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1. INTRODUCTION 

The term “catalysis” – derived from the greek “katalusis” or rather “kataluein”, meaning the 

ability to dissolve 
[1]

 – has been first introduced by Berzelius in 1836. He recognized the 

broad phenomenon of catalysis – homo- and heterogeneous – in the ever-growing amount of 

published experimental data and wrote:  

“It is, then, proved that several simple or compound bodies, soluble and insoluble, have the 

property of exercising on other bodies an action very different from chemical affinity. By 

means of this action they produce, in these bodies, decomposition of their elements and 

different recombinations of these same elements to which they remain indifferent.” 
[2]

 

The basic chemical definition of a catalyst was therefore coined as a substance, which is 

capable to speed up chemical reactions by its mere presence without undergoing chemical 

changes itself, when over half a century later, Ostwald combined catalysis with chemical 

thermodynamics and kinetics in one principle.  

Catalysis has played a central role in the chemical industry from its beginning in the late 

eighteenth century. While homogeneous catalysts have been used by civilization for 

thousands of years for processes such as fermentation without any deeper knowledge of the 

exact molecular aspects, the majority of chemists were applying heterogeneous catalysts for 

instance various hot metal wires trying to develop novel processes. The most prominent 

example here would be the Haber-Bosch synthesis of ammonia. 
[3]

 

Nowadays, most industrial processes are catalyst-assisted such as the purification of gasoline 

and the synthesis of pharmaceuticals, natural substances or polymers. Catalysis is publicly 

often associated with environmental science and green chemistry due to catalytic converters 

in cars regarding emission control of exhaust fumes or emission filters of industrial plants. 

Because of the ever-growing importance of catalysis for the chemical industry to generate 

complex molecules in a simple, atom-economic manner, academic research has been focusing 

increasingly on the study of fundamental mechanisms involved in catalytic processes at an 

atomic level. These studies have become possible since analytical techniques have largely 

improved and become more sensitive towards short-lived species. 
[4]

 The field of catalysis has 

been steadily growing, offering new ideas and concepts for the development of novel catalytic 

systems concerning basic laboratory scale reactions as well as up-scaled industrial processes. 
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1.1 Benzene and Pyridine as Motives in Natural Substances – Synthetic 

Approaches 

Natural substances have inspired various chemists to imitate or slightly modify nature’s 

prototypes to develop novel pharmaceuticals such as antitumor agents but also to produce 

dietary supplements in larger quantaties than could ever be extracted from plants. Many of 

these natural substances contain (modified) benzene or pyridine moieties as their core 

structure. 
[5]

 However, the de novo biosynthesis of pyridine derivatives such as nicotinic acid 

(vitamin B3) or vitamin B6 still remains unclear in spite of their simple structure. Several 

pathways for the synthesis of nicotinic acid are discussed, for example the transformation of 

tryptophan via the intermediates kynurenine, 3-hydroxyanthranilic acid and quinolinic acid in 

chicks, mammals and certain bacteria or the conversion of glyceraldehyde-3-phosphate and 

aspartate in Escherischia coli. 
[6]

 In case of vitamin B6 it is believed that there are at least two 

different biosynthetic pathways in microorganisms. Several intermediates were identified like 

glycolaldehyde, but the entire biosynthesis is still not fully understood. 
[7]

 

In order to obtain easy access to these molecules chemists have derived several ways to 

generate (annulated) benzene or pyridine rings synthetically. Pyridine in its unsubstituted 

form is industrially produced by the Chichibabin process from acrolein (formed by a 

Knoevenagel condensation from acetaldehyde and formaldehyde), acetaldehyde and 

ammonia. 
[8]

 Over 100 years ago Hantzsch reported on the synthesis of dihydropyridines, 

which can be easily oxidized to substituted pyridines. 
[9]

 The Bohlmann-Rahtz pyridine 

synthesis is another alternative to yield substituted pyridine derivatives. It consists of a two-

step process involving an initial Michael addition of, for example, ethyl β-aminocrotonate and 

an ethynyl carbonyl compound. The aminodienone intermediate can be isolated and 

transformed through cyclodehydration at elevated temperatures to the respective pyridine. 
[10]

  

Nowadays a larger focus on the reduction of accumulating waste,  milder reaction conditions 

and especially atom-economy dominates the design of new reactions. The concept of tandem 

ring-closing olefin metathesis and dehydration is a very effective way to synthesize 

substituted benzenes. 1,4,7-Trien-3-ols can easily be modified to carry various substituents 

and yield the substituted benzene derivatives after the ruthenium-catalyzed ring-closing 

metathesis – applying Grubbs’ first generation catalysts – followed by dehydration. 
[11]

  

Recent approaches in the synthesis of pyridines involve the application of oximes and enals in 

a synergistic copper/iminium catalysis 
[12]

 or the use of alkenes and α,β-unsaturated oxime 
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esters in a Rh(III)-catalyzed stereoselective reaction. 
[13]

 Yet a further option, valued due to its 

straightforward concept, easy availability of starting materials and synthetic flexibility, is the 

[2+2+2] cycloaddition reaction. It represents a possibility to generate pyridines as well as 

benzenes in a fast and atom-economic manner starting from alkynes and/or alkenes. Several 

of the total syntheses of natural substances involve cycloaddition reactions as one of the 

elementary steps to generate the backbone of the molecule (Scheme 1). Protoberberin 

alkaloide as well as the antitumor active anthracyclinaglycone were synthesized via a 

cyclization reaction of a 1,7-octadiyne moiety and another alkyne catalyzed by [CpCo(CO)2] 

(1). 
[14]

 The (±)-strychnine synthesis for example involves the usage of 1 in an elementary 

synthetic step as well. 
[15]

  

 

 

Scheme 1: Examples for [2+2+2] cycloaddition reactions as a key step for the synthesis of natural substances 

 

Also the synthesis of (±)-estrone, explicitly the generation of the ABC-ring system in one 

step, was done by a simple [2+2+2] cycloaddition reaction catalyzed by 1. 
[16]

 The formation 

of the benzene moiety of illudalane sesquiterpenoids like pterosin, calomelanolactone or 

alcyopterosin E was achieved by a cyclotrimerization reaction catalyzed by the Wilkinson 

catalyst [RhCl(PPh3)3] (2). 
[17]

 At slightly elevated temperatures this catalyst could also yield 

the core structure of the furanosteroidal antibiotic Viridin. 
[18]

 Last but not least precursors for 

the Vitamin B6 synthesis could easily be generated via a [2+2+2] cycloaddition reaction 

catalyzed by [CpCo(cod)] (3). 
[19]
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1.2 [2+2+2] Cycloaddition 

As demonstrated before the [2+2+2] cycloaddition reaction is a versatile tool to derive a huge 

number of different cyclic substances from simple molecules in an atom-efficient manner. 

Even though the thermal [2+2+2] cycloaddition is symmetry-allowed 
[20]

 only very few 

examples are known, which are often highly exothermic. 
a,[21]

  This sparsity might be 

attributed to entropic factors but especially to high activation barriers for the reaction. 
[22]

 

Nevertheless, the vast majority of [2+2+2] cycloadditions are transition metal-catalyzed. 
[23]

 

Many transition metals such as Ni, 
[24]

 Fe, 
[25]

 Co, 
[14, 26]

 Rh, 
[27]

 Ir, 
[28]

 Pd, 
[29]

 Ru 
[30]

 but also 

Nb 
[31]

 or combinations thereof like Ti-Mg 
[32]

 and Zr-Ni 
[33]

 are able to catalyze the 

cyclotrimerization of alkynes. However, group 9 transition metals – Co, Rh and Ir – represent 

the most important class of catalysts. 
[23e, 26a, 26b, 34]

  

Berthelot was the first to report the development of benzene from acetylene at high 

temperatures in 1866, 
[35]

 followed by Sir Ramsay, who described the formation of pyridine, 

when gaseous acetylene and hydrogen cyanide were led through a hot iron tube, in 1876. 
[36]

 

But the first real transition metal-catalyzed cycloaddition reaction with a defined nickel 

catalyst was described by Reppe et al. He was able to vary the outcome of the cycloaddition 

reaction (with the major product being either cyclooctatetraene or benzene) by choosing 

different catalyst systems. 
[37]

  

Depending on the metal of the catalyst (Co, Rh, Ru, Ni and Fe) the reaction mechanism 

differs slightly. 
[25b, 38]

 Because merely Co- and Rh-complexes will be discussed in this thesis, 

only the Co(I)-catalyzed [2+2+2] cycloaddition reaction will be considered in more depth.  

 

1.2.1 Mechanism 

The broadly accepted mechanism for the Co(I)-catalyzed [2+2+2] cycloaddition reaction and 

the formation of pyridines is depicted in Scheme 2. The pre-catalyst has to be activated either 

by heat or irradiation with light to offer the alkyne substrates free coordination sites at the 

metal center. Two alkynes are coordinated side-on and through an oxidative coupling reaction 

the corresponding metallacyclopentadiene is formed. Coordination of the nitrile and either an 

insertion reaction or a formal [4+2] cycloaddition lead after reductive elimination to the 

pyridine derivative and the free metal core, which can re-enter the catalytic cycle anew. 
[39]

  

                                                 
a
 The respective values can be calculated with the help of Benson’s tables. 
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Scheme 2: Mechanism of the transition metal-catalyzed [2+2+2] cycloaddition (Y: steering ligand; M: metal; L: 

neutral ligand) 

 

While the metallacyclopentadiene intermediate (sometimes with an additional neutral ligand 

such as PPh3 or PMe3 still coordinated to the metal center) has been isolated several 

times, 
[39c, 40]

 the second intermediate could not be isolated yet (at least in the case of Co), but 

extensive theoretical calculations have been done on determining which intermediate is the 

most likely. 

 

 

1.2.2 DFT Calculations 

The [2+2+2] cycloaddition mechanism for the CpCo(I)-fragments has been confirmed by 

several DFT calculations even though there are several slightly different proposed 

mechanisms.  
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The first difference concerns the coordination of one of the neutral ligands during the catalytic 

cycle. While one mechanism proposes that one ligand (exemplarily PPh3) stays coordinated, 

leading to 18e
-
 species throughout all intermediates, 

[41]
 other plausible pathways involve the 

reaction of the 16e
-
 complex [CpCo(η

2
-HC≡CH)] with another acetylene molecule forming 

the metallacyclopentadiene intermediate. 
[42]

 Wakatsuki et al. also discussed the retardation of 

the pyridine formation if a triphenylphosphine ligand is still present at the metal core. 
[43]

 

Regarding the coordination of the nitrile to the metal center, Koga et al. proved that if the 

nitrile coordinates to the metal center via the N atom – first end-on, then side-on – the 

reaction between the nitrile and the metallacyclopentadiene can be viewed as an 

intramolecular coupling and is a more favorable mechanism than an intermolecular [4+2] 

coupling between the metallacyclopentadiene and an uncoordinated nitrile. 
[39b]

 

Whether the formation of the pyridine proceeds via a [4+2] cycloaddition mechanism or an 

insertion mechanism is not well enough established yet. Various reaction pathways for the 

formation of 2-methylpyridine from acetylene and acetonitrile have been studied by Koga et 

al. They investigated the intra- and intermolecular [4+2] cycloaddition pathway as well as the 

one via the azacobaltacycloheptatriene for the singlet and triplet state of the complex. Their 

calculations showed that the most favorable process for a singlet state undergoes the [4+2] 

cycloaddition between the metallacyclopentadiene and the nitrile, while the one for the triplet 

state involves an azacobaltacycloheptatriene intermediate. 
[39b]

 But even slight changes in the 

electronic properties of the nitrile lead to different preferences, so that it could be tentatively 

summarized that electron-donating groups favor the [4+2] cycloaddition while electron-

withdrawing groups favor the insertion of the C-N triple bond into the Co-Cα bond. 
[39a]

  

Harris et al. concluded – based on an ultra-fast IR study of the photochemistry of 

[CpCo(CO)2] (1) in neat 1-hexyne or 1-hexene solutions – that in the case of 1, the first ligand 

substitution takes place in the triplet state and undergoes a spin cross-over to the singlet state. 

Therefore both the singlet and triplet state play a role in the generation of the initially formed 

alkyne/alkene-coordinating species. 
[44]

 

After the formation of the metallacyclopentadiene a spontaneous relaxation into the triple 

ground state occurs. This species can be trapped – especially if σ-donors like phosphines, CO 

or THF are used – and the 18e
-
 compound (as previously discussed 

[41]
) is generated. 

