0 Hz, H4), 7.39-7.33 (m, 6H, p-PPh3), 7.31-7.25 (m, 12H, m-PPh3), 

7.20-7.15 (m, 12H, o-PPh3), 5.07 (s, 5H, Cp) ppm. APT
 13

C{
1
H} NMR (CD2Cl2, 75 MHz): 

δ = 286.5 (t, 
2
JC,P = 15.7 Hz, C–α), 207.0 (C–β), 143.3 (C–γ),  138.8 (BPyr–C), 136.3 (BPyr–

C), 136.2 (BPyr–CH), 135.9 (BPyr–CH),  135.2 (d, 
1
JC,P = 40.0 Hz, i-PPh3), 134.0 (BPyr–C), 

133.7 (t, 
2
JC,P = 10.5 Hz, o-PPh3), 132.5 (BPyr–C), 130.7 (p-PPh3), 130.3 (BPyr–CH), 129.8 

(BPyr–CH),  129.3 (BPyr–CH), 128.8 (t, 
2
JC,P = 10.5 Hz, m-PPh3), 125.8 (BPyr–C), 91.8 

(Cp) ppm. 
31

P{
1
H} NMR (CD2Cl2, 122 MHz): δ = 50.3 (s, PPh3), –143.3 (quint, PF6) ppm. 

ESI MS (CH2Cl2): m/z (%) = 953.20 (100) [M]
+
. IR (CH2Cl2): 𝜈 = 1941 (C=C=C), 1605 

(C=C), 1570 (C=C) cm
–1

. EA C62H47F6P3Ru (1100.04 g mol
–1

): calcd. C 67.82, H 4.13; 

found: C 67.84, H 4.32 %. UV/Vis (CH2Cl2): λmax in nm (ε/L mol
–1

 cm
–1

) = 928 (235), 733 

(45592), 681 (44334), 523 (8962), 445 (5575), 357 (28500). 
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7.2.1.9 [Ru(η
5
-C5H5)(=C=C=(PyrPh))(PPh3)2]PF6 (9) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (581 mg, 0.800 mmol), 1-phenyl-1-(pyren-1-yl)prop-2-

yn-1-ol (300 mg, 0.886 mmol) and NH4[PF6] (130 mg, 0.800 mmol) was dissolved in MeOH 

(40 mL) and stirred for 2 d at rt. The dark red solution was filtered and the solvent was 

removed under vacuum. The residue was dissolved in CH2Cl2 (20 mL) and filtered into an 

excess of rapidly stirred Et2O. The suspension was filtered and the dark red precipitate was 

washed with Et2O (3 × 5 mL). The dark red precipitate was dissolved in CH2Cl2 (5 mL) and 

loaded on a column (silica, length 15 cm, Ø 3.5 cm) and eluted with CH2Cl2/acetone (1:1, 

v/v) (Rf = 0.6) and the solvent was removed under vacuum. The product was obtained as a 

dark red solid in a yield of 258 mg (0.224 mmol, 28 %). 

1
H NMR (CD2Cl2, 300 MHz): δ = 8.39-8.31 (m, 2H, PyrPh–H), 8.23-8.10 (m, 6H, PyrPh–H), 

7.83-7.75 (m, 4H, PyrPh–H), 7.46 (t, 
3
JH,H = 9.0 Hz, 

3
JH,H = 9.0 Hz, 2H, PyrPh–H), 7.26 (t, 

3
JH,H = 6.0 Hz, 

3
JH,H = 9.0 Hz,  6H, p-PPh3), 7.09-6.98 (m, 24H, o-PPh3, m-PPh3), 5.06 (s, 5H, 

Cp) ppm. APT 
13

C{
1
H} NMR (CD2Cl2, 75 MHz): δ = 302.0 (t, 

2
JC,P = 17.5 Hz, C–α), 213.1 

(C–β), 145.5 (C–γ),  142.3 (Pyr–C), 139.3 (Pyr–C), 138.2 (Pyr–C), 135.5 (Pyr–C), 135.3 (d, 

1
JC,P = 50.0 Hz, i-PPh3), 134.8 (i-Ph), 133.5 (t, 

2
JC,P = 9.6 Hz, o-PPh3), 133.2 (o-Ph), 131.2 

(p-Ph), 130.9 (p-PPh3), 130.1 (m-Ph), 130.0 (Pyr–CH), 129.5 (Pyr–CH), 128.7 (t, 

2
JC,P = 9.6 Hz, m-PPh3), 127.9 (Pyr–CH), 127.8 (Pyr–CH), 127.4 (Pyr–CH), 127.1 (Pyr–CH), 

126.5 (Pyr–CH), 125.2 (Pyr–CH), 127.0 (Pyr–CH),  93.9 (Cp) ppm; three carbon atoms of the 

pyrene moiety could not be observed. 
31

P{
1
H} NMR (CD2Cl2, 122 MHz): δ = 45.9 (s, PPh3),  

–144.5 (quint, PF6) ppm. ESI MS (CH2Cl2): m/z (%) = 1005.24 (100) [M]
+
. IR (CH2Cl2): 

𝜈 = 1931 (C=C=C), 1653 (C=C), 1593 (C=C) cm
–1

. EA C66H49F6P3Ru (1150.10 g mol
–1

): 

calcd. C 68.93, H 4.29; found: C 68.49, H 4.20 %. UV/Vis (CH2Cl2): λmax in nm                            
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(ε/L mol
–1

 cm
–1

) = 821 (1058), 587 (27563), 479 (32469), 345 (37986), 332 (36138), 278 

(40378). 

 

7.2.1.10 2,3,4,5-Tetraphenyl-1-((trimethylsilyl)ethynyl)cyclopenta-2,4-dien-1-ol (10) 

 

 

n-BuLi (3.96 mL, 1.6 M in hexanes, 6.34 mmol, 5.8 eq) was added dropwise to a solution of 

trimethylsilylacetylene (0.926 mL, 6.55 mmol, 6 eq) in THF (30 mL) at –50 °C under Ar 

atmosphere. The mixture was allowed to warm to rt and stirred for 45 min. 

2,3,4,5-Tetraphenylcyclopenta-2,4-dien-1-one (420 mg, 1.09 mmol, 1 eq) was added in one 

portion and the reaction mixture was stirred overnight. The reacton mixture was quenched 

with water (5 mL) and the solvent was removed under vacuum. The crude product was loaded 

on a column (silica, length 10 cm, Ø 4 cm) and eluted with n-pentane/ethyl acetate (3:1, v/v) 

to obtain the brown product (Rf = 0.6) in a yield of 198 mg (0.410 mmol, 38 %) after 

evaporation of the solvents under vacuum. 

1
H NMR (CDCl3, 300 MHz): δ = 7.42-7.37 (m, 4H, Ph–H), 7.14-7.12 (m, 6H, Ph–H), 

7.07-6.99 (m, 6H, Ph–H), 6.86–6.82 (m, 4H, Ph–H), 5.02 (s, 1H, OH), 0.10 (s, 9H, 

TMS) ppm. 
13

C{
1
H} NMR (CDCl3, 75 MHz): δ = 142.9 (C), 142.6 (C), 134.7 (C), 133.8 (C), 

129.8 (CH), 127.8 (CH), 127.2 (CH), 104.7 (C≡C(TMS)), 93.1 (C≡C(TMS)), 82.5 (C–OH),  

–0.38 (C, TMS) ppm. ESI MS (CH3OH): m/z (%) = 481.21 (100) [M –H ]
–
. IR (KBr): 

𝜈 = 3025 (OH), 2945 (CH3), 2115 (C≡C), 1623 (C=C), 1588 (C=C) cm
–1

. EA C34H30OSi 

(482.70 g mol
–1

): calcd. C 84.60, H 6.26; found: C 85.20, H 6.38 %. 
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7.2.1.11 1-Ethynyl-2,3,4,5-tetraphenylcyclopenta-2,4-dien-1-ol (11) 

 

 

2,3,4,5-Tetraphenyl-1-((trimethylsilyl)ethynyl)cyclopenta-2,4-dien-1-ol (10) (150 mg, 

0.311 mmol) was dissolved in THF/MeOH (1:1, v/v) at rt. A solution of KOH (26.2 mg in 

5 mL water, 0.467 mmol, 1.5 eq) was added dropwise to the solution and stirred for 3 h. The 

solvent was removed under vacuum and the crude product was loaded on a column (silica, 

length 10 cm, Ø 3.0 cm) and eluted with CHCl3. The product could be isolated at Rf = 0.8 in a 

yield of 114 mg (0.278 mmol, 89 %) after evaporation of the solvent under vacuum. 

1
H NMR (CDCl3, 300 MHz): δ = 7.42-7.37 (m, 4H, Ph–H), 7.14-7.11 (m, 6H, Ph–H), 

7.06-6.98 (m, 6H, Ph–H), 6.88-6.82 (m, 4H, Ph–H), 5.31 (s, 1H, OH), 3.30 (s, 1H, CH) ppm. 

13
C{

1
H} NMR (CDCl3, 75 MHz): δ = 143.0 (C), 142.5 (C), 134.5 (C), 133.4 (C), 129.8 (CH), 

128.0 (CH), 127.3 (CH), 88.2 (C≡CH), 86.6 (C≡CH), 73.6 (C–OH) ppm. ESI MS (CH3OH): 

m/z (%) = 409.17 (100) [M – H]
–
. IR (KBr): 𝜈 = 3024 (OH), 2945 (CH3), 2115 (C≡C), 1625 

(C=C), 1588 (C=C) cm
–1

. EA C31H22O (410.52 g mol
–1

): calcd. C 90.70, H 5.40; found: 

C 89.70, H 5.38 %. 
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7.2.1.12 [Ru(η
5
-C5H5)(=C=C=(Tetracyclone))(PPh3)2]PF6 (12) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (242 mg, 0.333 mmol), 1-ethynyl-2,3,4,5-

tetraphenylcyclopenta-2,4-dien-1-ol (11) (205 mg, 0.499 mmol) and NH4[PF6] (52.3 mg, 

0.333 mmol) was dissolved in MeOH (20 mL) and stirred for 6 d at rt. The red suspension 

was filtered and the solvent was removed under vacuum. The residue was dissolved in 

CH2Cl2 (50 mL), loaded on a column (silica, length 15 cm, Ø 3.0 cm), eluted with 

CH2Cl2/acetone (2:1, v/v) (Rf = 0.7), and the solvent was removed under vacuum. The 

product was obtained as a red solid in a yield of 117 mg (0.095 mmol, 29 %). 