[45]
  

Danzinger et al. discussed the coordination sequence of the substrate molecules, whether two 

alkynes or one alkyne and a nitrile coordinate first. They investigated the synthesis of pyridine 

from acetylene and hydrogen cyanide exemplarily (Scheme 3). 
[38a]
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Scheme 3: Free energy profiles (in kcal mol
-1

) for the different coordination sequences in the [2+2+2] 

cycloaddition reaction between acetylene and hydrogen cyanide 

 

The replacement of the neutral ligands (here 1,5-cyclooctadiene) and the coordination of the 

two alkyne molecules to form A is essentially thermoneutral (even though activation energy is 

needed for many pre-catalysts), while the coordination of hydrogen cyanide and acetylene 

requires additional energy (A
N
). 
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The oxidative coupling and formation of the metallacyclopentadiene and azametallacycle (B 

and B
N
) respectively is in both cases exergonic, but considering the small energetic difference 

between A
N
 and B

N
 this step of pathway 1 is essentially overall thermoneutral. Upon 

formation of the azametallacycle the coordination of the second acetylene molecule to yield 

C
N
 is more exergonic than the coordination of the hydrogen cyanide to B. The transition of 

C
N
 to D

N
 is highly exergonic. The same applies for the generation of the 

azacobaltacycloheptatriene D and subsequently F, which is the equivalent of D
N
. 

[38a]
  

 

1.2.3 Effect of the Ligands 

In catalyst systems of the type [YM(L)2] all three variables – the steering ligand Y, the metal 

center M and the neutral ligands L – do have an effect on the reactivity of the respective 

complex. Focusing on the group 9 transition metals, our group has already demonstrated the 

effect of the metal center on the reactivity as well as selectivity of the catalyst. 
[34a, 46]

 We 

synthesized complexes of Co, Rh and Ir with an identical organic ligand sphere observing that 

the stability of the complexes [CpM(H2C=CHSiMe3)2] increased in the order M = Co < Rh < 

Ir while the reactivity towards the synthesis of pyridines follows the inverse order. If triynes 

were submitted to comparable conditions of the cycloaddition reaction as reported for the 

pyridine synthesis it was noticed that the Rh(I)-complex was the most active one. 

The effect of the steering ligand has been studied by Bönnemann et al. and Jonas et al. 

respectively. Already in the early 1980’s correlations between the neutral ligands 
[47]

 or 

substituents on the Cp-ring of the Co(I)-complexes 
[48]

 with the 
13

C and 
59

Co NMR shifts were 

reported. The 
59

Co chemical shift can be correlated to the reaction temperature or activity of 

the Co(I)-complexes, essentially featuring a higher field shift of the 
59

Co resonance the less 

active the complex. A dependency of the nature of a substituent attached to the Cp-ligand on 

the regioselectivity of Cp
R
Co(I)-complexes can also be correlated to the 

59
Co shift. Here 

electron-donating substituents lead to higher regioselectivity, but lower activity, hence show a 

more high field-shifted signal in the 
59

Co NMR spectrum. 
[48]

 A similar observation can be 

made with regard to the neutral ligands. If one assumes that the 
59

Co shift correlates to the 

energy gap between the frontier orbitals of the respective CpCo(I)-complex, which 

corresponds to the strength of metal-ligand interaction, the 
59

Co shift could well function as 

an indicator for the complex’s properties such as thermal stability or catalytic activity. 
[47]
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One further example is the report of Heller et al., who noticed an effect of the steering ligand 

in the photocatalytic cyclotrimerization reaction between acetylene and a substituted nitrile. 

An acetyl-substituted cyclopentadienyl ligand led to a faster conversion than a “naked” Cp-

ligand, while the indenyl-ligand proved to have the slowest conversion rate. 
[49]

 This is in 

accordance with the reports by Bönnemann et al. 
[48]

 

 

 

Scheme 4: Reaction conditions for several homoleptic CpCo(I)-complexes 

 

Although the neutral ligands are thought to be immediately lost during the catalytic cycle they 

have a great effect on the stability of the pre-catalyst. Depending on the properties of the 

neutral ligands the activation barrier for their release and coordination of the substrate 

molecules can vary dramatically. Ligands such as triphenylphosphine, CO or the chelating 

olefin 1,5-cyclooctadiene (cod) coordinate very strongly to the cobalt center and therefore 

high activation energies (> 100 °C) are required to generate the active pre-catalyst (Scheme 

4). Using the aid of irradiation Heller et al. reported on the reaction of benzonitrile and 

acetylene at various temperatures (-40 - 60 °C) with [CpCo(cod)] (3) yielding 2-

phenylpyridine in high yields. 
[49]

  

Complexes with non-chelating olefin ligands like the Jonas reagent 5 
[50]

 or complex 6 from 

our group are less stable and need lower activation energy to act as catalysts in the [2+2+2] 

cycloaddition reaction. This has been demonstrated by our group who calculated the relative 
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energy values for the CpCo(I)-system upon the ligand substitution reaction of 6 with several 

chelating and non-chelating olefin ligands (Scheme 5). 
[51]

  

 

 

Scheme 5: Relative energies for various CpCo(I)-complexes with chelating and non-chelating olefin ligands 
[51]

 

 

The calculations corroborated the expected results that chelating olefins are always more 

stable than complexes with two single olefin ligands (Scheme 5, compare B-E and 3 with 6, 5, 

A and F). Depending on the type and, for example, electronic properties of the olefin ligand, 

the calculated relative energies vary, confirming that electron-deficient olefins do not stabilize 

the CpCo(I)-fragment as sufficient as electron-rich olefins and therefore lead to more labile 

complexes.  

Cobalt complexes with two different ligands – no matter if both ligands are from the same 

ligand class or entirely different classes – have been explored as well. Numerous examples 

showed that these heteroleptic compounds exhibit different stabilities from their respective 

homoleptic analogs.  

The substitution of one olefin ligand for a CO or a Cp-tethered phosphine ligand has a great 

stabilizing effect on the complex. While the Jonas complex (5) and 6 are active at low 

temperatures and F is also supposed to be as active as the Jonas complex (Scheme 5), the 

heteroleptic complex 7 requires reaction temperatures as high as 110 °C or irradiation with 

light. 
[52]

 Likewise, 8 needs temperatures higher than 25 °C and 9 – containing a Cp*-tethered 

olefin ligand – even turns out to be completely inactive towards [2+2+2] cycloaddition 

reactions (Scheme 6). 
[53]

 This proves what kind of impact the neutral ligands have on the 

stability as well as activity of the respective CpCo(I)-complexes. 
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Scheme 6: Reaction conditions for several heteroleptic CpCo(I)-complexes 

 

Only few heteroleptic CpCo(I)-complexes have actually been applied in the [2+2+2] 

cycloaddition reaction. Most often they have been synthesized out of pure proof of principle 

and only their reaction towards modifications has been investigated in more detail. Cobalt 

complexes with a Cp-tethered unsaturated amine ligand and an additional CO or 

triphenylphosphine ligand have been described by Collum et al., 
[54]

 (bicyclo[3.2.0]hepta-1,3-

dienyl)cobalt(I)-complexes with one dimethylfumarate ligand and three different phosphine 

ligands were synthesized by Butenschön et al. 
[55]

 and a cobalt complex with a Cp-tethered 

phosphine and an alkyne ligand, namely tolan, has been reported by the latter as well, 
[53c]

 just 

to name a few examples. 

Werner et al. studied the substitution of several CpCo(I)-precursors extensively yielding 

phosphine-CO, 
[56]

 phosphite-phosphine, olefin-phosphine, olefin-phosphite and olefin-CO 

complexes. 
[57]

 They also described the great potential of [CpCo(PMe3)(CO)] as a precursor to 

gain access to numerous types of complexes. While ligands such as carbon disulfide or the 

electron-poor olefin C2(CN)4 can substitute the CO ligand, phosphites only substitute the 

phosphine ligand. 
[58]

 A similar study was done by Hong et al. who prepared a number of 

complexes of the type [CpCo(olefin)(L)] with L being triphenylphosphine, CO or an 

isocyanide by reacting the respective [CpCo(L)2] complex with olefins containing electron-

withdrawing groups. 
[59]
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There have also been several reports on heteroleptic CpCo(I)-complexes bearing NHC-

ligands (N-heterocyclic carbene), which are very strong σ-donors. If 1 is stirred with bis(1,3-

dimethyl-imidazolindin-2-ylidene) in methylcyclohexane at 100 °C, one CO ligand is 

replaced by a NHC-ligand. 
[60]

 Further examples for CpCo(I)-complexes with one NHC-

ligand and one CO, ethene or PPh3 ligand have been reported by Markwick and O’Connor et 

al. as well as Tilset et al. 
[61]

  

Investigations towards the kinetics of these ligand substitution reaction of Cp*Co(CO)2 with 

various ligands such as t-BuNC, phosphines or phosphites were performed by Rerek and 

Basolo taking in account the basicity and cone angle of the tested ligands. 
[62]

 

With regard to the application of these heteroleptic compounds in [2+2+2] cycloaddition 

reactions a lot of possibilities are still unexplored. The modification of long known complexes 

and therefore alteration of their characteristics (e.g. stability and activity) should prove a 

fruitful venture.  

 

1.3 Further Modifications of Cobalt(I)-Complexes 

There are several possibilities to further modify cobalt(I)-complexes, of which only two will 

be discussed here in more detail.  

While high substrate conversions are essential for the application of catalysts, easy handling 

and especially (high) recyclability of any catalyst is equally viewed as an attractive property. 

For the stabilization of CpCo(I)-complexes the neutral ligands play a large role particularly if 

heteroleptic complexes are synthesized, which might be the solution to a potential stability 

problem. The recyclability of CpCo(I)-complexes is a different matter. There are various 

possibilities to enhance or rather simplify the recycling of a catalyst. Linking the respective 

complex via a neutral ligand or the Cp-ligand to a solid phase allows the easy separation of 

reactant solution and catalyst.  

Solid phase synthesis has been predominantly used for the sequential synthesis of 

polypeptides, polynucleotides or even polysaccharides. In the 1970’s various insoluble 

polymers were discovered to solve the problem of necessary but not easily removable 

additives. Covalently linking these additives to a polymer provided a smooth way to remove 

these after the organic reaction. 
[63]

 In certain cases the polymer can be seen as an 

organocatalyst, but polymers with an actual metal catalyst covalently bound to them were 

represented only with loose examples. 
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In respect to recoverability of the catalyst and minimization of work-up of the reaction the 

attachment of homogeneous organo- or metal-catalysts to supporting materials has become 

more favorable over the years. A number of different supporting materials – organic and 

inorganic – 
[64]

 such as nanoparticles, 
[65]

 dendrimers, 
[66]

 inorganic oxides like silica, 
[67]

 sol-

gel matrices, 
[68]

 polystyrol / Merrifield resin 
[69]

 or other resins 
[70]

 have been used to 

covalently bind one of the catalyst’s coordinating ligands to the solid support.  

However, there have not been many examples for the reuse and recyclability of catalytic 

systems applied in [2+2+2] cycloaddition reactions. Those that have been reported, follow 

various strategies. A recent example would be the usage of dendritic phosphoramidite ligands 

loaded with Rh(I) to enhance the enantioselectivity of [2+2+2] cycloadditions between diynes 

and alkynes as Pla-Quintana and Caminade et al. describe. They were able to recycle the 

catalyst at least three times without loss of enantioselectivity. 
[66b]

  

Conte and Tagliatesta et al. reported on a ruthenium porphyrin catalyst, which could be easily 

recycled and frequently applied in cyclooligomerization reactions of arylethynes in ionic 

liquids. 
[71]

 Lin et al. also worked with ionic liquids as solvent using a cyclotrimerization 

catalyst based on a Pd(II)-complex supported on gold nanoparticles. This compound was 

easily recycled and quantitatively recovered by a simple filtration. 
[65]

 The cyclization of 

triynes in molten [n-Bu4N]Br using either [RhCl(PPh3)3] (2) or PdCl2 and the precipitation of 

the product by the addition of water is an alternative method. 
[72]

 

Yet another approach was executed by Tsai et al., who developed a cationic rhodium(I)/2,2’-

bipyridyl-catalyzed [2+2+2] cycloaddition of α,ω-diynes with alkynes. Since the reaction took 

place in water a simple extraction with organic solvents was sufficient to remove the reaction 

products and leave the residual catalyst system ready for the next cycle. 
[73]

 

The only supported Co(I)-catalyst tested for its activity in cycloaddition reactions was 

[CpCo(CO)2] (1) covalently bound to divinylbenzene cross-linked polystyrene. To the 

disappointment of Vollhardt et al. this supported catalyst rapidly deactivated and afforded the 

cyclization product only in mediocre yields. 
[74]

 Therefore a modification of the Cp-ligand 

with a group that could be used to covalently bind the respective complex to a solid phase and 

the employment of heteroleptic cobalt(I)-complexes seems to be the simplest as well as most 

promising path to gain access to more stable as well as reusable complexes.  