1
H NMR (CDCl3, 300 MHz): δ = 7.42-7.37 (m, 4H, Ph–H), 7.35-7.32 (m, 6H, p-PPh3), 

7.30-7.25 (m, 12H, m-PPh3), 7.18-7.14 (m, 12H, o-PPh3), 7.12-7.10 (m, 6H, Ph–H), 7.07-6.98 

(m, 6H, Ph–H), 6.89-6.82 (m, 4H, Ph–H), 5.11 (s, 5H, Cp) ppm. APT 
13

C{
1
H} NMR (CDCl3, 

75 MHz): δ = 291.5 (t, 
2
JC,P = 15.7 Hz, C–α), 210.0 (C–β), 145.3 (C–γ),  143.0 (Tetracyclone–

C), 142.6 (Tetracyclone–C), 134.9 (d, 
1
JC,P = 40.0 Hz, i-PPh3),  134.5 (Tetracyclone–C), 

133.7 (Tetracyclone–C), 133.3 (t, 
2
JC,P = 10.0 Hz, o-PPh3), 130.7 (p-PPh3), 129.8 

(Tetracyclone–CH), 128.8 (t, 
2
JC,P = 10.0 Hz, m-PPh3), 128.0 (Tetracyclone–CH), 127.3 

(Tetracyclone–CH), 94.6 (Cp) ppm. 
31

P{
1
H} NMR (CDCl3, 122 MHz): δ = 43.1 (s, PPh3),     

–144.3 (quint, PF6) ppm. ESI MS (CH2Cl2): m/z (%) = 1083.28 (100) [M]
+
. IR (CH2Cl2): 

𝜈 = 1923 (C=C=C), 1680 (C=O), 1620 (C=C), 1573 (C=C) cm
–1

. EA C72H55F6P3Ru 

(1228.21 g mol
–1

): calcd. C 70.41, H 4.51; found: C 70.38, H 4.38 %. UV/Vis (CH2Cl2): λmax 

in nm (ε/L mol
–1

 cm
–1

) = 1039 (259), 520 (24976). 
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7.2.1.13 [Ru(η
5
-C5H5)(=C=C=(ACO))(PPh3)2]PF6 (13) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (290 mg, 0.400 mmol), 10-ethynyl-10-

hydroxyanthracen-9-one (100 mg, 0.427 mmol) and NH4[PF6] (65.2 mg, 0.400 mmol) was 

dissolved in MeOH (40 mL) and stirred for 1 d at rt. The deep purple solution was filtered and 

the solvent was removed under vacuum. The residue was dissolved in CH2Cl2 (10 mL) and 

filtered into an excess of rapidly stirred Et2O. The suspension was filtered and the purple 

precipitate was washed with cold Et2O (3 × 5 mL) and dried in vacuo. The filtrate was 

worked up as before to give a second crop of the product with a yield of 308 mg (0.227 mmol, 

56 %).  

 
1
H NMR (CDCl3, 300 MHz): δ = 8.31 (d, 

3
JH,H = 7.8 Hz, 2H, ACO–H), 8.00 (t, 

3
JH,H = 7.8 Hz, 2H, ACO–H), 7.92 (d, 

3
JH,H = 7.6 Hz, 2H, ACO–H), 7.67 (t, 

3
JH,H = 7.6 Hz, 

2H, ACO–H), 7.40 (t, 
3
JH,H = 7.0 Hz, 6H, p-PPh3), 7.22-7.12 (m, 24H, o-PPh3, m-PPh3), 5.27 

(s, 5H, Cp) ppm. APT 
13

C{
1
H} NMR (CD2Cl2, 75 MHz): δ = 293.5-293.3 (m, C–α), 234.3 

(C–β), 181.9 (CO), 146.0 (C–γ), 134.5 (ACO–C), 133.5 (d, 
1
JC,P = 50.0 Hz, i-PPh3), 132.3 (t, 

2
JC,P = 10.5 Hz, o-PPh3), 131.7 (ACO–CH), 131.1 (ACO–CH), 130.1 (p-PPh3), 129.7 (ACO–

CH), 128.4 (ACO–CH), 128.0 (t, 
2
JC,P = 10.5 Hz, m-PPh3), 127.4 (ACO–C), 94.6 (Cp) ppm. 

31
P{

1
H} NMR (CDCl3, 122 MHz): δ = 47.1 (s, PPh3), –144.5 (sept, PF6) ppm. ESI MS 

(CH2Cl2): m/z (%) = 907.18 (100) [M]
+
. IR (CH2Cl2): 𝜈 = 1919 (C=C=C), 1662 (C=O), 1593 

(C=C)     cm
–1

. EA C57H43F6OP3Ru (1051.95 g mol
–1

): calcd. C 65.08, H 4.12; found: 

C 65.22, H 4.14 %. UV/Vis (CH2Cl2): λmax in nm (ε/L mol
–1

 cm
–1

) = 933 (261), 574 (16846), 

372 (12746), 325 (11932).  
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7.2.1.14 10-Hydroxy-10-((trimethylsilyl)ethynyl)phenanthren-9(10H)-one (14) 

 

 

n-BuLi (1.25 mL, 1.6 M in hexanes, 2.39 mmol, 0.8 eq) was added dropwise to a solution of 

trimethylsilylacetylene (0.338 mL, 2.39 mmol, 0.9 eq) in THF (20 mL) at –50°C under Ar 

atmosphere. The solution was allowed to stir for 30 min before it was transferred slowly via 

cannula into a suspension of phenanthrene-9,10-dione (500 mg, 2.40 mmol, 1 eq) in THF at 

rt. The reaction mixture was stirred for 18 h. The reaction mixture was quenched with water 

(5 mL) and the solvent was removed under vacuum. The crude product was loaded on a 

column (silica, length 8 cm, Ø 3.0 cm) and eluted with CH2Cl2 as eluent to obtain the brown 

product (Rf = 0.4) in a yield of 674 mg (2.20 mmol, 92 %) after evaporation of the solvent 

under vacuum. 

1
H NMR (CDCl3, 300 MHz): δ = 7.91 (d, 

1
JH,H = 6.0 Hz, 2H, PhenO), 7.80 (d, 

1
JH,H = 9.0 Hz, 

2H, PhenO), 7.51-7.41 (m, 4H, PhenO), 4.56 (s, 1H, OH), 0.08 (s, 9H, TMS) ppm. 

13
C{

1
H} NMR (CDCl3, 75 MHz): δ = 182.4 (C=O), 133.3 (C), 132.1 (C), 129.6 (C), 128.7 

(C), 128.5 (CH), 125.4 (CH), 124.8 (CH), 123.7 (CH), 123.3 (CH), 121.9 (CH), 120.8 (CH), 

119.7 (CH), 108.3 (C≡C(TMS)), 95.3 (C–OH), 84.1 (C≡C(TMS)), –0.38 (C, TMS) ppm. 

ESI MS (MeOH): m/z (%) = 305.11 (100) [M – H]
–
. IR (KBr): 𝜈 = 3044 (OH), 2950 (CH3), 

2887 (CH3), 2146 (C≡C), 1666 (C=C), 1545 (C=C) cm
–1

. EA C19H18O2 (306.44 g mol
–1

): 

calcd. C 74.47, H 5.92; found: C 74.20, H 5.89 %.  
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7.2.1.15 10-Ethynyl-10-hydroxyphenanthren-9(10H)-one (15) 

 

 

10-Hydroxy-10-((trimethylsilyl)ethynyl)phenanthren-9(10H)-one (14) (650 mg, 2.12 mmol) 

was dissolved in THF/MeOH (20 mL) (1:1, v/v) at rt. A solution of KOH (179 mg in 5 mL 

water, 3.18 mmol, 1.5 eq) was added dropwise to the solution and stirred for 3 h. The solvent 

was removed under vacuum and the crude product was loaded on a column (silica, length 

10 cm, Ø 3.0 cm) with CHCl3 as eluent. The product fraction could be isolated at Rf = 0.6 in a 

yield of 400 mg (1.71 mmol, 81 %) after evaporation of the solvent under vacuum. 

1
H NMR (CDCl3, 300 MHz): δ = 7.90 (d, 

1
JH,H = 6.0 Hz, 2H, PhenO), 7.83 (d, 

1
JH,H = 9.0 Hz, 

2H, PhenO), 7.53–7.41 (m, 4H, PhenO), 5.34 (s, 1H, OH), 3.48 (s, 1H, CH) ppm. 

13
C{

1
H} NMR (CDCl3, 75 MHz): δ = 183.4 (C=O), 133.2 (C), 132.1 (C), 130.6 (C), 129.0 

(C), 128.7 (CH), 125.4 (CH), 124.7 (CH), 123.7 (CH), 123.2 (CH), 121.0 (CH), 120.8 (CH), 

120.1 (CH), 85.0 (C≡CH), 75.6 (C≡CH), 69.3 (C–OH) ppm. ESI MS (CH2Cl2): 

m/z (%) = 233.06 (100) [M – H]
–
. IR (KBr): 𝜈 = 3025 (OH), 2978 (CHAryl), 2145 (C≡C), 

1636 (C=C), 1579 (C=C) cm
–1

. EA C16H10O2 (234.25 g mol
–1

): calcd. C 82.04, H 4.30; found: 

C 81.50, H 4.38 %. 
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7.2.1.16 [Ru(η
5
-C5H5)(=C=C=(PhenO)(PPh3)2]PF6 (16) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (1.13 g, 1.55 mmol), 10-ethynyl-10-

hydroxyphenanthren-9(10H)-one (15) (400 mg, 1.71 mmol) and NH4[PF6] (253 mg, 

1.55 mmol) was dissolved in MeOH (30 mL) and stirred for 3 d at rt. The resulting dark red 

solution was filtered and the solvent was removed under vacuum. The crude product was 

loaded on a coumn (silica) and eluted with CH2Cl2 and afterwards the solvent was removed in 

vacuo. The product was achieved as a dark red solid in a yield of 263 mg (0.250 mmol, 

16 %). 

1
H NMR (CD2Cl2, 300 MHz): δ = 7.88-7.86 (m, 4H, PhenO), 7.55-7.41 (m, 4H, PhenO), 

7.35-7.32 (m, 6H, p-PPh3), 7.17-7.07 (m, 24H, o-PPh3, m-PPh3), 5.14 (s, 5H, Cp) ppm. 