 

A totally different but nevertheless important area is the highly selective synthesis of 

products. The selective [2+2+2] cycloaddition reaction to generate exclusively one 
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stereoisomer, diastereomer or enantiomer is still a most challenging discipline. If 

symmetrically substituted alkynes were used, penta-substituted pyridines or hexa-substituted 

benzenes can be obtained. In the case of terminal alkynes stereoisomers are formed usually in 

a more or less 1:1 ratio of the 1,3,5- and 1,2,4-trisubstituted products with almost no 1,3,4-

trisubstituted product. The observed regioselectivity can be attributed to steric and electronic 

effects. 
[75]

 There have been several reports on regioselective cycloaddition reactions by 

tuning the properties of the substrates to selectively form a certain regioisomer. 
[23e, 23f, 76]

 One 

special example is the highly regioselective cyclization reaction of a resin-supported diyne 

and a nitrile catalyzed by [CpCo(CO)2] (1) in the microwave. 
[77]

 

 

Shibata et al. have been the first to explore the iridium-catalyzed enantioselective [2+2+2] 

cycloaddition reaction in more detail. They reported on various intramolecular cyclization 

reactions such as the synthesis of chiral cyclohexa-1,3-dienes from enediynes, 
[78]

  

atropisomeric chiral ortho-diarylbenzenes from triynes 
[79]

 or axially chiral biaryl systems 

from  tetraynes and hexaynes, 
[28e, 80]

 as well as intermolecular cyclization reactions including 

the construction of axially chiral teraryl compounds from diynes and alkynes. 
[28c, 28d]

 They 

always used a simple Ir(I)-precursor such as [IrCl(cod)]2 and a chiral phosphine ligand, for 

example MeDUPHOS (1,2-bis(2,5-dimethylphospholano)benzene), achieving good yields and 

high enantioselectivities. However, most of their systems require high temperatures and 

consequently certain substrate combinations to assure racemization-stable products. 

 

The Rh(I)-catalyzed enantioselective [2+2+2] cycloaddition reaction has been explored in 

depth by Tanaka et al. 
[76]

 They usually applied a catalytic system containing a Rh(I)-

precursor such as [Rh(cod)2]BF4 or [Rh(cod)Cl]2 and chiral BINAP or Segphos (4,4'-bis-1,3-

benzodioxole-5,5'-diylbis(diphenylphosphine)) ligand. With these systems they were able to 

generate axially chiral phthalides 
[81]

 and biaryls 
[82]

 in high yields and enantiomeric excess, 

covering intra- as well as intermolecular [2+2+2] cycloaddition reactions. While the 

application of tetraynes for the synthesis of axially chiral biaryls, bipyridines and bipyridones 

resulted in moderate ee values and yields (Scheme 7), 
[83]

 the enantioselective cycloaddition 

between diynes and isocyanates yielding 2-pyridones was accomplished in high enantiomeric 

excess. 
[84]

 Recently Tanaka et al. described the enantioselective synthesis of planar-chiral 

carba-paracyclophanes using [Rh(cod)2]BF4 and a chiral bisphosphine ligand in good 

yields. 
[85]

 Applying the same catalyst combination Gandon and Aubert et al. reported on the 
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enantioselective [2+2+2] cycloaddition of diynes and sulfonimines yielding the respective 

1,2-dihydropyridines. 
[86]

  

 

 

Scheme 7: Synthesis of axially chiral biaryls and bipyridines 

 

Enantioselective cobalt-catalyzed [2+2+2] cycloaddition reactions have been reported by 

Gutnov and Heller et al. A chiral menthyl-derived indenyl-based Co(I)-complex (10) 
[87]

 was 

shown to yield enantiomerically enriched atropisomers of 2-arylpyridines. 
[88]

 Later on our 

group showed that the same complex led to the asymmetric synthesis of axially chiral 1-aryl-

5,6,7,8-tetrahydroisoquinolines in good yields with great enantioselectivities (Scheme 8). 
[89]

  

 

 

Scheme 8: Application of a chiral Co(I)-catalyst in the synthesis of biaryls 
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The reaction of chiral proline-based naphthyl diynes with different nitriles via a cobalt-

catalyzed [2+2+2] cycloaddition reaction provided diastereomeric atropisomers in good yields 

and nearly 1:1 ratios under thermal as well as photochemical conditions, which could be 

seperated by column chromatography. 
[90]

 

These chiral Co(I)-based complexes from Heller et al. require light for activation and up to 

date there is no example of a thermally activated chiral Co(I)-catalyst for [2+2+2] 

cycloaddition reactions and the synthesis of pyridines. Consequently the synthesis of 

thermally activatable chiral Co(I)-complexes is another research focus prone to yield 

promising results. 
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2. INTENTION OF THIS THESIS 

The cobalt-catalyzed [2+2+2] cycloaddition reaction has been known for decades. However, 

no systematic study of the effects of a methodical variation of the neutral ligands of CpCo(I)-

complexes especially in heteroleptic complexes has been done. The investigation of the 

influence of the neutral ligands on the ability to activate and/or stabilize the respective 

CpCo(I)-complexes – with a focus on heteroleptic systems – as well as the application of so 

derived CpCo(I)-catalyst in [2+2+2] cycloadditions is therefore a main goal of this thesis.  

Since small variations on the neutral ligands can lead to drastic variations in the stability of 

the compound as already discussed before, the idea of moving from phosphine ligands 

towards phosphite ligands seemed to be promising. Phosphites should coordinate less strongly 

since they are more electron-deficient σ-donors, therefore they should also allow weaker -

backbonding compared to the corresponding phosphine analogues. 
[91]

 On the other hand they 

should bind tighter to the metal than olefins. In addition CpCo(I)-complexes with phosphite 

ligands have not been reported very often 
[92]

 and never systematically tested in the [2+2+2] 

cycloaddition reaction.  

 

 

Scheme 9: Systematic neutral ligand variation of CpCo(I)-complexes, focusing on olefin and phosphite ligands 

 

To combine the expertise from previous results with CpCo(I)-olefin complexes the synthesis 

of the novel class of heteroleptic CpCo(I)-complexes with one olefin and one phosphite ligand 

is envisioned to be the main target.  



Intention 

 
18 

 

Fine-tuning of the neutral ligands or the combination of different ligands might result in a 

novel catalytic system that exhibits a high catalytic performance by being easily activated, but 

that is still stable enough to be handled at room temperature and maybe even under not inert 

conditions.  

All synthesized complexes will be applied in [2+2+2] cycloaddition reactions and 

investigated regarding their substrate scope for the formation of pyridines, benzenes and other 

aromatic (hetero)cycles.  

 

Based on the results of these investigations, synthetic modifications of the best CpCo(I)-

catalysts to gain access to complexes with better recyclability and/or enantioselectivity are a 

natural enhancement of the once newly developed catalysts as long as they are easily prepared 

and display a reasonable activity towards the [2+2+2] cycloaddition.  

 

 

Scheme 10: Possible modifications of CpCo(I)-complexes with regard to recyclability and enantioselectivity 
 

In addition in situ generated Co(I)-based systems for enantioselective [2+2+2] cycloaddition 

reactions analog to those known for rhodium(I) and iridium(I) will be in the focus. Here not 

only the traditional source of chiral induction – chiral ligands – will be applied but also the 

influence of chiral anions will be investigated. 
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3. RESULTS AND DISCUSSION 

3.1 Synthesis of Novel CpCo(I)-Complexes for [2+2+2] Cycloaddition Reactions 

3.1.1 Synthesis of [CpCo(H2C=CHSiMe3)(phosphite)]-Complexes – Variation of 

Phosphites 

As our group previously reported, 6 is a great precursor for the synthesis of a broad variety of 

different CpCo(I)-bisolefin complexes. 
[51]

 Ligand replacement of the trimethylvinylsilane 

ligands is easily accomplished by simply stirring 6 with an excess of the respective olefin 

ligands. Therefore a straight forward substitution reaction for 6 with phosphite ligands was 

anticipated. As Scheme 11 shows, a broad spectrum of monosubstituted mixed 

[CpCo(H2C=CHSiMe3)(phosphite)] complexes (11-16) were obtained in very good yields if 

one equivalent of phosphite was added to a solution of 6 in diethyl ether at -78 °C and slowly 

warmed to room temperature. The obtained mixed olefin-phosphite complexes 11-16 are red 

oils which are stable at room temperature.  

 

 

Scheme 11: Synthesis of mixed CpCo(I)-olefin-phosphite complexes 

Interestingly no substitution of the second trimethylvinylsilane could be accomplished even 

when an excess of the respective phosphite ligand was used at elevated temperatures (50 °C). 

A similar observation was described by Brookhart et al., who were trying to substitute the 

trimethylvinylsilane ligands of [(Me5C5)Co(H2C=CHSiMe3)2] with trimethylphosphite. 
[93]

 

They remarked that a large excess (10-fold) of trimethylphosphite (and higher temperatures) 
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were necessary to remove the second trimethylvinylsilane ligand of 

[(Me5C5)Co(H2C=CHSiMe3){P(OMe)3}] to yield [(Me5C5)Co{P(OMe)3}2]. Substitution 

reactions with N-donor ligands like pyridine and 2,2’-bipyridine were also reported. 
[94]

 

 

3.1.2 Synthesis of [CpCo(phosphite)2]-Complexes  

Since the synthesis of [CpCo{P(OPh)3}2] (18) could not be accomplished through a second 

substitution of the trimethylvinylsilane ligand in 6, a different route had to be found (Scheme 

12). The first synthesis for 18 was published by Werner et al. in 1971. 
[92b]

 Refluxing 

cobaltocene and an excess of triphenylphosphite in toluene for a week led to the desired 

complex in 46% yield. This procedure was optimized by McKinney by the addition of 2-

butyne, which is proposed to react with the Cp-ligands of two different cobaltocenes forming 

an instable, bridged intermediate, which was postulated to lower the activation barrier and 

leading to 18 after refluxing the reaction mixture in n-hexane for 3-6 h at 70 °C. 
[75, 92c]

 But 

these reaction conditions did not allow the use of a broad variety of phosphite ligands, leading 

to either decomposed phosphites or no reaction at all.  

 

 

Scheme 12: Different routes for the synthesis of 18 

The reduction of cobaltocene with an alkali metal such as lithium, sodium or potassium in the 

presence of the triphenylphosphite ligand was unsuccessful and the starting material could be 

recovered. This is very surprising since the synthesis of [CpCo(PPh3)2] (4) can be easily 

accomplished by stirring cobaltocene with elemental lithium and two equivalents of 



Results and Discussion 

 
21 

 

triphenylphosphine in THF. 
[95]

 Only the use of NaK resulted in 39% of 18 after stirring at 

-78 °C for 48 h.  

After these disillusioning results a different approach had to be developed. Taking advantage 

from our experience with photocatalytic reactions [CpCo(cod)] (3) seemed to be a promising 

precursor. The cod ligand can be easily removed through irradiation with light, leaving both 

coordination sites free for the coordination of the phosphite ligands. This simple substitution 

reaction generates the respective bis(phosphite) complexes 18-22 in excellent yields and is 

applicable to all kinds of different types of phosphites (Scheme 13). Only in the case of 

phosphites incorporating sterically bulky groups such as tris(2,4-di-t-butylphenyl)phosphite 

the reaction did not take place and only starting material could be recovered. Therefore, in 

contrast to 6, [CpCo(cod)] (3) proved to be an excellent precursor for the synthesis of 

CpCo(I)-bis(phosphite) complexes. 

 

 

Scheme 13:  Synthesis of CpCo(I)-bis(phosphite) complexes 

In an additional experiment the synthesis of [CpCo(H2C=CHSiMe3){P(OPh)3}] (11) via 

photoactivation of 3 was investigated. Here a solution of triphenylphosphite (1 equiv.), 

trimethylvinylsilane (10 equiv.) and 3 in THF was irradiated with light for 24 h. After work 

up a 2:2:1 mixture of 3, 18 and 11 could be detected. This is in accordance to observations by 

Butenschön et al. who described low to mediocre yields if [(bicyclo[3.2.0]hepta-1,3-

dienyl)Co(cod)] was reacted with a fivefold molar excess of phosphine and a fivefold molar 

excess of dimethylfumarate in boiling o-xylene. 
[55]
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3.1.3 Synthesis of [CpCo(olefin)(phosphite)]-Complexes – Variation of Olefins 

To expand the library of the [CpCo(olefin)(phosphite)] compounds and to investigate the 

influence of the olefin ligand the synthesis of complexes with different olefin/phosphite 

combinations was approached. Starting from [CpCo(H2C=CHSiMe3)2] (6) 
[51]

 and first 

replacing one trimethylvinylsilane ligand for a phosphite followed by the substitution of the 

second one for another olefin at elevated temperatures resulted only in the case of 

triphenylphosphite and dimethylfumarate in an excellent yield of 

[CpCo(dimethylfumarate){P(OPh)3}] (26) (98%). Hence, we set forth to pursue a different 

approach starting from the commercially available [CpCo(CO)2] (1) and two successive 

ligand replacements. The first CO ligand is easily exchanged for a phosphite ligand, by 

simply stirring the two liquids at room temperature for 24 h. 
[56, 62, 96]

 This exchange has also 

been accomplished for NHC-ligands.
[60, 97]

 Removal of the second CO ligand also takes place 

at room temperature but requires radiation with light.
[58]

 Both steps are achieved in excellent 

yields (Scheme 14). While complexes 23 and 24 are air-sensitive as most CpCo(I)-complexes, 

25 and 26 are air-stable solids and can be stored on the bench for months.  