13
C{

1
H} NMR (CD2Cl2, 75 MHz): δ = 280.3-280.1 (m, C–α), 210.8 (C–β), 172.3 (CO), 148.2 

(C–γ), 134.2 (d, 
1
JC,P = 49.0 Hz, i-PPh3), 133.6 (t, 

2
JC,P = 10.5 Hz, o-PPh3), 133.0 (PhenO–C), 

132.5 (PhenO–C), 131.0 (p-PPh3), 130.6 (PhenO–C), 129.4 (PhenO–C), 129.0 (t, 

2
JCP = 10.5 Hz, m-PPh3), 127.9 (PhenO–CH), 125.4 (PhenO–CH), 124.8 (PhenO–CH), 123.7 

(PhenO–CH), 123.2 (PhenO–CH), 121.0 (PhenO–CH), 120.7 (PhenO–CH), 120.0 (PhenO–

CH), 96.6 (Cp) ppm. 
31

P{
1
H} NMR (CD2Cl2, 122 MHz): δ = 46.7 (s, PPh3), –144.5 (quint, 

PF6) ppm. ESI MS (CH2Cl2): m/z (%) = 907.18 (100) [M]
+
. IR (CH2Cl2): 𝜈 = 1930 (C=C=C), 

1656 (C=C), 1617 (C=C), 1596 (C=C) cm
–1

. EA C57H43F6OP3Ru (1051.95 g mol
–1

): calcd. 

C 65.08, H 4.12; found: C 65.15, H 4.20 %. UV/Vis (CH2Cl2): λmax in nm                                            

(ε/L mol
–1

 cm
–1

) = 983 (131), 553 (36834), 252 (79512). 
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7.2.1.17 [Ru(η
5
-C5H5)(=C=C=(PCO))(PPh3)2]PF6 (17) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (290 mg, 0.400 mmol), 13-ethynyl-13-

hydroxypentacen-6-one (140 mg, 0.420 mmol) and NH4[PF6] (65.2 mg, 0.400 mmol) was 

dissolved in MeOH (40 mL) and stirred under reflux for 2 d. The deep blue solution was 

filtered and the solvent was removed under vacuum. The residue was dissolved in CH2Cl2 

(10 mL) and filtered into an excess of rapidly stirred Et2O. The suspension was filtered and 

the dark blue precipitate was washed with Et2O (3 × 5 mL) and dried in vacuo. The filtrate 

was worked up as before to give a second crop of the product with a yield of 308 mg 

(0.267 mmol, 67 %). 

1
H NMR (CD2Cl2, 300 MHz): δ = 8.96 (s, 2H, PCO–H), 8.59 (s, 2H, PCO–H), 8.17 (d, 

3
JH,H = 8.1 Hz, 2H, PCO–H), 7.90-7.83 (m, 4H, PCO–H), 7.70 (t, 

3
JH,H = 9.0 Hz, 2H,             

PCO–H), 7.37-7.32 (m, 6H, p-PPh3), 7.17-7.07 (m, 24H, o-PPh3, m-PPh3), 5.26 (s, 5H, 

Cp) ppm. APT
 13

C{
1
H} NMR (CD2Cl2, 75 MHz): δ = 281.2 (t, 

2
JC,P = 15.7 Hz, C–α), 208.8 

(C–β), 183.8 (CO), 144.8 (C–γ),  136.8 (PCO–C), 136.2 (PCO–C), 135.2 (d, 
1
JC,P = 49.1 Hz, 

i-PPh3), 134.8 (PCO–C), 133.4 (t, 
2
JC,P = 10.5 Hz, o-PPh3), 132.2 (PCO–CH), 131.2 (PCO–

CH), 131.1 (p-PPh3), 130.8 (PCO–CH), 130.7 (PCO–CH), 130.3 (PCO–CH), 130.2 (PCO–

CH), 129.0 (t, 
2
JC,P = 10.5 Hz, m-PPh3), 128.2 (PCO–C), 93.6 (Cp) ppm. 

31
P{

1
H} NMR 

(CD2Cl2, 122 MHz): δ = 46.9 (s, PPh3), –144.5 (quint, PF6) ppm. ESI MS (CH2Cl2): 

m/z (%) = 1007.22 (100) [M]
+
. IR (CH2Cl2): 𝜈 = 1929 (C=C=C), 1679 (C=O), 1617 (C=C), 

1583 (C=C) cm
–1

. EA C65H47F6OP3Ru (1152.07 g mol
–1

): calcd. C 67.77, H 4.11; found: 

C 67.40, H 4.38 %. UV/Vis (CH2Cl2): λmax in nm (ε/L mol
–1

 cm
–1

) = 940 (262), 619 (20759), 

506 (5225), 402 (16650). 
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7.2.1.18 [Ru(η
5
-C5H5)(=C=C=(PyrPh2O))(PPh3)2]PF6 (18) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (234 mg, 0.322 mmol), (8-(1-hydroxy-1-phenylprop-2-

yn-1-yl)pyren-1-yl)(phenyl)methanone (150 mg, 0.324 mmol), synthesized by the working 

group of PROF. BURZLAFF, and NH4[PF6] (52.8 mg, 0.324 mmol) was dissolved in MeOH 

(20 mL) and stirred for 4 d at rt. The black suspension was filtered and the solvent was 

removed under vacuum. The residue was dissolved in CH2Cl2 (50 mL), loaded on a column 

(silica, length 15 cm, Ø 3.0 cm) and eluted with CH2Cl2/acetone (2:1, v/v) (Rf = 0.6) and the 

solvent was removed under vacuum. The product was obtained as a black solid in a yield of 

223 mg (0.178 mmol, 55 %). 

1
H NMR (CD2Cl2, 300 MHz): δ = 7.76-7.71 (m, 4H, H–PyrPh2O), 7.63-7.59 (m, 4H, H–

PyrPh2O), 7.48-7.46 (m, 2H, H–PyrPh2O), 7.22-7.07 (m, 8H,
 
H–PyrPh2O), 6.97-6.84 (m, 

30H, o-PPh3, m-PPh3, p-PPh3), 5.05 (s, 5H, Cp) ppm. APT 
13

C{
1
H} NMR (CD2Cl2, 75 MHz): 

δ = 301.2 (t, 
2
JC,P = 17.7 Hz, C–α), 207.8 (C–β), 181.8 (CO), 145.8 (C–γ),  143.3 (Pyr–C), 

142.3 (Pyr–C), 139.3 (Pyr–C), 135.5 (Pyr–C), 135.1 (d, 
1
JC,P = 49.8 Hz, i-PPh3), 133.0 (i-Ph), 

132.9 (i-Ph),  132.0 (t, 
2
JC,P = 9.8 Hz, o-PPh3), 130.5 (o-Ph), 130.0 (o-Ph), 129.6 (p-Ph), 129.2 

(p-Ph), 128.6 (m-Ph), 128.4 (Pyr–CH), 127.8 (m-Ph), 127.7 (p-PPh3), 127.5 (Pyr–CH), 126.7 

(t, 
2
JC,P = 9.8 Hz, m-PPh3), 125.9 (Pyr–CH), 124.8 (Pyr–CH), 124.0 (Pyr–CH), 123.1 (Pyr–

CH), 122.8 (Pyr–CH), 122.2 (Pyr–CH), 93.8 (Cp) ppm; three carbon atoms of the pyrene 

moiety could not be observed.  
31

P{
1
H} NMR (CD2Cl2, 122 MHz): δ = 45.9 (s, PPh3), –144.5 

(quint, PF6) ppm. ESI MS (CH2Cl2): m/z (%) = 1109.26 (50) [M]
+
. IR (CH2Cl2): 

𝜈 = 1929 (C=C=C), 1703 (C=O), 1603 (C=C) cm
–1

. EA C73H53F6OP3Ru (1254.21 g mol
–1

): 

calcd. C 62.67, H 3.82; found: C 62.40, H 3.58 %. UV/Vis (CH2Cl2): λmax in nm (ε/L mol
–

1
 cm

–1
) = 841 (325), 580 (32765), 479 (42386), 351 (40043). 
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7.2.2 Dinuclear Ruthenium Cyclopentadienyl Bisallenylidene Complexes 

7.2.2.1 [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(AC)(=C=C=)(PPh3)2(η

5
-C5H5)Ru](PF6)2 (22) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (726 mg, 1.00 mmol, 2 eq), 9,10-diethynyl-9,10-

dihydroanthracene-9,10-diol (21) (130 mg, 0.500 mmol, 1 eq) and NH4[PF6] (163 mg, 

1.00 mmol, 2 eq) was dissolved in MeOH (30 mL) and stirred for 4 d at rt. The resulting dark 

magenta solution was filtered and the solvent was removed under vacuum. The crude product 

was dissolved in CH2Cl2 (7 mL), loaded on a column (silica, length 15 cm, Ø 3.0 cm) and 

eluted with CH2Cl2/MeOH (1:1, v/v) (Rf (22) = 0.7, Rf (23) = 0.5) under N2 atmosphere. The 

solvent was removed under vacuum. Two types of products were obtained: dark violet 22 and 

dark blue 23 solid.  

Compound 22: Yield: 120 mg (0.064 mmol, 13 %). 
1
H NMR (CD2Cl2, 300 MHz): δ = 8.32 

(d, 
3
JH,H = 7.8 Hz, 2H, AC–H), 8.00 (t, 

3
JH,H = 7.8 Hz, 2H, AC–H), 7.92 (d, 

3
JH,H = 7.6 Hz, 

2H, AC–H), 7.69 (t, 
3
JH,H = 7.6 Hz, 2H, AC–H), 7.41 (t, 

3
JH,H = 7.0 Hz, 12H, p-PPh3), 

7.20-7.12 (m, 48H, o-PPh3, m-PPh3), 4.72 (s, 10H, Cp) ppm. 
13

C{
1
H} NMR (CD2Cl2, 

151 MHz): δ = 279.4 (t, 
2
JC,P = 17.5 Hz, C–α), 209.0 (C–β), 146.0 (C–γ),  135.0 (AC–C), 

133.2 (d, 
1
JC,P = 40.0 Hz, i-PPh3), 132.1 (vt, 

2
JC,P = 12.0 Hz, o-PPh3), 131.6 (AC–CH), 131.0 

(AC–CH), 130.2 (p-PPh3), 128.4 (d, 
2
JC,P = 12.0 Hz, m-PPh3), 128.0 (AC–C), 83.3 (Cp) ppm. 

31
P{

1
H} NMR (CD2Cl2, 122 MHz): δ = 30.6 (s, PPh3), –142.9 (septet, PF6) ppm. ESI MS 

(CH2Cl2): m/z (%) = 803.16 (100) [M]
2+

. IR (CH2Cl2): 𝜈 = 1981 (C=C=C), 1605 (C=C), 1481 

(C=C) cm
–1

. EA C100H78F12P6Ru2 (1895.69 g mol
–1

): calcd. C 63.36, H 4.15; found: C 63.43, 
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H 3.91 %. UV/Vis/NIR (CH2Cl2): λmax in nm (ε/L mol
–1

 cm
–1

) = 908 (437), 537 (7863), 352 

(6464).  

Compound 23: Yield: 240 mg. Due to a paramagnetic influence it was not possible to 

characterize compound 8 by 
1
H, 

13
C and 

31
P NMR spectra. ESI MS (CH2Cl2): 

m/z (%) = 401.19 (20), 803.16 (100) [M]
2+

. IR (CH2Cl2): 𝜈 = 1921 (C=C=C), 1605 (C=C), 

1481 (C=C) cm
–1

. EA C100H78F12P6Ru (1895.69 g mol
–1

): calcd. C 63.36, H 4.15; found: 

C 62.72, H 4.05 %. UV/Vis/NIR (CH2Cl2): λmax in nm (ε/L mol
–1

 cm
–1

) = 1156, 902, 792, 

732.  

 

7.2.2.2 [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(PC)(=C=C=)(PPh3)2(η

5
-C5H5)Ru](PF6)2 (25) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (177 mg, 0.244 mmol, 2 eq), 6,13-diethynyl-6,13-

dihydropentacene-6,13-diol
[127, 196]

 (24) (44.0 mg, 0.122 mmol, 1 eq) and NH4[PF6] (39.8 mg, 

0.244 mmol, 2 eq) was dissolved in MeOH (30 mL) and stirred for 4 d at rt and afterwards 

heated additional 4 d under reflux. The resulting dark blue solution was filtered and the 

solvent was removed under vacuum. The crude product was dissolved in CH2Cl2 (7 mL), 

loaded on a column (silica, length 15 cm, Ø 3.0 cm) and eluted with CH2Cl2/acetone (1:1 v/v) 

(Rf = 0.5) under N2 atmosphere. After, the solvent was removed under vacuum, the product 

was obtained as a dark blue solid in a yield of 53.7 mg (0.0269 mmol, 22 %).  

1
H NMR (CD2Cl2, 300 MHz): δ = 7.96-7.81 (m, 6H, PC–H), 7.40-7.30 (m, 6H, PC–H), 

7.24-7.12 (m, 60H, o-PPh3, m-PPh3, p-PPh3), 5.37 (s, 10H, Cp) ppm. APT 
13

C{
1
H} NMR 
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(CD2Cl2, 151 MHz): δ = 311.4-311.2 (m, C–α), 212.8 (C–β), 152.4 (C–γ), 136.8 (PC–C), 

135.2 (PC–C), 133.5 (d, 
1
JC,P = 48.0 Hz, i-PPh3), 132.0 (vt, 

2
JC,P = 10.5 Hz, o-PPh3), 131.0 

(PC–CH), 130.1 (p-PPh3), 129.9 (PC–CH), 129.2 (PC–CH), 128.8 (vt, 
2
JC,P = 10.5 Hz, 

m-PPh3), 93.5 (Cp) ppm. 
31

P{
1
H} NMR (CD2Cl2, 122 MHz): δ = 27.6 (s, PPh3), –144.4 

(septet, PF6) ppm. ESI MS (CH2Cl2): m/z (%) = 853.19 (100) [M]
2+

. IR (CH2Cl2): 

𝜈 = 1930 (C=C=C), 1653 (C=C), 1617 (C=C), 1576 (C=C) cm
–1

. EA C108H82F12P6Ru2 

(1995.81 g mol
–1

): calcd. C 65.00, H 4.14; found: C 64.40, H 4.38 %. UV/Vis/NIR (CH2Cl2): 

λmax in nm (ε/L mol
–1

 cm
–1

) = 623 (9808), 396 (10066). 

 

7.2.2.3 [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(BAN)(=C=C=)(PPh3)2(η

5
-C5H5)Ru](PF6)2 (27) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (580 mg, 0.800 mmol, 2 eq), 10,10'-diethynyl-

10H,10'H-[9,9'-bianthracenylidene]-10,10'-diol
[14]

 (26) (116 mg, 0.400 mmol, 1 eq) and 

NH4[PF6] (130 mg, 0.800 mmol, 2 eq) was dissolved in MeOH (30 mL) and stirred for 6 d at 

rt. The resulting crimson colored solution was filtered and the solvent was removed under 

vacuum. The crude product was dissolved in CH2Cl2 (5 mL), loaded on a column (silica, 

length 15 cm, Ø 3.0 cm), eluted under N2 atmosphere with CH2Cl2/acetone (1:1, v/v) 

(Rf = 0.5) and subsequently the solvent was removed under vacuum. The product was 

obtained as a crimson colored solid in yield of 124 mg (0.0591 mmol, 15 %).  
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1
H NMR (CDCl3, 300 MHz): δ = 8.65-8.45 (m, 8H, BAN–H), 8.00-7.54 (m, 8H, BAN–H), 

7.40-7.30 (m, 12H, p-PPh3), 7.21-7.11 (m, 48H, o-PPh3, m-PPh3), 5.28 (s, 10H, Cp) ppm. 

13
C{

1
H} NMR (CD2Cl2, 151 MHz): δ = 293.2-292.8 (m, C–α), 210.8 (C–β), 145.8 (C–γ),  

139.8 (BAN–C), 134.7 (d, 
1
JC,P = 49.3 Hz, i-PPh3), 133.9 (BAN–C), 133.8 (BAN–C), 133.4 

(d, 
2
JC,P = 10.5 Hz, o-PPh3), 132.5 (BAN–CH), 132.0 (BAN–CH), 130.3 (p-PPh3), 130.0 

(BAN–CH), 129.6 (BAN–CH), 128.8 (vt, 
2
JC,P = 10.5 Hz, m-PPh3), 91.3 (Cp) ppm. 

31
P{

1
H} NMR (CD2Cl2, 122 MHz): δ = 30.3 (s, PPh3), –144.5 (septet, PF6) ppm. ESI MS 

(CH2Cl2): m/z (%) = 899.19 (100) [M + H]
2+

. IR (CH2Cl2): 𝜈 = 1928 (C=C=C), 1622 (C=C), 

1593 (C=C) cm
–1

. EA C115H89F12P6Ru2 (2086.94 g mol
–1

): calcd. C 66.19, H 4.30; found: 

C 66.28, H 4.19 %. UV/Vis/NIR (CH2Cl2): λmax in nm (ε/L mol
–1

 cm
–1

) = 546 (7632), 326 

(18266), 267 (19443). 

 

7.2.2.3 6,12-Bis((trimethylsilyl)ethynyl)-6,12-dihydroindeno[1,2-b]fluorene-6,12-diol 

(28) 

 

n-BuLi (12.1 mL, 1.6 M in hexanes, 19.3 mmol, 10.9 eq) was added dropwise to a solution of 

trimethylsilylacetylene (2.78 mL, 19.7 mmol, 11.1 eq) in THF (20 mL) at –50 °C under Ar 

atmosphere. The mixture was allowed to warm to rt and stirred for 45 min. 

Indeno[1,2-b]fluorene-6,12-dione (500 mg, 1.77 mmol, 1 eq) was added in one portion and 

the reaction mixture was stirred for 14 h at rt. The reaction mixture was quenched with water 

(10 mL) and the solvent was removed under vacuum. The resulting light yellow solid was 

dissolved in CH2Cl2, filtered and again, the solvent was removed under vacuum.  The product 

was obtained as a light brown solid in a yield of 787 mg (1.64 mmol, 93 %).  

1
H NMR (DMSO-d6, 300 MHz): δ = 7.98 (s, 2H, H1), 7.88 (d, 2H, 

3
JH,H = 7.5 Hz, H2), 7.63 

(d, 2H, 
3
JH,H = 7.5 Hz, H3), 7.45-7.34 (m, 4H, H4/H5), 3.89 (s, 2H, OH), 0.08 (s, 18H, 



EXPERIMENTAL SECTION 

199 

 

TMS) ppm. APT 
13

C{
1
H} NMR (DMSO-d6, 75 MHz): δ = 149.4 (C), 148.3 (C), 139.0 (C), 

138.2 (C), 129.4 (CH), 128.4 (CH), 124.3 (CH), 120.4 (CH), 116.4 (CH), 107.5 (C≡C(TMS)), 

85.9 (C≡C(TMS)), 73.6 (C–OH), –0.1 (TMS) ppm. ESI MS (MeOH): m/z (%) = 477.18 

(100) [M – H]
–
. IR (KBr): 𝜈 = 3400 (OH), 3057 (CHAryl), 2899 (CH3), 2169 (C≡C), 1608 

(C=C)    cm
–1

. EA C30H30O2Si2 (478.74 g mol
–1

): calcd. C 75.27, H 6.32; found: C 74.78, 

H 6.38 %.  

 

7.2.2.4 6,12-Diethynyl-6,12-dihydroindeno[1,2-b]fluorene-6,12-diol (29) 

 

 

6,12-Bis((trimethylsilyl)ethynyl)-6,12-dihydroindeno[1,2-b]fluorene-6,12-diol (28) (700 mg, 

1.46 mmol) was dissolved in THF/MeOH (20 mL) (1:1, v/v) at rt. A solution of KOH 

(164 mg in 5 mL water, 2.92 mmol, 1.2 eq) was added dropwise to the solution and stirred for 

3 h. The solvent was removed under vacuum and the crude product was loaded on a column 

(silica, length 10 cm, Ø 3 cm) with CHCl3 as eluent. The light brown product could be 

isolated at Rf = 0.5 in yield of 448 mg (1.34 mmol, 92 %) after evaporation of the solvent in 

vacuo.  

1
H NMR (DMSO-d6, 300 MHz): δ = 8.02 (s, 2H, H1), 7.90-7.84 (m, 2H, H2), 7.66-7.57 (m, 

2H, H3), 7.42-7.33 (m, 4H, H4/H5), 5.75 (s, 2H, OH), 2.84 (s, 2H, CH) ppm. 

APT 
13

C{
1
H} NMR (DMSO-d6, 75 MHz): δ = 149.5 (C), 148.3 (C), 138.0 (C), 137.2 (C), 

129.4 (CH), 128.4 (CH), 123.7 (CH), 119.4 (CH), 115.8 (CH), 87.5 (C≡CH), 76.9 (C≡CH), 

69.2 (C–OH) ppm. ESI MS (MeOH): m/z (%) = 333.10 (100) [M – H]
–
. IR (CH2Cl2): 

𝜈 = 3400 (OH), 2170 (C≡C), 1610 (C=C), 1580 (C=C) cm
–1

. EA C24H14O2 (334.37 g mol
–1

): 

calcd. C 86.21, H 4.22; found: C 87.05, H 4.63 %.  
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7.2.2.5 [Ru(η
5
-C5H5)(PPh3)2(=C=C=)(IndFn)(=C=C=)(PPh3)2(η

5
-C5H5)Ru](PF6)2 (30) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (869 mg, 1.700 mmol, 2 eq), 29 (200 mg, 0.598 mmol, 

1 eq) and NH4[PF6] (195 mg, 1.70 mmol, 2 eq) was dissolved in MeOH (40 mL) and stirred 

for 20 h at rt. The resulting orange suspension was stirred under reflux for 5 d. The resulting 

dark red-brown solution was filtered and the solvent was removed under vacuum. The crude 

product was dissolved in CH2Cl2 (7 mL), loaded on a column (silica, length 15 cm, Ø 3.0 cm) 

and eluted with CH2Cl2/acetone (3:1 v/v) (Rf = 0.4) under N2 atmosphere. Afterwards, the 

solvent was removed under vacuum. The product was obtained as a dark red solid in a yield 

of 111 mg (0.0564 mmol, 9 %).  