 

  

Scheme 14: Synthesis of air-stable CpCo(I)-olefin-phosphite complexes 
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Interestingly the sequential substitution has to be in the order phosphite - olefin to yield the 

clean compounds 25 and 26 in excellent yields (Scheme 15). If dimethylfumarate is reacted 

with 1 the mixed [CpCo(CO)(dimethylfumarate)] complex 7 is formed in very good 

yields. 
[52]

 Addition of one equivalent of triethylphosphite and irradiation of the reaction 

mixture with light only yields 40% of 25. The reaction mixture contains additional 23 (32%), 

19 (20%) and free dimethylfumarate (8%). This suggests that the phosphite can substitute the 

CO as well as the olefin ligand in 7, leading to both mono(phosphite) complexes as well as 

the bis(phosphite) complex through a second substitution reaction. It can therefore be 

assumed that under these conditions the phosphite ligand coordinates more strongly to the 

cobalt center than the dimethylfumarate.  

 

 

Scheme 15: Different synthetic pathways to 25 

Crystals of 25 as well as 26 suitable for X-ray analysis were obtained from n-pentane 

solutions at 4 °C (Figure 1). The characteristic data for 25 and 26 like the double bond length 

of the coordinated olefin are in agreement with those described for Gandon’s complex 

[CpCo(CO)(dimethylfumarate)] (7). The length of the coordinated double bond of the 

dimethylfumarate ligand is 1.422(4) Å, 1.43(2) Å and 1.44(2) Å 
[52]

 for 25, 26 and 7 

respectively and does not vary to such an extend as to propose an effect of the second 

coordinating ligand (phosphite/CO) on the character of the double bond. The structural 

features of 25 and 26 with respect to the phosphites are very similar, which can be seen for 

example in the Co-P distances (25: 2.1200(8) Å; 26: 2.1092(3) Å) and the P1-Co-C1 and P1-

Co-C2 angles (25: 95.67(9)° and 102.14(8)°; 26: 94.45(4)° and 101.10(4)°).  
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Figure 1: ORTEP drawings of the molecular structure of 25 (left) and 26 (right). Ellipsoids are set at 30% 

probability. Hydrogen atoms are omitted for clarity (comparison of interatomic distances: 25 C1-C2, 1.422(4) Å; 

26 C1-C2, 1.43(2) Å) 

Having found these new air-stable compounds we set out to synthesize analogues with other 

olefin ligands. In the case of cis-cyclooctene (coe) the exchange reaction proceeded only 

smoothly when reacted with 23 to yield [CpCo(coe){P(OEt)3}] (27). If 24 was used instead, 

only 41% yield of the desired complex [CpCo(coe){P(OPh)3}] (28) could be obtained, the 

major product being [CpCo{P(OPh)3}2] (18) (yield: 45%). 
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Scheme 16: Synthesis of CpCo(I)-olefin-phosphite complexes with varying olefins 

 

Using an excess of trimethylvinylsilane and irradiation of the solution of 24 for only 4 h led to 

11 in 92% yield. An experiment with dimethylmaleate resulted in a mixture of 59% 

[CpCo(cis-MeO2CCH=CHCO2Me){P(OEt)3}] (29), 17% [CpCo{P(OEt)3}2], 6% 25 and 17% 

dimethylmaleate. The use of olefins such as norbornene or fluorinated olefins such as (E)-

5H,6H-perfluorodec-5-ene did not lead to any product at all and the starting compound was 

reisolated. Interestingly in case of 24 mostly [CpCo{P(OPh)3}2] (18) could be recovered, 

while 23 did not yield any disubstituted complex. 

Surprisingly all new complexes (except 29) with olefin ligands other than dimethylfumarate 

proved to be air-sensitive. This is in accordance with reported results on the stabilizing effect 

of electron-poor olefins on the metal catalyst. 
[98]

 Therefore one might assume that the more 

electron-deficient the olefin ligand the more (air-) stable the final complex. Nevertheless 

steric properties of the olefin ligand as well as the principle of optimizing π-donation to 

vacant d-orbitals 
[98a]

 play a large role and account for unusual stabilities as seen with the 

much preferred sterically more demanding dimethylfumarate compared to dimethylmaleate.  

 

3.1.4 Synthesis of CpCo-Complexes with Chelating Phosphite-Olefin Ligands 

To investigate the influence of the ligands a bit further the application of chelating phosphite-

olefin ligands seemed to be promising. Therefore two different phosphite ligands, namely the 

cyclic phosphite 17 and the linear phosphite 30, were synthesized (for details see 

experimental section). 
[99]

 The respective complexes with one CO ligand could be prepared in 

very good yields as described above (Scheme 17).  
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Scheme 17: Synthesis of chelating CpCo-olefin-phosphite complexes 

 

Figure 2: ORTEP drawings of the molecular structure of 31. Ellipsoids are set at 30% probability. Hydrogen 

atoms are omitted for clarity.  

Crystals of 31 suitable for X-ray analysis were obtained from a n-pentane solution at 4 °C. 

Figure 2 proves unambiguously that the phosphite-olefin ligand is definitely only coordinated 

via the phosphorus atom and one CO ligand is still attached to the cobalt center. 

In the case of 32 three sets of signals were detected in the 
1
H and 

31
P NMR spectra 

presumably corresponding to conformers of 32 due to different arrangements of the two 

phosphite phenyl groups. Since these conformers could not be separated, the mixture was 
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applied in the next reaction step. The irradiation with light and the release of the second CO 

ligand only led to a successful chelation in the case of ligand 30.  

If 31 is irradiated with light at 25 °C or even at temperatures as low as -20 °C a black solid 

precipitates and no 
31

P NMR signal can be detected in the red solution.
b
 Filtration of the 

solution over neutral aluminum oxide and removal of the solvent affords a red, highly volatile 

solid in 41% yield.  The 
1
H NMR spectrum of this red complex is depicted in Figure 3 

showing the characteristic signal for a Cp-ligand as well as for a coordinated double bond. A 

1
H-

1
H COSY NMR-spectrum proved that the three signals Ha, Hb and Hc are all coupling with 

each other.  

 

 

Figure 3: 
1
H NMR spectrum of the photolysis product of 31 

The results of the mass spectroscopic analysis, which showed a signal at m/z 178, 

corresponded with the formation of [CpCo(η
4
-1,3-butadiene)] (35). Pruett and Myers already 

described 35 as a volatile red solid prepared from 1 and excess 1,3-butadiene at elevated 

temperatures, 
[100]

 but only Bergman et al. published a full characterisation of 35, the NMR 

                                                 
b
 Irradiation of the ligand 17 or the bis(phosphite) complex [CpCo(17)2] did not lead to decomposition of the 

phosphite ligand.  

Ha Hb 

Cp 

Hc 
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data being in accordance with our findings. 
[101]

 The shifts of the signals in the 
1
H NMR 

spectrum were also in good agreement with data reported by Vollhardt, who investigated the 

isomerization reaction of late transition metal-1,3-butadiene-derived complexes. 
[102],

 
[103]

 

 

The degradation mechanism of 31 is not yet fully understood (Scheme 18). It seems that the 

cleavage of the C–O bond is preferred over the P–O bond although both bond energies are 

very similar (C–O: 85.5 kcal/mol; P–O: 80 kcal/mol). 
[104]

 However, it has been observed that 

a CO2-laser has the same effect on phosphite compounds. McDonald et al. described the 

decomposition of various alkyl phosphites when subjected to a CO2-laser for 20 seconds. 
[105]

 

They never found alcohols, which are the decomposition products from normal, thermal 

pyrolysis, therefore hinting at a C–O bond cleavage leaving the P–O bond intact.  

GC-MS analysis of the reaction mixture showed several signals at very early retention times 

(1-2 min). Only some of these signals could be assigned to for example 1,3-butadiene, 

cyclopentadiene and fragments of aromatic ring systems.  

 

 

Scheme 18: Possible cleavage mechanism of the phosphite ligand in 31 to form 35 
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Elemental analysis of the precipitated green-black solid showed a cobalt content of around 

26% and a phosphorus content of roughly 10%, which strongly suggests a cobalt-phosphorus 

cluster.  This would explain the absence of phosphorus in the final complex. The reactivity of 

1 with free phosphines yielding phosphorus-bridged clusters has previously been reported by 

Lal De and Maiti. 
[106]
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3.2 Catalytic Screening 

3.2.1 Catalytic Screening of the Synthesized CpCo(I)-Complexes 

Having prepared a large array of new potential pre-catalysts with different olefin and 

phosphite ligands, the catalytic activity still needed to be tested. All synthesized catalysts 

were tested in the [2+2+2] cycloaddition reaction between 1,6-heptadiyne (36) and 

benzonitrile (40) giving pyridine 43.  

 

 

Scheme 19: Catalytic test reaction between 1,6-heptadiyne (36) and benzonitrile (40) 

 

3.2.1.1 Catalytic Screening of Complexes 11-16 

The catalytic activity of the complexes 11-16 were evaluated at 50 °C in THF (Scheme 19, 

condition A). As Figure 4 shows, almost all of the synthesized complexes of the type 

[CpCo(H2C=CHSiMe3){P(OR)3}] resulted in very high conversions and yields of pyridine 43 

after short reaction times (just 1 h). 

The only exception is 16, which reaches a conversion around 65% only after reaction times 

longer than 20 h.  

It can therefore be concluded that the nature of the phosphite ligand does not play a large role 

in providing high reactivity, but rather in stabilizing the complex by coordinating more 

strongly to the cobalt center than the two olefin ligands in 6.  
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Figure 4: Catalytic activity of 11-16 (condition A, Scheme 19) (right: excerpt of the initial phase) 

 

3.2.1.2 Catalytic Screening of Complexes 18-22 

The catalytic performance of 18-22 was investigated in the same catalytic screening setting. 

The outcome showed that the second phosphite ligand improves the stability of the catalyst 

even more, because all these complexes show lower reactivities than the monosubstituted 

complexes. However, the most active complex 20 exhibits almost full conversion of the 

substrate already after 3 h (Figure 5).  

Now, the role of the respective phosphite ligands also becomes apparent. It seems that the 

electronic properties of the phosphite play a large role with regard to the catalytic activity of 

the pre-catalysts. While electron-rich phosphites such as P(Oi-Pr)3 and P(OEt)3 (20, 19) lead 

to easily activated complexes, which reach quantitative conversions to the pyridine derivative, 

more electron-deficient phosphites such as P(OPh)3 (18) only reach conversions up to 20% 

after 24 h. The introduction of electron-withdrawing groups as in the case of 

P(OC6H4-4-CF3)3 even induces a complete loss of activity of the respective complex 22. 

P(OCH2CF3)3 is an exception being rather electron-deficient but reaching conversions up to 

33% in 24 h under these conditions (21). This demonstrates that electron-withdrawing groups 

lead to a stronger coordination of the respective phosphite to the cobalt center owing to a 

stronger π-backbonding. 
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Figure 5: Catalytic activity of 18-22 complexes (condition A, Scheme 19) 

 

3.2.1.3 Catalytic Screening of Complexes 23- 27 

The catalytic activity of the other mixed CpCo(I)-olefin-phosphite-complexes, which have 

been obtained through sequential substitution of the CO ligands of 1, has been assessed as 

well.  
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Figure 6: Catalytic activity of 23-27 (condition B, Scheme 19) 
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Figure 6 shows clearly that a ligand combination of olefin and phosphite is once again 

superior to a combination of CO and phosphite with regard to the catalyst’s activity. While 

complexes 23 and 24 need reaction times as long as 24 h to reach yields between 50 and 70%, 

25, 26 and 27 reach full conversions after 3-5 h at 100 °C.  

 

2.2.1.4 Catalytic Screening of Complexes 31, 32 and 34 

To obtain a better idea of the effect of the chelating ligand the catalytic activity of the three 

complexes 31, 32 and 34 was investigated in the same [2+2+2] cycloaddition test reaction as 

before (Scheme 19). Figure 7 clearly indicates that again the ligand combination of phosphite-

olefin (34) is more efficient than the phosphite-CO combination (31 and 32), providing 

complete conversion after short reaction times.  
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Figure 7: Catalytic activity of 31, 32 and 34 (condition B) 

If one compares the catalytic activity of 34 with those of complexes containing non-chelating 

phosphite-olefin ligand variations such as 25 and 26 (compare Figure 6), no visible stabilizing 

effect due to the chelatisation can be detected. Therefore, the effect of the chelating ligand on 

the catalytic performance is significantly less than that of a strongly coordinating 

monodentate ligand like CO.  
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3.2.2 Performance of 18 and 25 under Various Conditions 

To further test the stability and manageability of the two complexes 18 and 25 exemplarily, 

their catalytic activity was tested under several conditions. Consequently it was also possible 

to perform the cycloaddition reaction with 18 in undried and non-degassed toluene without 

loss of product yield (Figure 8, left). 

In the case of the air-stable complex 25 the reaction could also be run in undried and not 

degassed solvent taken straight from the bottle and air with only a slight loss in yield (Figure 

8, right). The only disadvantage of running the reaction in air is the decomposition of the 

complex during the reaction compared to the recyclability of 25 when the reaction is run 

under an inert atmosphere (see chapter 3.3). 
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Figure 8: Performance of 18 (left) and 25 (right) respectively under various conditions 

 

3.2.3 Performance of 19, 23, 25 and 7 under Conventional Heating Conditions and 

Irradiation with Light 

Up to now all novel synthesized complexes have been screened as catalysts for the [2+2+2] 

cycloaddition reaction under conditions that involve conventional heating. Since in the case of 

18-22 and 25-29 the complex synthesis involved the irradiation with light, it seemed likely 

that some of these complexes might also be activated by light for catalysis. The same test 

reaction between 36 and 40 was investigated at 25 °C, while the reaction mixture was 

irradiated with light. Figure 9 clearly proves that all tested complexes (19, 23, 25 and 7) show 
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improved yields of the product 43 if they are subjected to the irradiation with light. In all 

cases a conversion of >90% can be achieved in only two hours. Interestingly the positive 

effect of the irradiation with light is the greatest for 23 followed by 19. In the case of 25 and 7 

the increase in reactivity and yield is much smaller. 
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Figure 9: Performance of 19, 23, 25 and 7 under conventional heating conditions and irradiation with light 

To explore and understand these observations a bit more, the UV-VIS spectra of several 

CpCo(I)-complexes were recorded. As Figure 10 shows, most of the spectra are very similar. 

The absorption maxima are between 265 nm and 320 nm. Nevertheless it is obvious that the 

UV-VIS absorption is largely dependent on the respective ligands.  

Complexes bearing at least one phenyl ring show a maximum at 300 nm, while complexes 1, 

7, 19 and 3, which have no aromatic ligand, do not absorb at that wave length. All complexes 

with a dimethylfumarate ligand show a second absorption maxima around 330-380 nm. This 

can explicitly be seen in the case of 25, 26 and 7. A second or third maximum for some of the 

complexes lies between 330-380 nm and 400-450 nm respectively. 
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Figure 10: Relative UV-VIS absorption spectra of CpCo(I)-complexes 1, 3, 7, 19, 23-26, 31-32 and 34 

To further investigate the influence of the light, the reaction between 36 and 40 was examined 

using different wavelengths. These screenings were carried out exemplarily for 23 and 25. 

Figure 11 clearly shows that the reaction proceeds at any of the used wavelengths and always 

leads to a full conversion to 43 after 2 h.  

The activation of the complexes does not seem to be greatly influenced by the nature of light 

used even though light as an activator is necessary since control reactions carried out in the 

dark at 25 °C did not show any progress of the reaction. The greatest difference in yield can 

be seen after a reaction time of 10 min (Figure 12). At least for 23 (Figure 12, left) one might 

deduce an effect in the activation of the catalyst moving from shorter to longer wavelengths. 

The internal standard DHT does not have any effect on the catalysis and does not act as a 

photosensitizer since reactions carried out without the addition of DHT proceeded at the same 

rate, when irradiated under identical conditions. 
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Figure 11: Performance of 23 (left) and 25 (right) during irradiation with different wavelength ranges 
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Figure 12: Performance of 23 (left) and 25 (right) after irradiation with different wavelength ranges 

While there is a profound activation hierarchy depending on the neutral ligands for thermal 

activation, the use of light as source of activation energy proved to be always efficient 

irrespective of the neutral ligands (see Figure 9). This effect of light, heedless of the used 

wavelength (Figure 11), on the activation of CpCo(I)-complexes has not yet been fully 

understood. It might be possible that a similar effect as described by the Woodward-

Hoffmann rules, which concern the difference in stereoselectivity of organic cyclization 

reactions whether heat or light is applied, might be responsible. Electrons of the ligands or the 

metal center might be raised into elevated orbitals reducing the orbital overlap and in the 

process weakening the bond between metal and ligand leading to complexes activatable at 

room temperature. 
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3.2.4 Comparison of the Reactivity of 6, 11 and 18  

In order to obtain a better impression of the reactivities of the three types of CpCo(I)-

complexes namely [CpCo(olefin)2], [CpCo(olefin)(phosphite)] and [CpCo(phosphite)2], a 

series of catalytic experiments at different temperatures and within different time frames was 

performed. This comparative reactivity profile for the [2+2+2] cycloaddition between 6, 11 

and 18 is shown in Figure 13. 

It is a rare opportunity to compare different CpCo(I)-complexes with homoleptic ligands and 

the combination of both ligands in one complex to demonstrate the influence of the neutral 

ligands.  
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Figure 13: Temperature-dependent yields of pyridine (43) determined for [CpCo(H2C=CHSiMe3)2] (6, blue), 

[CpCo(H2C=CHSiMe3){P(OPh)3}] (11, red) and [CpCo{P(OPh)3}2] (18, black), respectively 

While complex 6 is most active, accomplishing the reaction at 0 °C in a very short periode of 

time (within minutes), the chart shows very clearly that the stable complex 11 still maintains a 

significantly high reactivity as pre-catalyst, leading to completion of the pyridine formation 

already at 50 °C within an hour and also showing some reactivity at temperatures as low as 

0 °C. Complex 18 requires 100 °C for completion of the cycloaddition reaction and a much 

longer reaction time (24 h). However, the reaction temperature is still lower or at least in the 

same range than for many other CpCo(I)-complexes used as catalysts. This comparison 

therefore explicitly shows the stabilizing influence of the phosphite ligands.  
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3.2.5 Substrate Screening 

3.2.5.1 Partially Intermolecular Reaction 

A number of diynes and nitriles have been tested exemplarily for 

[CpCo(H2C=CHSiMe3){P(OPh)3}] (11) and [CpCo(dimethylfumarate){P(OEt)3}]  (25) in the 

[2+2+2] cycloaddition reaction (Scheme 20). As one can see from Table 1 and Table 2 both 

catalysts achieve similar yields of the respective pyridine derivatives.  

 

 

Scheme 20: Substrate screening conditions A were used for 11, conditions B for 25 

 

As noticed before, [2+2+2] cyclization reactions leading to an annulated five-membered ring 

in the backbone proceed in better yields than those yielding the respective annulated six- or 

seven-membered rings. 
[51]

 The decrease in yield moving from 40 over 41 to 42 can be 

attributed to the steric hindrance of the nitrile’s R’-group. The same principle applies to the 

low yields of 50 and 52 (Scheme 21). Here the n-propyl or naphthyl group respectively 

contribute enough steric bulk to slow down the reaction.  

 

 

Scheme 21: Synthesis of biaryl 52 with 11 
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Table 1: Substrate screening for 11 (conditions A, Scheme 20) 

Entry Diyne Nitrile Product Yield [%] 
[a]

 

1 36 40 43 98 
[b]

, 97 
[c] 

2 36 41 

 

44 
96

 

3 36 42 

 

45 
49 

4 37 40 

  

46 
67 

5 37 41 

 

47 
46 

6 37 42 

 

48 
35 

7 38 40 

  

49 
0 

8 39 40 

   

50 42 
[d]

 

Table 2: Substrate screening with 25 (conditions B, Scheme 20) 

Entry Diyne Nitrile Product Yield [%] 
[a]

 

1 36 40 43     94 
[b] 

2 36 41 44 57 

3 36 42 45 71 

4 37 40 46 63 

5 37 41 47 40 

6 37 42 48 38 

[a] isolated yields; [b] GC yield; [c] 1 mol% 11; [d] after 6 h 
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3.2.5.2 Intramolecular Reaction 

The intramolecular reaction of two triynes (53 and 54) has been examined as well (Scheme 

22). Again both complexes 11 and 25 have been used as catalysts. While 11 only leads to 

mediocre yields for the benzene derivatives 55 and 56 (Table 3), 25 produces higher yields 

especially if subjected to microwave irradiation (Table 3, entry 5+6). Interestingly applying 

microwave conditions leads to an increased yield for benzene 55 while the yield of 56 

decreases. Nevertheless these results are in the range of yields achieved with Gandon’s 

complex 7. 
[52]

 

 

 

Scheme 22: Substrate screening conditions for 11 and 25 

Table 3: Substrate screening for 11 and 25 

Entry Catalyst Triyne Product Yield [%] 

1 11 53 55 41 

2 11 54 56 39 

3 25 53 55 36  

4 25 54 56 87  

5 25 53 55    74 
[a] 

6 25 54 56    52 
[a] 

 

[a] triyne (1mmol), 25 (5 mol%), DMF (3 mL), microwave, 200 °C, 10 min 
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3.2.5.3 Intermolecular Reaction 

The intermolecular [2+2+2] cycloaddition between two alkynes (57 and 58) and a nitrile (40) 

was investigated next (Scheme 23). 3-Hexyne (57) as an internal alkyne and phenylacetylene 

(58) as a terminal alkyne were chosen as model substrates. It is obvious that 11 is the superior 

catalyst reaching yields up to 80% for 59, while 25 only yields 21% of the desired product. 

The cyclization of 58 with 11 results in 4 regioisomers (GC-MS analysis: 1:6:16:26), which 

could not be separated by column chromatography. The combined yield of the isomers is as 

high as 92%.  

 

 

Scheme 23: Substrate screening conditions A were used for 11, conditions B for 25 

Table 4: Substrate screening for 11 and 25 

Entry Catalyst Alkyne Nitrile Product Yield [%] 

1 11 57 40 

 

59 

80 

2 11 58 40 60 (4 isomers) 92 

3 25 57 40 59 21 
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3.2.5.4 Other Substrates 

The reaction between 36 and phenylisocyanate 61 applying 11 as catalyst did not lead to the 

respective pyridone, but afforded isocyanurate 62 in 75% yield, which precipitated from the 

reaction mixture (Scheme 24). 

Control experiments with 2 mol% triphenylphosphite or no additive at all resulted both times 

in no yield of 62. Therefore 11 does act as a catalyst for this unusual trimerization reaction. 

Interestingly 61 was the only isocyanate that would undergo this reaction in the presence of 

11. 

  

Scheme 24: Generation of isocyanurate 62 

n-Butyl-, n-propyl-, cyclohexyl-, tolyl-, 3-acetylphenyl- and 4-nitrophenylisocyanate could be 

quantitatively recovered after the reaction. This is in accordance with a report by Taguchi et 

al., who reported that isocyanates which have bulky alkyl groups such as t-butyl and 

cyclohexyl did not trimerize even under a pressure of 800 MPa. 
[107]

 

 

The reaction between 2-butyne and 5-hexynenitrile did not yield any product. A similar report 

was made by Yamamoto et al. who described the failed cycloaddition of 1-hexyne and 2-

(prop-2-yn-1-yloxy)acetonitrile proposing the inhibition of the catalytically active Cp*RuCl-

fragment due to the formation of a stable metallacycle. 
[108]
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3.3 Recycling Experiments 

Recycling experiments have been conducted exemplarily for 25 in the reaction between 36 

and 40 to yield pyridine 43. The complex could be reisolated quantitatively in three 

successive cycles through column chromatography, with no decrease in the yield of the 

cyclotrimerization product. The decrease in the yield of recovered catalyst in the third cycle is 

due to partial decomposition of the complex in the NMR tube prior the third catalytic cycle 

(Table 5).  

 

 

Scheme 25: Reaction conditions for recycling experiments with 25 

Table 5: Recycling experiments of 25 (conditions A, Scheme 25) 

Cycle Yield of recovered catalyst [%] Yield of pyridine [%] 

1 quant. 99 

2 quant. 99 

3 59 79 

 

This “boomerang effect” observed with the ligands of 25 seemed interesting and was 

investigated in more detail (Scheme 26). Dimethylfumarate with deuterated methyl groups 

was synthesized and 2 equivalents with regard to 25 added to the catalytic reaction between 

36 and 40. 
1
H NMR analysis of the recovered catalyst showed that 40% of the original 

dimethylfumarate were substituted by the deuterated analog. This suggests that the olefin does 

not stay bound to the cobalt center during the cycloaddition reaction. A control reaction, 

where only 25 and 2 equivalents of the deuterated dimethylfumarate were stirred at 100 °C for 

3 h, proved that the olefin could be substituted at elevated temperatures since 
1
H NMR 

analysis showed that 53% of the original dimethylfumarate had been substituted by the 

deuterated analog. These are strong indications that both ligands do dissociate (the phosphite 

even before the olefin, see chapter 3.4.2) during the catalytic cycle and in fact recoordinate 

after the reaction is finished, again furnishing the starting complex 25. 
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Scheme 26: Ligand exchange of the dimethylfumarate ligand for the deuterated analogue during cycloaddition 

and substitution reaction as control experiments 

 

Interestingly 25 can not be recycled as often if used in catalytic reactions irradiated with light. 

Table 6 clearly shows that while the product can be obtained in both cycles in very high yields 

the catalyst can only be reisolated once. After the second cycle no red band on the column 

containing the catalyst can be observed during chromatographic purification of the product.  

Table 6: Recycling experiments of 25 (conditions B, Scheme 25) 

Cycle Yield of recovered catalyst [%] Yield of pyridine [%] 

1 86 / 59 97 / 98 

2 0 / 0 91 / 57 

 

Thus it seems that light has a greater influence on the stability of complex 25 than 

temperature. A sufficient explanation could be that the olefin ligand dimethylfumarate 

isomerizes into its trans-form dimethylmaleate under irradiation with light, which does not 

coordinate as good to the cobalt center as dimethylfumarate and allows to some extent the 

generation of the respective air-sensitive bis(phosphite) complex 19 (see chapter 3.1.3). 