1
H NMR (CD2Cl2, 300 MHz): δ = 7.98 (s, 2H, IndFN–H1), 7.91-7.86 (m, 2H, IndFN–H2), 

7.75-7.66 (m, 2H, IndFN–H3), 7.58-7.53 (m, 4H, IndFN–H4/ IndFN–H5), 7.43-7.30 (m, 12H, 

p-PPh3), 7.15-7.07 (m, 24H, o-PPh3), 7.04-7.01 (m, 24H, m-PPh3), 5.01 (s, 10H, Cp) ppm. 

13
C{

1
H} NMR (CD2Cl2, 151 MHz): δ = 295.9 (t, 

2
JC,P = 17.5 Hz, C–α), 212.8 (C–β), 159.7 

(C–γ), 148.3 (IndFN–C), 145.1 (IndFN–C), 138.8 (IndFN–C), 137.4 (IndFN–C), 134.9 (d, 

1
JCP = 49.1 Hz, i-PPh3), 132.4 (vt, 

2
JCP = 10.5 Hz, o-PPh3), 131.0 (p-PPh3), 130.4              

(IndFN–CH), 129.4 (vt, 
2
JCP = 10.5 Hz, m-PPh3), 128.4 (IndFN–CH), 123.7 (IndFN–CH), 

119.4 (IndFN–CH), 115.8 (IndFN–CH), 92.9 (Cp) ppm. 
31

P{
1
H} NMR (CD2Cl2, 122 MHz): 

δ = 30.7 (s, PPh3), –144.2 (septet, PF6) ppm. ESI MS (CH2Cl2): m/z (%) = 840.16 (100) 
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[M]
2+

. IR (CH2Cl2): 𝜈 = 1933 (C=C=C), 1612 (C=C), 1593 (C=C), 1578 (C=C) cm
–1

. EA 

C106H80F12P6Ru2 (1969.77 g mol
–1

): calcd. C 64.64, H 4.09; found: C 64.28, H 4.19 %. 

UV/Vis/NIR (CH2Cl2): λmax in nm (ε/L mol
–1

 cm
–1

) = 541 (5896), 289 (39957), 236 (40280). 

 

7.2.3 Mononuclear Cyclopentadienyl Ruthenium Cumulenylidene Complexes 

7.2.3.1 [RuCl(η
5
-C5H5)(PTA)(PPh3)]

[199]
 (31) 

 

 

1,3,5-Triaza-7-phosphaadamantane (92.0 mg, 0.600 mmol) was slowly added to a vigorously 

stirred solution of [RuCl(η
5
-C5H5)(PPh3)2] (363 mg, 0.500 mmol) in toluene (60 mL). The 

mixture was heated under reflux for 2 h. After the solution was cooled to rt, the yellow 

powder was collected by filtration and washed with Et2O (3 × 5 mL). The yellow product was 

dried under vacuum and obtained in a yield of 288 mg (0.464 mmol, 93 %). 

1
H NMR (CD2Cl2, 300 MHz): δ = 7.54-7.37 (m, 15H, PPh3), 4.38 (s, 5H, Cp), 4.59-3.70 (m, 

12H, PTA) ppm. 
13

C{
1
H} NMR (CD2Cl2, 75 MHz): δ = 135.2 (d, 

1
JC,P = 49.1 Hz, i-PPh3), 

134.4 (d, 
2
JC,P = 10.9 Hz, o-PPh3), 129.9 (d, 

2
JC,P = 1.9 Hz, p-PPh3), 128.3 (d, 

2
JC,P = 9.7 Hz, 

m-PPh3), 78.8 (Cp), 73.5 (d, 
3
JC,P = 5.8 Hz, N–CH2–N), 55.8 (d,

 1
JC,P = 15.5 Hz, P–CH2–

N) ppm. 
31

P{
1
H} NMR (CD2Cl2, 122 MHz): δ = 47.9 (d, 

2
JP,P = 44.7 Hz, PPh3), –36.9 (d,

 

2
JP,P = 44.7 Hz, PTA) ppm. ESI MS (CH2Cl2): m/z (%) = 821.08 (100) [M]

 +
. IR (CH2Cl2): 

𝜈 = 2945 (CH2), 1622 (C=C), 1566 (C=C) cm
–1

. EA C29H32ClN3P3Ru (621.06 g mol
–1

): calcd. 

N 6.77, C 56.08, H 5.19; found: N 7.93, C 56.21, H 5.27 %.  
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7.2.3.2 [RuCl(η
5
-C5H5)(PTA)2]

[200]
 (32) 

 

 

1,3,5-Triaza-7-phosphaadamantane (92.0 mg, 0.600 mmol) was slowly added to a vigorously 

stirred solution of [RuCl(η
5
-C5H5)(PPh3)2] (363 mg, 0.500 mmol) in toluene (60 mL). The 

mixture was refluxed for 2 h. After the solution was cooled to rt, the yellow powder was 

collected by filtration and washed with Et2O (3 × 5 mL). The yellow product was dried in 

vacuo and obtained in a yield of 288 mg (0.464 mmol, 93 %). 

1
H NMR (CDCl3, 300 MHz): δ = 4.63-4.51 (m, 11H, Cp + 6H PTA), 4.20-4.03 (m, 6H, 

PTA) ppm. 
13

C{
1
H} NMR (CDCl3, 75 MHz): δ = 93.5 (Cp), 73.4 (d, 

3
JC,P = 5.8 Hz,                    

N–CH2–N), 57.2 (d,
 1

JC,P = 16.7 Hz, 
1
JC,P = 8.3 Hz, P–CH2–N)  ppm. 

31
P{

1
H} NMR (CDCl3, 

122 MHz): δ = –25.9 (PTA) ppm. ESI MS (CH2Cl2): m/z (%) = 515.07 (100) [M]
+
. IR (KBr): 

𝜈 = 2948 (CH2), 2897 (CH2), 1595 (C=C) cm
–1

. EA C17H29ClN6P2Ru (515.93 g mol
–1

): calcd. 

N 16.29, C 39.58, H 5.67; found: N 16.01, C 39.85, H 5.70 %.  

 

 

 

 

 

 

 

 

 



EXPERIMENTAL SECTION 

203 

 

7.2.3.3 [Ru(η
5
-C5H5)(=C=C=C(Ph)2)(PTA)(PPh3)]PF6 (33) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)(PTA)] (100 mg, 0.161 mmol), 1,1-diphenyl-2-propin-1-

ol (50.4 mg, 0.242 mmol) and NH4[PF6] (26.2 mg, 0.161 mmol) in MeOH (40 mL) was 

stirred for 3 d. The dark red solution was filtered and the solvent was removed under vacuum. 

The residue was dissolved in CH2Cl2 (50 mL) and loaded on a column (silica, length 10 cm, Ø 

2.0 cm), the product was eluted with CH2Cl2/acetone (2:1, v/v) (Rf = 0.5) and the solvent was 

removed in vacuo. The product was obtained as a dark red solid in a yield of 103 mg 

(0.112 mmol, 70 %). 

 
1
H NMR (CD2Cl2, 300 MHz): δ = 7.60-7.26 (m, 25H, PPh3 + Ph), 4.94 (s, 5H, Cp), 

4.38-4.15 (m, 12H, PTA) ppm. APT 
13

C{
1
H} NMR (CD2Cl2, 75 MHz): δ = 290.4-290.2 (m, 

C–α), 255.9 (C–β), 146.0 (C–γ), 136.7 (d, 
1
JC,P = 48.3 Hz, i-Ph), 134.7 (d, 

1
JC,P = 48.3 Hz, 

i-PPh3), 133.8 (d, 
2
JC,P = 10.9 Hz, o-PPh3), 131.6 (Ph–C), 130.8 (p-PPh3), 129.6 (Ph–C), 

129.2 (d, 
2
JC,P = 7.1 Hz, m-PPh3), 128.9 (Ph–C), 128.3 (Ph–C), 127.0 (Ph–C), 126.2 (Ph–C), 

80.3 (Cp), 73.2 (d, 
3
JC,P = 5.8 Hz, N–CH2–N), 57.4 (d,

 1
JC,P = 15.5 Hz, P–CH2–N) ppm; the 

second i-Ph signal could not be observed. 
31

P{
1
H} NMR (CD2Cl2, 122 MHz): δ = 50.6 (d 

2
JP,P = 31.2 Hz, PPh3), –32.7 (d,

 2
JP,P = 35.6 Hz, PTA), –144.4 (quint, PF6)  ppm. ESI MS 

(CH2Cl2): m/z (%) = 808.22 (100) [M + CH3CN]
+
, 776.19 (80) [M]

+
. IR (CH2Cl2): 𝜈 = 2941 

(CH2), 1938 (C=C=C), 1490 (C=C), 1435 (C=C) cm
–1

. EA C44H42F6N3P3Ru (920.82 g mol
–1

): 

calcd. C 57.39, H 4.60; found: C 57.00, H 4.42 %.  
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7.2.3.4 [Ru(η
5
-C5H5)(=C=CH-C(OMe)(Ph)2)(PTA)2]PF6 (34) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PTA)2] (129 mg, 0.250 mmol), 1,1-diphenyl-2-propin-1-ol 

(54.0 mg, 0.260 mmol) and NH4[PF6] (40.7 mg, 0.250 mmol) was dissolved in MeOH 

(40 mL), stirred for 2 d at rt and then, stirred under reflux for 2 d. The orange solution was 

filtered and the solvent was removed under vacuum. The residue was dissolved in CH2Cl2 

(50 mL), filtered and again the solvent was removed under vacuum. The product was obtained 

as an orange solid in a yield of 41.3 mg (0.0500 mmol, 40 %). 

 
1
H NMR (CD2Cl2, 300 MHz): δ = 7.36-7.26 (m, 10H, Ph), 4.93 (s, 5H, Cp), 4.55 (s, 3H, 

OMe), 4.54-4.29 (m, 12H, PTA), 4.17-3.77 (m, 12H, PTA), 2.94 (s, 1H, H–β) ppm. 