Gandon et al. made a similar observation, even when starting from 1 and pure 

dimethylmaleate as a ligand, they could isolate the respective dimethylfumarate complex 7 in 

73% yield. 
[52]

 Therefore the amount of air-stable complex 25 is decreased with every cycle of 

the recycling experiments in favor of the air-sensitive complexes 19 and 29, which are not 

recoverable.  
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3.4 DFT Calculations 

To strengthen the experimental results discussed above, DFT calculations were performed on 

the formation of the complexes as well as the ligand dissociation, as the initial step in the 

catalytic cycle. In all calculations only real-sized complexes and ligands were used 

(computational details can be found in the appendix).  

 

3.4.1 DFT Calculations for the Synthesis of Complexes Starting from 6 

Initially the stepwise exchange reaction of one trimethylvinylsilane ligand of 6 by a phosphite 

ligand to form first 11 and then 18 was studied. The phosphite ligand P(OPh)3 has three 

isomers, of which the isomer with C1 symmetry is more stable than the C3 as well as the Cs 

isomer by 1.34 and 0.94 kcal/mol, respectively. Therefore the C1 isomer was used for the 

energetic comparisons. It has been found that the formation of 11 is highly favorable as 

indicated by the computed negative free energy (-6.01 kcal/mol) (Scheme 27). However, for 

the formation of 18 the negative free energy (-2.54 kcal/mol) still indicates a favorable 

process, but in much less extent compared to the formation of 11.  

The stability of complexes 6, 11 and 18 towards ligand dissociation has also been computed. 

It is found that the 16e
-
 complex [CpCo(H2C=CHSiMe3)] (A) has a triplet ground state, which 

is more stable than the corresponding singlet state by 11.84 kcal/mol. The computed 

dissociation free energy is -2.20 kcal/mol, revealing the instability of complex 6 at ambient 

conditions. This reflects the experimentally discovered instability of complex 6 above –30 °C. 

For complex 18, the mono(phosphite) complex [CpCo{P(OPh)3}] (B) has a triplet ground 

state as well, which is 16.4 kcal/mol more stable than the singlet state. The computed 

dissociation free energy of complex 18 is 10.41 kcal/mol, indicating its high stability towards 

dissociation, which is in agreement with the experimental findings.  

In the case of complex 11, both the olefin and phosphite ligand can dissociate. Here the 

selectivity depends solely on the dissociation free energies of each ligand. It is found that the 

dissociation of the phosphite leading to the formation of complex A needs lower free energy 

than the olefin dissociation with the formation of complex B (3.81 vs. 7.88 kcal/mol). This 

indicates that complex 11 dissociates selectively into complex A, subsequently leading to the 

active catalyst. This also explains why the reactivity of the mixed complexes did not largely 



Results and Discussion 

 
47 

 

depend on the type of phosphite ligand, as Figure 4 showed, since in each case the phosphite 

is dissociating first, leading to the same intermediate A.  

 

 

Scheme 27: Calculations on the formation of the new complexes 11 and 18 and free energies of ligand 

dissociation from 6, 11 and 18 at BP86/TZVP level 

The computed first ligand dissociation free energies reveal that the stability of the complexes 

increases in the following order: 6 (-2.20 kcal/mol) < 11 (3.81 kcal/mol) < 18 (10.41 

kcal/mol). This stability order correlates well with the experimental observations discussed 

above. 
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3.4.2 DFT Calculations for the Synthesis of Complexes Starting from 1 

The preparation of air-stable complex 26 from 1 was investigated by computational studies as 

well (Scheme 28). Here the first step – the reaction between 1 and P(OPh)3 and formation of 

24 – suggests an endergonic reaction with a computed free energy of 12.65 kcal/mol. The 

same reaction with dimethylfumarate instead of P(OPh)3 has a slightly higher computed free 

energy (15.80 kcal/mol).  

 

 

Scheme 28: Calculations on the formation of the new complexes 24, 26 and 7 and free energies of ligand 

dissociation from 1, 24, 26 and 7 at BP86/TZVP level 
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This is in accordance with the experimental results showing that 24 is formed at ambient 

temperatures while the formation of 7 requires heating to 70-80 °C and irradiation with light. 

The calculated energy difference of 3.15 kcal/mol however does not seem to reflect the 

difference in required activation energy for those two reactions. This difference therefore has 

to be attributed to dissimilar transition states or rather activation barriers. 

The substitution of the second CO ligand and formation of 26 has been found to have a free 

computed energy of 23.35 kcal/mol. Thus the generation of 26 is less favored than the 

formation of 24. This reflects the experimental results which showed that the application of 

irradiation is required to produce 26.  

The stability of complexes 24, 26 and 7 towards ligand dissociation has also been computed. 

Again it can be seen that the phosphite ligand P(OPh)3 has a lower computed dissociation 

energy in both cases (24 and 26) and dissociates before the CO or dimethylfumarate ligand 

leading to the 16e
-
 complexes A’ or C’ respectively.  

It is also found that a combination of phosphite and olefin ligand lowers the dissociation 

energies of both ligands immensely (17.78 kcal/mol vs. 3.87 kcal/mol and 14.64 kcal/mol vs. 

11.52 kcal/mol). This is in accordance with the results obtained from the catalytic activity 

screening experiments, where it was found that a ligand combination of phosphite and olefin 

is superior to a combination of phosphite-CO or olefin-CO.  

The computed ligand dissociation energies suggest an increase in stability in the order: 26 

(3.87 kcal/mol) < 7 (14.64 kcal/mol) < 24 (17.78 kcal/mol), which is consistent with the 

decrease in catalytic activity, yet not the experimentally found stability towards air.  

 

3.4.3 DFT Calculations for the Synthesis of Chelating Complexes Starting from 1 

The syntheses of the two investigated complexes containing (potential) chelating ligands (17 

and 30) have been studied with DFT calculations as well (Scheme 29). The reactions of 1 with 

17 or 30 releasing one CO ligand and yielding 31 and 32 respectively are both endergonic and 

require energy as indicated by the computed free energies (11.50 kcal/mol and 13.42 kcal/mol 

respectively). This is surprising since these simple substitution reactions proceed at room 

temperature without the need of any additional activation.  
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Scheme 29: Calculations on the formation of the new complexes 31-34 from 1, 17 and 30 at BP86/TZVP level 

The release of the second CO ligand and the following coordination of the olefin moiety of 17 

and 30 to yield the chelated complexes 33 and 34 were computed next. The computed 

energies required for the chelation are in the range of the first substitution reaction (9.76 

kcal/mol and 16.93 kcal/mol respectively), which is interesting since the conversion of neither 

31 to 33 nor 32 to 34 can be achieved thermally but only under irradiation with light (at least 

in the case of 32).  

Additionally it appears that a chelation of the CpCo(I)-fragment with 17 requires much less 

energy  – 7.17 kcal/mol – than a chelation with 30. This is astonishing since the experimental 

results show that only 34 can be isolated as a pure compound while 33 or an intermediate 

beforehand decomposes to 35.  
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3.5 In situ NMR Spectroscopy of Photocatalytic Cycloaddition Reactions 

In situ NMR spectroscopy is a great tool to observe short-lived species during a reaction. 

However, there are only a few reports on light induced reactions that have been studied using 

NMR spectroscopy. One example is the photoisomerization of NHC-ruthenium hydride 

complexes that has been investigated. Because the sample was irradiated outside and 

afterwards quickly transferred into the NMR, no real in situ experiment was performed. 
[109]

  

In situ irradiation NMR studies in solution are rare. There are only single reports, for example 

Linehan et al. studied the photolysis of cymantrene derivatives in supercritical fluids using a 

high-pressure NMR tube and an optical fibre connected to a HeCd laser inside the NMR. 
[110]

 

The observation of homolysis of the Mn-R bond and its dependency on the alkyl group in 

[Mn(R)(CO)3(bisimin)] compounds has been studied using in situ NMR spectroscopy by 

Rossenaar et al. 
[111]

 The photoisomerization of azobenzenes has been studied in an in situ 

experiment as well. Here Jones et al. could only detect the short-lived isomers when a 

constant irradiation of the solution maintained the concentration of the transient species at a 

certain level. To achieve this an optical fibre was used to deliver light from a CW 

argon/krypton laser directly into the sample inside the NMR magnet. 
[112]

 A great review on in 

situ photochemistry with NMR detection has been written by Ball focussing on the 

investigation of organometallic complexes. 
[113]

 

Since a large array of the previously described CpCo(I)-complexes has been synthesized via 

photochemical substitution reactions (see chapters 3.1.2-4), it seemed to be interesting to 

record a time-resolved progess of the reaction – maybe even to measure kinetics – and to 

investigate whether one would be able to see a potential intermediate.  

The experimental setup for our in situ NMR spectroscopy experiments consisted of a sapphire 

NMR tube which enabled us to connect an optical fiber using a Ti flange. 
[114]

 The system was 

sealed using a Viton o-ring to maintain the inert gas atmosphere. With an inner diameter of 

7 mm, the NMR tube provided a cross-section greater than or equal to that which is given by 

the optical fiber, so that the radiation could penetrate the Ar atmosphere above the liquid 

without any significant loss of intensity. The refraction index of the sapphire and of the angle 

of incidence contributed to full reflection of the light that may hit the inner wall of the NMR 

tube before penetrating the liquid (Figure 14). 
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Figure 14: Experimental setup for the in situ NMR spectroscopy; A: optical fiber connecting NMR spectrometer 

with the light source; B: close-up of the entrance of the NMR; C: custom-made NMR tube with reaction mixture 

and connected optical fiber 

In the following three different photochemically-induced ligand substitution reactions (inter- 

as well as intramolecular) as well as the degradation of the coordinated phosphite ligand 17 in 

31 will be investigated and the results discussed. 

 

3.5.1 Reaction of 3 to 18 

The first reaction studied was the reaction of 3 and triphenylphosphite to yield 18. This simple 

substitution reaction can easily be monitored via 
1
H NMR and 

31
P NMR spectroscopy. The 

shift in the 
31

P NMR spectrum using C6D6 as a solvent from 127.3 ppm of the free P(OPh)3 to 

157.3 ppm of the coordinated phosphorus ligand can be traced straightforwardly. The overlay 

of the recorded 
1
H NMR spectra after various irradiation intervals also proves that 18 is 

formed. The new signals appearing belong to 18 as well as the released and now 

uncoordinated 1,5-cyclooctadiene (cod) (Figure 15).  
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Scheme 30: Substitution reaction of 3 

 

Figure 15: Overlay of the recorded 
1
H NMR spectra (S: [CpCo(cod)] (3); P: P(OPh)3; cod: free cod; C: 

[CpCo{P(OPh)3}2] (18)) 

The reaction progress is best depicted if the integrals of starting compound and product are 

plotted against the irradiation time. Since the starting compound 3 is exclusively converted to 

18 both complexes can be equalized with the amount of coordinated cod and free cod 

respectively. Therefore the 
1
H NMR signals of either the CH or CH2 groups of coordinated 

and free cod can be used as a reference for the ratio of 3 to 18. Both sets of integrals led to the 

same result. Figure 16 shows the resulting graph for the integration of the CH2 resonances of 

the cod exemplarily.  

It is interesting that after a very fast initiation phase the conversion of 3 slows down and 

seems to reach a saturation phase. After irradiation of the solution for 11½ h the reaction was 
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stopped since further conversion was proceeding very slowly. This stagnation of the reaction 

can presumably be attributed to the missing stirring of the solution and the difference in light 

intensity throughout the solution leading to a conversion gradient in the NMR tube.  
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Figure 16: Composition of the reactant solution determined by 
1
H NMR using the CH2 resonance of the 

coordinated and free cod (left) and by 
31

P{H} NMR (right) 

The signals of free and coordinated triphenylphosphite in the 
31

P{H} NMR can also be used 

to quantitatively determine the ratio of 3 to 18 (Figure 16, right). However, the results do not 

equal those obtained from the integration of the 
1
H NMR spectra. While the trend of the 

reaction is similar, different ratios and a lower final conversion are established.  

 

3.5.2 Reaction of 23 to 25 

The synthesis of CpCo-olefin-phosphite-complexes through a photochemical substitution 

reaction as previously described (see chapter 3.1.3) was also studied. 

 

 

Scheme 31: Substitution reaction of 23 
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Figure 17: Overlay of the recorded 
1
H NMR spectra (S: [CpCo(CO){P(OEt)3}] (23); F: free dimethylfumarate; 

C: [CpCo(dimethylfumarate){P(OEt)3}] (25)) 

Here the reaction of 23 with dimethylfumarate to yield 25 was studied exemplarily. Figure 17 

shows quite nicely how the new Cp-resonance and the two signals of the methyl groups of the 

coordinated dimethylfumarate in 25 emerge. Plotting the composition of the reaction mixture 

against the irradiation time, the generation of 25 from 23 becomes apparent. Again the 

reaction process can be best monitored if the 
1
H NMR resonances – here the CH3 resonances 

of the free and coordinated dimethylfumarate – are used (Figure 18). The  employment of the 

31
P{H} NMR signals for 23 and 25 results in a similar plot, but depicts lower conversions 

(Figure 18, right). This resembles the results as described before for the reaction of 3 to 18.  