APT 
13

C{
1
H} NMR (CD2Cl2, 75 MHz): δ = 356.4 (d, 

2
JC,P = 24.8 Hz, C–α), 135.7 (d, 

1
JC,P = 48.3 Hz, i-Ph), 131.3 (Ph–C), 129.4 (Ph–C), 128.3 (Ph–C), 128.0 (Ph–C), 127.5          

(Ph–C), 127.2 (Ph–C), 109.5 (C–β), 81.3 (Cp), 74.7 (d, 
3
JC,P = 5.8 Hz, N–CH2–N), 58.2 (d,

 

1
JC,P = 15.5 Hz, P–CH2–N),  54.8 (OMe), 48.5 (C–γ) ppm. 

31
P{

1
H} NMR (CD2Cl2, 

122 MHz): δ = –29.0 (PTA), –145.3 (quint, PF6) ppm. ESI MS (CH2Cl2): m/z (%) = 703.20 

(100) [M + H]
+
. IR (CH2Cl2): 𝜈 = 3051 (CHAryl), 2940 (CH3), 1489 (C=C), 1446 (C=C) cm

–1
. 

EA C33H43F6N6OP3Ru (831.73 g mol
–1

): calcd. N 10.10, C 47.66, H 5.21; found: N 10.89 

C 46.75, H 5.42 %.  

 

 

 

 

 



EXPERIMENTAL SECTION 

205 

 

7.2.3.5 [Ru(η
5
-C5H5)(=C=CH-(FN-OMe))(PTA)(PPh3)]PF6 (35) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)(PTA)] (75.2 mg, 0.121 mmol), 9-ethynyl-9-fluorenol 

(25.2 mg, 0.122 mmol) and NH4[PF6] (19.7 mg, 0.121 mmol) was dissolved in MeOH 

(15 mL), stirred for 2 d at rt and then, stirred under reflux for 3 d. The light red solution was 

filtered and the solvent was removed under vacuum. The residue was dissolved in CH2Cl2 

(20 mL), filtered and again the solvent was removed under vacuum. The product was gained 

as a light red solid in a yield of 42.0 mg (44.1 μmol, 36 %). 

1
H NMR (CD2Cl2, 300 MHz): δ = 7.99 (t, 

3
JH,H = 7.5 Hz, 

3
JH,H = 7.5 Hz, 2H, FN–H), 

7.71-7.67 (m, 6H, FN–H), 7.38-7.37 (m, 15H, p-PPh3, o-PPh3, m-PPh3), 4.86 (s, 5H, Cp), 3.42 

(s, 3H, OMe), 4.52-3.79 (m, 24H, PTA), 2.60 (s, 1H, H–β) ppm. Traces of NH4Cl could be 

found in the 
1
H NMR. APT 

13
C{

1
H} NMR (CD2Cl2, 75 MHz): δ = 345.4-345.0 (m, C–α), 

135.3 (FN–C), 134.4 (d, 
1
JC,P = 50.0 Hz, i-PPh3), 134.3 (FN–C), 133.9 (FN–CH), 133.5 (t, 

2
JC,P = 10.5 Hz, o-PPh3), 131.3 (FN–CH), 129.1 (p-PPh3), 128.5 (t, 

2
JC,P = 10.5 Hz, m-PPh3), 

124.3 (FN–CH), 122.4 (FN–CH), 111.5 (C–β), 82.2 (Cp), 74.2 (d, 
3
JC,P = 5.8 Hz, N–CH2–N), 

58.4 (d,
 1

JC,P = 15.5 Hz, P–CH2–N), 54.8 (OMe), 49.0 (C–γ) ppm. 
31

P{
1
H} NMR (CD2Cl2, 

122 MHz): δ = 48.3 (d, 
2
JP,P = 35.0 Hz, PPh3), –27.8 (d,

 2
JP,P = 35.0 Hz, PTA), –144.2 (quint, 

PF6)  ppm. ESI MS (CH2Cl2): m/z (%) = 806.19 (100) [M]
+
. IR (CH2Cl2): 𝜈 = 2940 (CHAr), 

2879 (CH3), 2856 (CH2), 1539 (C=C), 1449 (C=C) cm
–1

. EA C45H44F6N3P3ORu 

(951.16 g mol
–1

): calcd. N 4.42, C 56.84, H 4.66; calcd. for C45H44F6N3P3ORu × 1.5 NH4Cl: 

N 6.11, C 52.42, H 4.89; found: N 5.77 C 52.47, H 4.79 %. 
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7.2.3.6 [Ru(η
5
-C5H5)(=C=CH-(FN-OMe))(PTA)2]PF6 (36) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PTA)2] (59.0 mg, 0.114 mmol), 9-ethynyl-9-fluorenol 

(23.9 mg, 0.116 mmol) and NH4[PF6] (18.6 mg, 0.114 mmol) in MeOH (15 mL), stirred for 

2 d at rt and then, stirred under reflux for 2 d. The light orange solution was filtered and the 

solvent was removed under vacuum. The residue was dissolved in CH2Cl2 (15 mL), filtered 

and again the solvent was removed under vacuum. The product was obtained as a light orange 

solid in a yield of 38.0 mg (44.9 μmol, 39 %). 

1
H NMR (CD2Cl2, 300 MHz): δ = 7.74-7.65 (m, 4H, FN–H), 7.46-7.32 (m, 4H, FN–H), 4.82 

(s, 5H, Cp), 3.43 (s, 3H, OMe), 4.55-4.50 (m, 12H, PTA), 4.02-4.00 (m, 12H, PTA), 2.61 (s, 

1H, H–β) ppm. Traces of NH4Cl could be found in the 
1
H NMR. APT 

13
C{

1
H} NMR 

(CD2Cl2, 75 MHz): δ = 342.3-341.9 (m, C–α), 134.4 (FN–C), 132.2 (FN–C), 130.4 (FN–CH), 

129.2 (FN–CH), 124.7 (FN–CH), 120.8 (FN–CH), 111.6 (C–β), 81.2 (Cp), 73.9 (d, 
3
JC,P = 

5.8 Hz, N–CH2–N),  57.8 (d,
 1

JC,P = 15.0 Hz, P–CH2–N), 51.0 (OMe), 47.3 (C–γ) ppm. 

31
P{

1
H} NMR (CD2Cl2, 122 MHz): δ = –26.3 (s, PTA), –144.2 (quint, PF6) ppm. ESI MS 

(CH2Cl2): m/z (%) = 701.18 (100) [M]
+
. IR (CH2Cl2): 𝜈 = 2941 (CH3), 2896 (CH2), 1653 

(C=C), 1605 (C=C), 1559 (C=C) cm
–1

. EA C33H41F6N6OP3Ru (845.71 g mol
–1

): calcd. 

N 9.94, C 46.87, H 4.89; calcd. for C33H41F6N6OP3Ru × 2 NH4Cl: N 11.97, C 41.60, H 5.18; 

found: N 11.07 C 41.03, H 4.85 %.  
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7.2.3.7 [Ru(η
5
-C5H5)(=C=CH-(PCN-OMe))(PPh3)2]PF6 (37) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (87.1 mg, 0.120 mmol), 2-(13-ethynyl-13-methoxy-

13,13a-dihydropentacen-6(5aH)-ylidene)malononitrile (50.0 mg, 0.125 mmol) and NH4[PF6] 

(19.6 mg, 0.120 mmol) in MeOH (20 mL) was stirred under reflux for 3 d. The red solution 

was filtered and the solvent was removed under vacuum. The residue was dissolved in 

CH2Cl2 (10 mL), filtered and again the solvent was removed under vacuum. The product was 

obtained as a red solid in a yield of 55.0 mg (44.6 μmol, 37 %). 

 
1
H NMR (CDCl3, 300 MHz): δ = 8.91 (s, 2H, PCN–H), 8.61 (s, 2H, PCN–H), 8.55-8.54 (m, 

4H, PCN–H), 8.50-8.49 (m, 4H, PCN–H), 7.71-7.44 (m, 30H, PPh3), 4.56 (s, 5H, Cp), 3.22 (s, 

3H, OMe), 2.75 (s, 1H, H–β) ppm. APT 
13

C{
1
H} NMR (CDCl3, 75 MHz): δ = 166.5 

(C=C(CN)2), 134.5 (d, 
1
JC,P = 48.3 Hz, i-PPh3), 133.4 (PCN–CH), 132.5 (PCN–C), 132.1 (d, 

2
JC,P = 10.9 Hz, o-PPh3), 130.6 (PCN–C), 130.2 (p-PPh3), 129.8 (PCN–C), 129.2 (d, 

2
JC,P = 7.1 Hz, m-PPh3), 128.9 (PCN–C), 128.6 (PCN–CH), 128.3 (PCN–CH), 128.1           

(PCN–CH), 127.9 (PCN–CH), 127.5 (PCN–CH), 127.5 (PCN–CH), 127.0 (PCN–CH), 126.8 

(PCN–C), 126.5(PCN–CH), 126.1 (PCN–CH), 125.6 (PCN–CH), 124.6 (PCN–CH), 118.5 

(CN), 114.4 (CN), 111.8 (C–β), 80.5 (Cp), 53.4 (OMe), 48.3 (C–γ) ppm; C–α and four carbon 

atoms of the pentacenequinone moiety could not be observed. 
31

P{
1
H} NMR (CDCl3, 

122 MHz): δ = 30.4 (s, PPh3), –142.9 (quint, PF6) ppm. ESI MS (CH2Cl2): m/z (%) = 1087.25 

(100) [M]
+
. IR (CH2Cl2): 𝜈 = 2941 (CH3), 2899 (CH3), 2195 (C≡N), 2125 (C≡N), 1618 

(C=C), 1565 (C=C), 1527 (C=C) cm
–1

. EA C69H51F6N2P3Ru (1232.16 g mol
–1

): calcd. 

C 67.26, H 4.17; found: C 66.88, H 4.52 %.  
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7.2.3.8 Attempted Synthesis of [Ru(η
5
-C5H5)(=C=CH-(DTPCN-OMe))(PPh3)2]PF6 (38) 

 

 

A mixture of [RuCl(η
5
-C5H5)(PPh3)2] (87.1 mg, 0.120 mmol), 2-(11-ethynyl-11-

methoxyanthra[2,3-b:6,7-b']dithiophen-5(11H)-ylidene)malononitrile (50.0 mg, 0.122 mmol) 

and NH4[PF6] (19.6 mg, 0.120 mmol) in MeOH (40 mL) was stirred for 3 d. The dark red 

solution was filtered and the solvent was removed under vacuum. The residue was dissolved 

in CH2Cl2 (50 mL) and loaded on a column (silica, length 5 cm, Ø 1.5 cm) and eluted with 

CH2Cl2/acetone (2:1, v/v) (Rf = 0.5). Afterwards, the solvent was removed under vacuum. 

The product was obtained as a dark red solid in a yield of 53.2 mg (43.0 μmol, 36 %). 

1
H NMR (CD2Cl2, 300 MHz): δ = 8.60 (d), 8.52 (d), 8.46 (s), 8.45 (s), 7.70-7.68 (m), 7.59 

(s), 7.46 (d), 7.42-7.24 (m), 7.22 (s), 5.21 (s, 5H, Cp), 5.11 (s, 5H, Cp), 5.09 (s, 5H, Cp), 3.30 

(s, 3H, OMe),), 3.28 (s, 3H, OMe), 3.18 (s, 3H, OMe), 2.74 (s, 1H, H–β), 2.61 (s, 1H, H–β), 

2.55 (s, 1H, H–β) ppm. 
13

C NMR (CD2Cl2, 75 MHz): δ = 166.8, 164.5, 142.4, 141.2, 139.6, 

139.1, 133.3, 132.6, 131.6, 129.5, 128.2, 127.8, 127.7, 124.3, 124.2, 122.9, 122.8, 122.0, 

114.2, 86.5, 81.5, 78.1, 53.4, 53.3, 52.4, 49.0, 46.0, 44.0 ppm; C–α could not be observed. 

31
P NMR (CD2Cl2, 122 MHz): δ = 32.4 (s), 31.5 (s), 30.1 (s), –143.6 (sept, PF6) ppm. 

ESI MS (CH2Cl2): m/z (%) = 1099.16 (100) [M]
+
. IR (CH2Cl2): 𝜈 = 2966 (CH3), 2911 (CH3), 

2192 (C≡N), 2115 (C≡N), 1645 (C=C), 1590 (C=C), 1435 (C=C) cm
–1

. EA 

C65H47F6N2OP3RuS2 (1244.21 g mol
–1

): calcd. C 62.75, H 3.81; found: C 61.70, H 4.21 %.  

Due to the isomeric mixture of complex [Ru(η
5
-C5H5)(=C=CH-(DTPCN)(OMe))(PPh3)2]PF6 

(38), the analyses of the NMR data is difficult. 
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7.2.4 Ruthenium Allenylidene Complexes with a Ferrocenyl- and 

Ruthenocenyl-Substituent 

7.2.4.1 [Ru(η
5
-C5H5)(PPh3)2(=C=C=C(Ph(C5H4)Ru(η

5
-C5H5))]PF6 (39) 

 

 

[Ru(η
5
-C5H5)(C5H4-C(OH)(≡CH))Ph] (300 mg, 1.00 mmol), [RuCl(η

5
-C5H5)(PPh3)2] 

(283 mg, 1.00 mmol) and NH4[PF6] (64.0 mg, 1.00 mmol) were dissolved in MeOH (20 mL) 

and stirred for 18 h at rt. The resulting dark blue solution was filtered and the solvent was 

removed. The crude solid was loaded on a column and eluted with CH2Cl2/acetone (10:1, 

v/v), (Rf = 0.5). The product was obtained as a dark blue solid in yield of 900 mg (755 mmol, 

76 %), after evaporation of the solvent. 

1
H NMR (CDCl3, 400 MHz): δ (ppm)= 7.71-7.44 (m, 30H, PPh3), 7.39-7.30 (m, 4H, o-Ph, 

m-Ph), 7.26 (t, 1H, 
3
JH,H = 7.0 Hz, p-Ph), 5.41 (d, 

3
JH,H = 6.5 Hz, 1H, C5H4), 5.35 (t, 1H, 

3
JH,H = 6.5 Hz, C5H4), 5.28 (t, 1H, 

3
JH,H = 7.5 Hz, C5H4), 5.23 (d, 1H, 

3
JH,H = 7.5 Hz, –C5H4), 

5.15 (s, 5H, Cp), 4.90 (s, 5H, Cp) ppm. 
13

C{
1
H} NMR (CD2Cl2, 75 MHz): δ = 291.4-290.4 

(m, C–α), 250.9 (C–β), 146.0 (C–γ), 136.0 (d, 
1
JC,P = 48.3 Hz, i-Ph), 134.4 (d, 

1
JC,P = 48.3 Hz, 

i-PPh3), 133.3 (d, 
2
JC,P = 10.9 Hz, o-PPh3), 132.3 (d, 

2
JC,P = 10.9 Hz, o-PPh3), 131.6 (Ph–C), 

130.8 (p-PPh3), 130.4 (p-PPh3), 129.8 (d, 
2
JC,P = 7.1 Hz, m-PPh3), 129.6 (Ph–C), 129.2 (d, 

2
JC,P = 7.1 Hz, m-PPh3), 128.9 (Ph–C), 98.5 (C), 96.5 (5C, Cp), 93.4 (5C, CpRc), 91.5 (C), 

90.4 (C), 85.4 (C), 80.3 (C) ppm. 
31

P NMR (CDCl3, 122 MHz): δ (ppm) = 47.1 (PPh3), –

144.5 (sept, PF6) ppm. ESI MS (CH2Cl2): m/z (%) = 1180.10 (100) [M]
+
. IR (CH2Cl2): 

𝜈 = 1947 (C=C=C), 1520 (C=C), 1490 (C=C) cm
–1

. EA: C60H49F6P3Ru2 (1179.10 g mol
–1

): 

calcd. C 61.12, H 4.19; found: C 61.35, H 4.28 %. 
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7.2.4.2 [Ru((C5H4-C(OH)(≡CH))Ph)2] (40) 

 

Dibenzoyl-1,1 ́-ruthenocene
[222]

 (0.200 g, 0.683 mmol) was treated with ethynylmagnesium 

bromide (0.700 g, 0.005 mol) in THF (70 mL). The solution was stirred for 24 h under 

nitrogen atmosphere rt. Then, the reaction mixture was quenched with water (30 mL) and the 

aqueous phase was extracted with CH2Cl2. After the solvent was evaporated, the product was 

obtained as a beige solid in a yield of 0.1 g (0.203 mmol, 30 %) 

1
H NMR (CDCl3, 400 MHz): δ (ppm)= 7.46-7.42 (m, 4H, o-Ph, m-Ph), 7.25-7.23 (m, 2H, 

p-Ph), 5.70 (s, 2H, OH), 5.40 (d, 
3
JH,H = 6.5 Hz, 2H, C5H4), 5.39 (t, 2H, 

3
JH,H = 6.5 Hz, 

3
JH,H = 7.5 Hz C5H4), 5.31 (t, 2H, 

3
JH,H = 6.5 Hz, 

3
JH,H = 7.5 Hz, C5H4), 5.21 (d, 1H, 

3
JH,H = 7.5 Hz, C5H4), 2.86 (s, 2H, CH) ppm.  

13
C{

1
H} NMR (CDCl3, 75 MHz): δ = 134.0 (d, 

1
JC,P = 48.3 Hz, i-Ph), 131.6 (Ph–C), 129.8 (d, 

2
JC,P = 7.1 Hz, m-PPh3), 129.6 (Ph–C), 128.9 

(Ph–C), 88.5 (C≡CH), 75.7 (C≡CH), 99.8 (C), 95.5 (C), 93.0 (C), 92.5 (C), 90.8 (C), 70.2 (C–

OH) ppm. ESI MS (MeOH): m/z (%) = 491.07 (100) [M – H]
–
. IR (KBr): 𝜈 = 3410 (OH), 

2170 (C≡C), 1615 (C=C), 1590 (C=C) cm
–1

. EA: C28H22O2Ru (491.54 g mol
–1

): calcd. C 

68.42, H 4.51; found: C 68.62, H 4.45 %. 
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7.2.4.3 [Ru(η
5
-C5H5)(PPh3)2(=C=C=C(Ph(Fe(η

5
-C5H4)2)Ph)(C=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2 (41) 

 

 

[Fe((C5H4-C(OH)(≡CH))Ph)2] (100 mg, 0.224 mmol), [RuCl(η
5
-C5H5)(PPh3)2] (789 mg, 

1.09 mmol) and NH4[PF6] (192 mg, 1.18 mmol) were dissolved in MeOH (20 mL) and stirred 

for 18 h at rt. The resulting dark blue solution was filtered and the solvent was removed. The 

crude solid was loaded on a column and eluted with CH2Cl2/acetone (12:1, v/v), (Rf = 0.6). 

The product was obtained as a dark blue solid in a yield of 300 mg (0.144 mmol, 64 %), after 

evaporation of the solvents. 

1
H NMR (CDCl3, 400 MHz): δ (ppm)= 7.80-7.71 (m, 60H, PPh3), 7.45-7.42 (m, 8H, o-Ph, 

m-Ph), 7.26-7.25 (m, 2H, p-Ph), 5.40 (d. 
3
JH,H = 6.5 Hz, 2H, C5H4), 5.39 (t, 2H, 

3
JH,H = 6.5 Hz, 

3
JH,H = 7.5 Hz C5H4), 5.31 (t, 2H, 

3
JH,H = 6.5 Hz, 

3
JH,H = 7.5 Hz, C5H4), 5.21 

(d, 2H, 
3
JH,H = 7.5 Hz, C5H4), 5.12 (s, 5H, Cp) ppm.  Due to the poor stability of the complex 

in solution at room temperature, 
13

C NMR and 
31

P NMR spectra could not be analyzed 

because of the long measurement time and the degradation of the complex.
 
ESI MS (CH2Cl2): 

m/z (%) = 1041.1300 (100) [M]
2+

. IR (CH2Cl2): 𝜈 = 1932 (C=C=C), 1555 (C=C), 1535 

(C=C), 1510 (C=C) cm
–1

. EA: C110H88F12P6FeRu (2081.72 g mol
–1

): calcd. C 63.47, H 4.26; 

found: C 62.99, H 4.15 %. 
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7.2.4.4 [Ru(η
5
-C5H5)(PPh3)2(=C=C=C(Ph(Ru(C5H4)2)Ph)(C=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2 (42) 

 

 

[Ru((C5H4-C(OH)(≡CH))Ph)2] (40) (100 mg, 0.203 mmol), [RuCl(η
5
-C5H5)(PPh3)2] (789 mg, 

1.09 mmol) and NH4[PF6] (192 mg, 1.18 mmol) were dissolved in MeOH (20 mL) and stirred 

for 18 h at rt. The resulting dark blue solution was filtered and the solvent was removed. The 

crude solid was loaded on a column and eluted with CH2Cl2/acetone (12:1, v/v), (Rf = 0.6). 

The product was obtained as a dark blue solid in a yield of 300 mg (0.149 mmol, 73 %), after 

evaporation of the solvents. 

1
H NMR (CDCl3, 400 MHz): δ (ppm)= 7.79-7.70 (m, 60H, PPh3), 7.45-7.41 (m, 8H, o-Ph, 

m-Ph), 7.26-7.24 (m, 2H, p-Ph), 5.40 (d. 
3
JH,H = 6.5 Hz, 2H, C5H4), 5.38 (t, 2H, 

3
JH,H = 6.5 Hz, 

3
JH,H = 7.5 Hz C5H4), 5.30 (t, 2H, 

3
JH,H = 6.5 Hz, 

3
JH,H = 7.5 Hz, C5H4), 5.23 

(d, 2H, 
3
JH,H = 7.5 Hz, C5H4), 4.90 (s, 5H, Cp) ppm.  Due to the poor stability of the complex 

in solution at room temperature, 
13

C NMR and 
31

P NMR spectra could not be analyzed 

because of the long measurement time and the degradation of the complex.
 