The low overall conversion of 23 to 25 can again be attributed to the absence of a stirring 

device.  
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Figure 18: Composition of the reactant solution determined by 
1
H NMR using the CH3 resonance of the 

coordinated and free dimethylfumarate (left) and by 
31

P{H} NMR (right) 

 

3.5.3 Reaction of 31 to 35 

The decomposition of 31 seemed to be another very interesting reaction to study with in situ 

NMR spectroscopy. Therefore a sample of 31 in deuterated benzene was prepared and 

irradiated inside the NMR.  

 

 

Scheme 32: Photolysis reaction of 31 

Figure 19 shows the recorded 
1
H NMR spectra over time. As one can easily recognize no 

change in the reaction mixture can be observed. The experiment was therefore stopped after 

almost 5 h of irradiation. Upon removal of the NMR tube from the NMR spectrometer it 

became obvious why no reaction occurred. On top of the solvent a thick black layer had 

formed. This black residue was always observed in the decomposition reaction of 31 to 35 

and consists mainly of phosphorus and cobalt. Usually if the solution is stirred this 

decomposition product deposits on the ground and can be easily separated. Unfortunately in 
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the NMR tube the high intensity of the light on the surface of the solution and the absence of 

stirring resulted in the formation of a thick black layer on top of the solution. This “pellet” 

hampers the incoming light from entering the reaction mixture and hence no reaction progress 

can be monitored in the 
1
H and 

31
P{H} NMR spectra. This result clearly marks the 

disadvantages and limits of the in situ NMR spectroscopy for photocatalytic reactions by our 

approach, especially for conditions that involve only the diffusion of reactants. 

 

     

Figure 19: Left: custom-made NMR tube with reaction mixture after irradiation (arrow indicates the black pellet 

of decomposition products at the surface of the solution); right: overlay of the recorded 
1
H NMR spectra of 31 

 

3.5.4 Reaction of 32 to 34 

The final reaction that was studied with in situ NMR spectroscopy was the synthesis of 34 

containing a chelating phosphite-olefin ligand through irradiation of 32. Since this reaction is 

an intramolecular reaction, the absence of stirring should not be of such a great influence. 

Only the difference in light intensity in the solution (from top to bottom) should affect the 

reaction.  
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Scheme 33: Substitution reaction and chelatization of 32 

 

 

Figure 20: Overlay of the recorded 
1
H NMR spectra (S: [CpCo(CO)(30)] (32); P: [CpCo(30)] (34)) 

Indeed, after a first fast transformation phase of 32 to 34 the reaction almost comes to a halt. 

To check whether longer irradiation times would make up for the absence of a stirring device 

the probe was irradiated over night, but the long reaction times, as Figure 20 and Figure 21 

show, do not improve the yield of 34 to a significant extent.  

Nevertheless the progress of the reaction can be easily followed by 
1
H NMR. The new signals 

correlating to the coordination of the free olefin moiety of the phosphite ligand and therefore 

the successful formation of 34 can easily be identified (Figure 20). Again the composition of 
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the reaction mixture can be plotted against the irradiation time to visualize the reaction 

progress.  
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Figure 21: Composition of the reactant solution determined by 
1
H NMR using the CH resonances of the olefin 

of substrate and product complex 

Exemplarily the results from the integration of the free and coordinated CH resonance of the 

olefin moiety are shown in Figure 21. The result is illustrated in an identical manner if the 

CH2 group of the olefin or one of the CH2 groups of the linker is used. In this case the 
31

P 

NMR spectra could not be used as a second tool for the determination of the reaction 

mixture’s composition, since 32 exists in three different conformers due to different 

arrangements of the phosphite phenyl groups. Therefore only a shift in the intensity towards 

the most upfield signal at 163 ppm during the reaction to 34 can be accounted for. 

While these four experiments represent some of the few in situ irradiation experiments inside 

the NMR and therefore a novelty themselves, they have also shown how important a 

sufficient mixing of the solution is for the progess of the photochemically induced reaction 

even if it is proceeding intramolecularly. The absorption of the light through the solution is 

another factor that can not be left aside. The longer the distance through the solution the 

higher the decrease in light intensity. Since the NMR only records the spectrum in a certain 

small volume, it is necessary to keep the solvent level above this area to a minimum.  
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3.6 CpCo-Based Solid Phase-Supported Catalysts for the [2+2+2] Cycloaddition 

Reaction 

Up to now only very few examples of polymer-bound complexes have been reported for the 

use in [2+2+2] cycloaddition reactions as already mentioned before (see chapter 1.3). The 

only example for a cobalt catalyst linked via a cyclopentadienyl ligand to a support material 

has been reported by Perkins and Vollhardt, where they described a polystyrene-supported 

version of [CpCo(CO)2]. However, this complex did not achieve the intended high 

recyclability, but decomposed quickly affording the desired cycloaddition product in only 

mediocre yields.  
[74]

 The support of one of the newly synthesized air-stable complexes 25 or 

26 on a solid phase would therefore represent a big step towards a more conveniently 

recoverable catalyst for the [2+2+2] cycloaddition reaction.  

Polystyrene has been used as a support material to covalently bind cyclopentadienyl 

complexes of various metals such as titanium, 
[69b, 115]

 zirconium, 
[115b]

 hafnium, 
[115b]

 

rhodium, 
[116]

 cobalt 
[74, 116-117]

 and iron. 
[118]

  

 

 

Scheme 34: Synthesis of substituted cyclopentadiene derivatives and attempted synthesis of Cp
OR

Co(CO)2 

complexes 



Results and Discussion 

 
61 

 

However, the initial idea to support 25 or 26 on Merrifield resin, a copolymer of styrene and 

chloromethylated divinylbenzene, which offers due to the chloromethyl moiety the possibility 

to easily connect other functional groups such as hydroxyl moieties, proved to be not 

successful. The synthesis of hydroxyl-functionalized Cp-derivatives was only accomplished 

in mediocre yields and especially the synthesis of the respective cobalt(I)-complexes 68-69 

did not work out as anticipated (Scheme 34). 
[119]

 Additionally, the maximum loading of 

commercially available Merrifield resin with 5.5 mmol Cl/g is by far too low for (elemental) 

analysis of the final catalyst.  

A promising alternative seemed to be sol-gel-supported complexes since there had been 

reports on similar rhodium(I)-complexes being still active in hydrogenation reactions after 

being supported on a sol-gel. 
[120]

 To covalently bind a complex in these sol-gel matrices a 

different linker – containing a siloxane moiety – was needed. 

 

3.6.1 Solid Support Material: Sol-Gel – Synthesis of Silyl-Containing Cyclopentadiene 

Derivatives 

Analogously to the previously synthesized substituted cyclopentadiene derivatives (3-

bromopropyl)trimethoxysilane (70) was reacted with sodium cyclopentadienyl to yield the 

two regioisomers 71 in 60% yield after bulb-to-bulb distillation of the crude reaction product 

(hereafter 71 will be abbreviated as HCp
Si

). 

 

 

Scheme 35: Synthesis of silylated cyclopentadienyl derivative 71 

 

3.6.1.1 Synthesis of Cp
Si

Co(CO)2-Complexes 

Following the procedure Blum et al. 
[120]

 published for the synthesis of their silyl-substituted 

CpRh(I)-complexes, 71 was reacted with sodium sand overnight and the evolution of 

hydrogen gas could be observed. The reaction mixture was then added to a freshly prepared 
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solution of the Co(I)-source generated by the reaction of Co2(CO)8 and iodine finally yielding 

72 in 17% yield. Because 72 could not be isolated as a pure compound but always contained a 

significant amounts of free 71, the earlier described route with 2,2-dimethylbut-1-ene as a 

hydrogen acceptor was tested as well. 
[119a]

 Refluxing Co2(CO)8, 71 and 2,2-dimethylbut-1-

ene in dichloromethane for 72 h resulted after filtration in the deep red, liquid compound 72 in 

93% yield (Scheme 36). 

 

 

Scheme 36: Synthesis of [Cp
Si

Co(CO)2] (72) 

 

3.6.1.2 Ligand Substitution of the Silylated Cp
Si

Co(CO)2-Complex 

The substitution of CO ligands of CpCo(I)-complexes with phosphite as well as olefin ligands 

has already been demonstrated before (chapters 3.1.3 / 3.1.4). In addition there have been 

some reports on the replacement of a carbonyl ligand in complexes containing substituted 

cyclopentadienyl derivatives. As an example the thermal replacement of a CO ligand with a 

phosphine ligand in a Cp
sub

Rh(I)-complex should be mentioned, 
[54, 121]

 and a substitution for 

an alkene ligand was also achieved by irradiation of a Cp
sub

Co(I)-complex. 
[54]

 However, there 

are no reports on the successive replacement of both carbonyl ligands in [Cp
sub

Co(CO)2] 

complexes.  

 

According to the previously described protocol (see chapter 3.1.3) 72 was reacted with 

triethylphosphite at room temperature to yield 73 in 74% yield (Scheme 37). The addition of 

one equivalent dimethylfumarate and irradiation of the solution led to the desired complex 

[Cp
Si

Co(MeO2CCH=CHCO2Me){P(OEt)3}] (74) in 51% yield after precipitation from a n-

pentane solution at -78 °C.  
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Scheme 37:  Substitution of the CO ligands in [Cp
Si

Co(CO)2] (72) 

A different route to obtain 74 starts with the generation of [Cp
Si

Co(cod)] (75) by reacting 

[CoCl(PPh3)3] (81) with a freshly prepared sodium derivative of 71. Cobalt complex 81 is a 

standard precursor for the generation of Co(I)-complexes with coordinated (substituted) 

cyclopentadienyl derivatives. 
[87, 92c, 122]

 The resulting [Cp
Si

Co(PPh3)2]-species can then be 

converted to 75 by adding cod and stirring the solution at 60 °C over night (Scheme 38). The 

residual triphenylphosphine is removed according to a procedure published by Lipshutz and 

Blomgren using Merrifield resin and sodium iodide. 
[123]

   

 

 

Scheme 38: Synthesis of [Cp
Si

Co(cod)] complex 75 

The substitution of cod in 75 with a triethylphosphite and a dimethylfumarate ligand did not 

lead to the expected results. 75 was irradiated with light in the presence of 1 equivalent of 

triethylphosphite and 10 equivalents of dimethylfumarate. Instead of the desired complex 74, 

only the respective bis(phosphite) complex [Cp
Si

Co{P(OEt)3}2] and starting compound could 

be recovered. This result is in accordance with the previously performed experiment to 

generate the mixed olefin-phosphite complex 11 starting from 3, triphenylphosphite (1 equiv.) 

and trimethylvinylsilane (10 equiv.) yielding only a 2:2:1 mixture of 3, 18 and 11 after 

irradiation with light (see chapter 3.1.2). 
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3.6.1.3 Synthesis of Sol-Gel-Supported [Cp
Si

Co(dimethylfumarate){P(OEt)3}]   

(SG-(74)) and [Cp
Si

Co(cod)] (SG-(75)) 

To obtain a solid phase-bound catalyst system the silylated CpCo(I)-complexes 74 and 75 

have to be covalently trapped inside a sol-gel matrix. Blum et al. developed a procedure 

which can also be applied for air-sensitive compounds. 
[120]

 Therefore an acidic solution of 

Si(OMe)4, methanol and the respective cobalt complex was stirred at room temperature before 

it was neutralized and left to gel. The wet gel was dried under high vacuum over night and 

washed extensively with dichloromethane to remove any not covalently bound catalyst. 

SG-(74) and SG-(75) were obtained as deep red coarse solids.  

 

 

Scheme 39: Synthesis of sol-gel-supported SG-(74) and SG-(75) 

One important discovery was the observation that is was essential that the complex was added 

to the acidic solution before it was neutralized (method 2) – in contrast to the procedure by 

Blum et al., who added the complex together with the base (method 1) – because this way 

ensured a better fixation of the complex. Following the published procedure almost half of the 

catalyst could be washed out and recovered after the gelation process. The actual catalyst 

loading has been determined through elemental analysis.  
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3.6.1.4 Catalytic Screening of Sol-Gel-Supported Catalysts SG-(74) and SG-(75) 

Having successfully synthesized the sol-gel-supported complexes SG-(74) and SG-(75), both 

were applied in the [2+2+2] cycloaddition test reaction between 36 and 40 to assess their 

catalytic activity as well as recoverability and recyclability.  