ESI MS (CH2Cl2): 

m/z (%) = 1064.12 (100) [M]
2+

. IR (CH2Cl2): 𝜈 = 1950 (C=C=C), 1535 (C=C), 1515 (C=C), 

1490 (C=C) cm
–1

. EA: C110H88F12P6Ru3 (2156.95 g mol
–1

): calcd. C 62.12, H 4.17; found: C 

61.85, H 4.20 %. 
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8.1 Details of the Structure Determination 

 

Single crystals were coated with perfluoropolyether, picked with a glass fiber or a loop, and 

immediately mounted in the nitrogen cold gas stream of the diffractometer. In case of 8, 9, 12 

and 22, images were interpreted and integrated with the program CrysAlisPro (Agilent 

Technologies).
[230] The structures were solved by using direct methods and refined with 

full-matrix least squares against F
2
 (Siemens SHELX-97

[231-233]
 or SHELXS/SHELXT

[231-233]
 

as part of Olex2
[234]

). A weighting scheme was applied in the last steps of the refinement with 

w = 1/[σ
2
(Fo

2
) + (aP)

2
 + bP] and P = [2Fc

2
 + max(Fo

2
,0)]/3. The hydrogen atoms were 

included in their calculated positions and refined in a riding model. The structure pictures 

were prepared with the program Mercury CSD 3.5 (Build RC5).
[235-236]

 

Compound Dissolved in Layered with 

[Ru(η
5
-C5H5)(=C=C=(BPyr))(PPh3)2]PF6 (8) CH2Cl2 n-hexane 

[Ru(η
5
-C5H5)(=C=C=(PyrPh))(PPh3)2]PF6 (9) CH2Cl2 n-hexane 

[Ru(η
5
-C5H5)(=C=C=(Tetracyclone))(PPh3)2]PF6 (12) CH2Cl2 Et2O 

[Ru(η
5
-C5H5)(=C=C=(ACO))(PPh3)2]PF6 (13) CH2Cl2 Et2O 

[Ru(η5-C5H5)(=C=C=(PCO))(PPh3)2]PF6 (17)
1
 (CH3)2CO Et2O 

[Ru(η
5
-C5H5)(PPh3)2 (=C=C=(AC)=C=C=)(PPh3)2(η

5
-

C5H5)Ru](PF6)2 (22) 

CH2Cl2 Et2O 

1
 for 17 under slow diffusion of Et2O 
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Table 8.1: Details for the structure determination of 8, 9, 12, 13, 17 and 22. 

 8 (BPyr) 9 (PyrPh) 12 (Tetracyclone) 

empirical formula C62H47F6P3Ru × 

CH2Cl2 

C66H49F6P3Ru × 

CH2Cl2 

C72H55F6P3Ru × 

2 CH2Cl2 

CCDC-No. CCDC 1417389 - - 

formula mass 

[g mol
–1

] 

1182.88 1234.96 1397.99 

crystal colour/habit green block clear dark violet 

needle 

clear red plate 

crystal system monoclinic monoclinic monoclinic 

space group, Z I2/a, 2 P21/c, 4 P21/n, 4 

a [Å] 20.6123 (6) 13.5553 (2) 18.0603 (10) 

b [Å] 22.6218 (6) 17.6285 (3) 16.0185 (6) 

c [Å] 25.5409 (7) 26.1852 (5) 23.8690 (14) 

α [°] 90 90 90 

β [°] 105.389 (3) 102.8606 (19) 111.426 (6) 

γ [°] 90 90 90 

V [Å
3
] 11482.4 (6) 6100.26 (19) 6428.1 (6) 

Θ [°] 2.889 to 25.35 3.3320 to 73.0560 3.7830 to 74.1010 

h ‒28 to 27 ‒14 to 16 ‒9 to 21 

k ‒30 to 30 ‒20 to 18 ‒19 to 11 

l ‒35 to 34 ‒26 to 31 ‒28 to 24 

F(000) 4816 2520 2856 

µ (Mo-Kα) [mm
–1

] 0.71073 - - 

µ (Cu-Kα) [mm
–1

] - 1.54184 1.54184 

crystal size [mm] 0.3058 × 0.2526     

× 0.1162 

0.2493 × 0.0904  

× 0.0283 

0.2134 × 0.165              

× 0.0703 

Dcalcd. [g cm
–3

], T 

[K] 

1.369, 100 1.345, 100 1.466, 100 

reflections collected 38940 22118 9482 
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independent 

reflections 

10493 10737 7926 

obs. Reflections, I > 

2σI 

9065 9576 5818 

parameter 703 718 793 

weight parameter a 0.0680 0.1695 0.1000 

weight parameter b 47.9990 53.5921 47.2325 

R1 (observed) 0.0437 0.0706 0.0703 

R1 (overall) 0.0513 0.0760 0.0832 

wR2 (observed) 0.1249 0.1607 0.2125 

wR2 (overall) 0.1298 0.1626 0.2220 

diff. peak/hole [e/Å] 

goodness-of-fit on 

F
2
 

‒1.157 / 1.553 

1.057 

‒1.603 / 1.025 

1.204 

‒1.026 / 1.345 

1.610 

 

 13 (ACO) 17 (PCO) 22 (AC) 

empirical formula C57H43F6OP3Ru × 

Et2O 

C65H47F6OP3Ru × 

Et2O × H3CCOCH3 

C100H78F6P6Ru2 × 

3 CH2Cl2 

CCDC-No. CCDC 1406943 CCDC 1406944 CCDC 1452984 

formula mass 

[g mol
–1

] 

1126.01 1284.2 2150.36  

crystal colour/habit purple block purple needle light brown block 

crystal system orthorhombic triclinic triclinic 

space group, Z Pnma, 8 P-1, 2 P-1, 1 

a [Å] 26.143 (3) 10.0465 (8) 10.5843(3) 

b [Å] 25.5375 (12) 15.3950 (12) 13.2971(4) 

c [Å] 16.4850 (16) 20.6856 (18) 17.5428(5) 

α [°] 90 73.300 (6) 106.741(3) 

β [°] 90 84.013 (6) 104.063(2) 

γ [°] 90 75.746 (7) 93.559(2) 
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V [Å
3
] 11005.8 (17) 2968.1 (4) 2270.19(12) 

Θ [°] 2.71 to 27.5 2.74 to 25.03 3.395 to 29.308 

h ‒33 to 33 ‒11 to 11 ‒13 to 12 

k ‒31 to 33 ‒18 to 18 ‒16 to 15 

l ‒21 to 21 ‒24 to 24 0 to 21 

F(000) 4624 1324 1090.0 

µ (Mo-Kα) [mm
–1

] 0.71073 0.71073 0.71073 

crystal size [mm] 0.76 × 0.20 

× 0.11 

0.40 × 0.10 × 0.08 0.0306 × 0.0494  

× 0.1207 

Dcalcd. [g cm
–3

], T 

[K] 

1.359, 150 1.437, 150 1.573, 100 

reflections collected 100441 53667 8950 

independent 

reflections 

12797 10308 3256 

obs. Reflections, I > 

2σI 

9846 8050 7887 

parameter 682 768 605 

weight parameter a 0.0960 0.1695 0.0450 

weight parameter b 43.8926 7.3888 6.5080 

R1 (observed) 0.0591 0.0731 0.0447 

R1 (overall) 0.0821 0.0984 0.0529 

wR2 (observed) 0.171 0.2016 0.1085 

wR2 (overall) 0.1915 0.241 0.1134 

diff. peak/hole [e/Å] 

goodness-of-fit on 

F
2
 

‒1.805 / 2.521 

1.09 

‒1.803 / 1.027 

1.044 

1.072 / ‒2.385 

1.067 
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8.2 List of Abbreviations and Symbols 

 

ACO  anthracenone 

AC  anthracene 

AO  anthrone 

APT  attached proton test 

Ar  aryl 

BAN  bianthracene 

br  broad 

BPyr  benzopyrene 

BT  benzotetraphene 

calcd.  calculated 

CV  cyclo voltammetry 

Cp  cyclopentadienyl 

d  doublet (NMR spectroscopy) 

dd  doublet of doublets (NMR spectroscopy) 

dec.  decomposition 

DFT  density functional theory 

dippe  1,2-bis(diisopropylphosphino)ethane 

DMSO  dimethyl sulfoxide 

dppe  1,2-bis(diphenylphosphino)ethane 

dppm  1,1-bis(diphenylphosphino)methane 

DSSCs  dye-sensitized solar cells 

DTPCN dithiophen-pentacene-malononitrile 

EA  elemental analysis 

ESI  electrospray ionization 

Fc  ferrocene 

FN  fluorene 

h  hour 

Hbdmpza 2,2-bis(3,5-dimethylpyrazol-1-yl)acetic acid 

Hbpza  2,2-bis(pyrazol-1-yl)acetic acid 

HOMO highest occupied molecular orbital  

Hz  Hertz 

i  ipso 
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IndFN  indenofluorene 

IR  infrared 

J  coupling constant 

LUMO  lowest unoccupied molecular orbital 

m  medium (IR spectroscopy) 

m  meta 

m  multiplet (NMR spectroscopy) 

MeCN  acetonitrile 

MLCT  metal-to-ligand charge-transfer 

MS  mass spectrometry 

n-BuLi  n-butyllithium 

NIR  near-infrared 

NMR  nuclear magnetic resonance 

o  ortho 

OTF  trifluoromethansulfonate 

p  para 

PC  pentacene 

PCN  pentacene-malononitrile 

PCO  pentacenone 

Ph  phenyl 

PhenO  phenantrenone 

ppm  parts per million 

PTA  1,3,5-triaza-7-phosphaadamantane 

Pyr  pyrene 

PyrPh  pyrenophenone 

PyrPh2O pyrenodiphenylmethanone 

s  singlet (NMR spectroscopy) 

s  strong (IR spectroscopy) 

t  triplet (NMR spectroscopy) 

t
Bu  tert-butyl 

TD-DFT time-dependent density functional theory 

TGA  thermogravimetric analysis  

THF  tetrahydrofuran 

Tp  hydridotris(pyrazol-1-yl)borato ligand 
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UV/Vis ultraviolet/visible 

vt  virtual triplet 

𝜈  wavenumber 

VE  valence electron 

w  weak 

δ  chemical shift 

ε  molar extinction coefficient 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



APPENDIX 

221 

 

8.3 List of Compounds 
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