 

 

Scheme 40: Catalytic test reaction between 1,6-heptadiyne (36) and benzonitrile (40) 

Table 7: Screening of catalytic activity and recycability of SG-(74) and SG-(75) 

Entry Catalyst 

(Preparation) 

Catalyst 

Loading 

Activation 

Conditions 

Cycle Yield 

[%] 

Color of used 

Catalyst 

1 SG-(74) 

(method 1) 

5.6 mol% A 1 

2 

3 

19 

5 

3 

red 

red-brown 

red-brown 

2 SG-(74) 

(method 1) 

5.6 mol% B 1 0 bright green 

3 SG-(74) 

(method 2) 

5.1 mol% A 1 

2 

3 

0 

0 

0 

red 

red 

red 

4 SG-(75) 

(method 1) 

3.3 mol% A 1 0 green 

5 SG-(75) 

(method 1) 

3.3 mol% B 1 0 bright green 

6 SG-(75) 

(method 1) 

3.3 mol% C 1 

2 

7 

0 

brown-red 

bright green 
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While SG-(75) proves to be inactive under thermal, microwave and irradiation conditions 

(Table 7, entry 4-6), SG-(74) shows some activity in toluene at 100 °C even though the yield 

of 43 with SG-(74) is as low as 19% after the first cycle and even decreases in the second and 

third cycle (Table 7, entry 1). Interestingly, applying either sol-gel catalyst in a catalytic trial 

within the microwave leads to the immediate decomposition of the catalyst and no 

conversions at all (Table 7, entry 2 and 5). The solution turns orange, hinting at a solvated 

complex due to extensive complex leaching, while the support material turns bright green.  

Comparing the reactivity of SG-(74) synthesized after method 1 and method 2 shows yet 

another interesting result. SG-(74), prepared after method 2, exhibits no activity whatsoever 

(Table 7, entry 3) whereas SG-(74), prepared after method 1, does yield the desired product 

43 (Table 7, entry 1). This activity of SG-(74) can therefore be attributed to catalyst leaching, 

suggesting the free and soluble 74 to be the active species and not the sol-gel-supported 

version. The very tight network of the sol-gel matrix might inhibit the diffusion of the 

reactants to the catalytic active center and hence be an explanation why the catalyst is inactive 

under various conditions. While Blum et al. reported on successful hydrogenation 

experiments, 
[120]

 36 and 40 are extensively larger molecules that have to enter the sol-gel 

matrix in order to get to the catalysts active site. This might be circumvented if a linker 

molecule is present between the siloxane moieties of the network, allowing larger pores in the 

gel.  

 

3.6.1.5 Synthesis of a Linker Containing Sol-Gel-Supported Complex 

[Cp
Si

Co(dimethylfumarate){P(OEt)3}] (SGL-(74))  

To achieve the synthesis of a more loosely woven sol-gel, the potential linker has to contain a 

somewhat rigid unit to allow the generation of larger pores. The commercially available 1,4-

bis(trimethoxysilylethyl)benzene seemed to be a good candidate as it has a rigid benzene 

moiety and additional ethyl spacers. The respective sol-gel was synthesized according to the 

same procedure as before (method 2). After addition of the basic solution the liquid gelled 

within one minute. The gel was dried under high vacuum over night and washed extensively 

with dichloromethane. The desired porose coarse SGL-(74) was obtained as a red solid.  
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Scheme 41: Synthesis of sol-gel-supported SGL-(74) 

 

3.6.1.6 Catalytic Screening of Sol-Gel-Supported Catalysts SGL-(74) 

The SGL-(74) was immediately tested in the reaction between 36 and 40 under the same 

conditions as before (Scheme 40).  

Table 8: Screening of catalytic activity and recyclability of SGL-(74) 

Entry Catalyst 

(Preparation) 

Catalyst 

Loading 

Activation 

Conditions 

Cycle Yield 

[%] 

Color of used 

Catalyst 

1 SGL-(74) 

(method 2) 

1.6 mol% A 1 

2 

4 

0 

red-green 

green  

 

The lack of activity of SGL-(74) indicates that the sol-gel matrix is still not sufficient porous 

to allow the substrates to penetrate the solid material. It is questionable whether the 4% yield 

of 40 (Table 8) can be attributed to the larger pore size of the gel foundation compared to 

SG-(74) or if it is caused by a leaching of the solid catalyst, even though SGL-(74) was 

prepared after method 2, which reduces the amount of leached catalyst.  

Nevertheless, in account of the experimental results, sol-gel appears not to be a suitable solid 

support for 74 and its application in [2+2+2] cycloaddition reactions.  
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3.6.2 Solid Support Material: Silica 

Next to organic macromolecules and polymers, inorganic surfaces can also act as support 

materials. Here the catalyst is covalently bound to the surface of the support material. Silica is 

a widely used support material for different organometallic compounds.  

There are various reports on silica-supported palladium catalysts for Heck coupling 

reactions 
[124]

 and hydroformylation reactions have been successfully carried out with 

rhodium-complexing dendrimers on silica. 
[125]

 A silica-bound chiral Co-salen complex for 

the highly efficient and enantioselective epoxide ring-opening has been reported by Annis and 

Jacobsen. 
[117b]

 There have even been reports on silica gel-supported cobalt dicarbonyl 

complexes for the use in olefin hydroformylation reactions. 
[67]

  

The employment of silica as the solid support material has the additional advantage that 74 

can be used without further modifications, since the trimethoxysiloxane moiety can interact 

with the free hydroxyl groups on the silica surface. 

 

3.6.2.1 Synthesis of Silica-Supported [Cp
Si

Co(dimethylfumarate){P(OEt)3}] 

(SiO2-(74)) 

The simplest procedure to attach Cp
sub

Co(I)-complexes to silica has been described by 

Brintzinger et al. who stirred silica and the respective complex in toluene at 80 °C for 

12 h. 
[67a]

 An alternative preparation method was reported by Booth et al., who first 

equilibrated the silica with an aqueous sodium hydroxide solution before adding the complex 

and heating the suspension at 80 °C for 4 h. 
[67b]

 

 

 

Scheme 42: Synthesis of silica-supported SiO2-(74) 
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Following Brintzingers procedure SiO2-(74) was synthesized without problems (Scheme 42). 

The resulting pale orange solid was extracted in a Soxhlet apparatus before it was dried under 

vacuum. The cobalt loading was determined by elemental analysis as well as inductively 

coupled plasma atomic emission spectroscopy (ICP-AES). 

 

3.6.2.2 Catalytic Screening of Silica-Supported Catalysts SiO2-(74) 

The newly synthesized SiO2-(74) was again tested in the [2+2+2] cycloaddition reaction 

between 36 and 40.  

In contrast to SG-(74) and SGL-(74) the silica-based catalyst SiO2-(74) yields 21% of 

pyridine 43 already after 4 h at 100 °C (Table 9, entry 1). This is roughly one fifth of the yield 

which is achieved with the homogeneous complex 25 in the same amount of time and under 

the same conditions. The catalyst can easily be removed from the reactant solution by 

filtration, but the yield drops in the consecutive two cycles.  

 

 

 

Scheme 43: Catalytic test reaction between 1,6-heptadiyne (36) and benzonitrile (40) 

Table 9: Screening of catalytic activity and recyclability of SiO2-(74) 

Entry Catalyst 

(Preparation) 

Catalyst 

Loading 

Activation 

Conditions 

Cycle Yield 

[%] 

Color of used 

Catalyst 

1 SiO2-(74) 8.1 mol% A 1 

2 

3 

21 

11 

9 

pale orange 

orange-brown 

brown-orange 

2 SiO2-(74) 8.1 mol% B 1 

2 

47 

5 

pale orange 

yellow-green 
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Applying microwave conditions to SiO2-(74) resulted in 47% of 43, but this very good yield 

could not be repeated in a second cycle (Table 9, entry 2). Since the reactivity of SiO2-(74) 

under microwave conditions decreased immensely after the first cycle, different solvents were 

screened to check whether DMF was deactivating the complex. Unfortunately all other 

solvents such as xylene, DMSO or water led to even lower yields. In the case of DMSO the 

solution turned deep red suggesting that 74 was released from the silica support.  

Since the Cp-ring is covalently bound to the silica surface it can be presumed that the low 

yields in the consecutive cycles did not result from catalyst leaching but rather from catalyst 

decomposition or inhibition.  

 

These results clearly demonstrate that the respective Co(I)-complex has to be bound to the 

surface of the solid support in order to achieve a conversion of the substrates. However, silica 

still seems to be not the ideal support material. Just recently an active copper(I)-NHC-catalyst 

for click chemistry has been reported and dramatic effects towards the recyclability of the 

compound depending on the support material have been described. 
[126]

 While the use of silica 

flakes and silica nano particles allowed recycling of the catalyst three times, the application of 

magnetite/silica nanoparticles yielded a supported catalyst that could be recycled up to eleven 

times with only slight loss in yield. These results suggest that the right supporting material has 

a rather large effect on the stability as well as recyclability of the catalyst. Maybe in 

employing slightly different silica-based supporting materials the catalytic activity and 

recyclability of SiO2-(74) could be improved. 
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3.7 Enantioselective [2+2+2] Cycloaddition Reactions  

After successfully synthesizing a number of active CpCo(I)-bis(phosphite) complexes (see 

chapter 3.1.2) and demonstrating the positive effect of phosphite ligands in heteroleptic 

CpCo(I)-systems in homogeneous solution as well as bound to a solid phase (see chapters 3.2 

and 3.6), the idea to synthesize chiral Co(I)-complexes with phosphite ligands seemed to be a 

sensible evolution.  

Up to date iridium(I)- 
[28c-e, 78-80] 

and rhodium(I)-systems 
[85-86]

  predominate the enantio-

selective [2+2+2] cycloaddition reactions, whereas only a few enantioselective cobalt- 

catalyzed [2+2+2] cycloadditions are known. While most Ir(I)- and Rh(I)-systems are in situ 

generated by a simple metal precursor and the addition of chiral ligands such as (R)-

BINAP 
[76-77]

 or MeDUPHOS. 
[28c-e, 78-79]

 For cobalt chiral cyclopentadienyl or indenyl 

complexes are synthesized and isolated beforehand. The perhaps best known complex is the 

chiral menthyl-derived indenyl-based Co(I)-complex (10) reported by Gutnov and Heller et 

al., 
[87]

 which was applied in several of enantioselective cycloaddition reactions. 
[88-89, 127]

  

Based on this system a chiral menthyl-derived indenyl-based Co(I)-complex with phosphite 

ligands should be possible to derive straightforwardly. Nevertheless not only the application 

of phosphites in defined chiral complexes was supposed to be investigated, but also the 

application of cobalt(I) for in situ systems for enantioselective [2+2+2] cycloaddition 

reactions. Here not only the application of chiral coordinating ligands was of interest, but 

rather the extraordinary chiral induction through asymmetric counter anions, which is 

described by the principle of asymmetric counter anions-directed catalysis (ACDC). 

 

3.7.1 Synthesis of a Defined Chiral Indenyl-Co(I)-Phosphite-Complex 

Since CpCo(I)-phosphite complexes were recognized as good catalysts for cyclization 

reactions at moderate temperatures (50 °C, see chapter 3.2.1.2) the applicaton of phosphite 

ligands in chiral Co(I)-complexes was targeted next.  

As described above Heller et al. established a photochemically activated indenylcobalt(I)-

based complex with cod as the neutral ligand. The exchange of the cod ligand for phosphite 

ligands should not present any problems. Accordingly the synthesis of chiral complex 76 was 

achieved in very good yield starting from 10 
[87]

 using the same photochemical substitution 
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reaction as described for 18-22 (chapter 3.1.3). The chiral indenyl ligand (Ind*) was not 

affected by the reaction (Scheme 44).  

 

 

Scheme 44: Synthesis of the chiral complex 76 

While 10 has already been assessed in the [2+2+2] cycloaddition reaction between diynes and 

nitriles to form biaryl systems under photochemical conditions, 
[88]

 76 should represent a 

system that can be activated at mild temperatures, since [CpCo{P(OEt)3}2]  (19) proved to be 

very active in the trimerization reaction at 50 °C (see chapter 3.2.1.2).  

As a test reaction the cycloaddition between 51 and 40 yielding biaryl 52 with an 

enantiomeric excess of (R)-52 was chosen (Scheme 45). 

 

 

Scheme 45: Test reaction for 76 

 

The reaction between 51 and 40 in the presence of 5 mol% 76 proceeded very slowly at 

50 °C. After reaction times as long as 70 h only 20% of 52 with an enatiomeric excess of 

66% ee could be obtained. Raising the temperature to 80 °C resulted in higher yields and 

shorter reaction times, but also in lower ee values. The lower ee value for the reaction carried 

out at 80 °C can be attributed to the partial racemization of the biaryl product 52. Earlier 
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studies concerning the racemization process of biaryls including 52 showed that racemization 

occurs at temperatures above 80 °C. 
[88, 128]

  

 

Table 10: Condition screening for 76 

Entry Solvent Temperature [°C] Time [h] Yield [%] ee [%] 

1 THF 50 70 20 66 (R) 

2 toluene 80 24 54 27 (R) 

3 THF -20, hν 24 2 -- 

4 THF 0, hν 24 18 64 (R) 

 

Although 76 only led to low to mediocre yields and ee values, these experiments represent the 

first enantioselective cobalt-catalyzed [2+2+2] cycloaddition with a thermally activated chiral 

cobalt complex.  

 

3.7.2 In situ Systems Containing Chiral Anions 

Yet another approach in catalysis is the generation of an active catalyst in situ from several 

precursors. The asymmetric counter anion-directed catalysis (ACDC) – a field primarily 

pushed forward by List et al. – stands for a principle similar to that of a chiral coordinating 

ligand, which induces a specific chirality during the reaction and hence in the product. 
[129]

  

There are different asymmetric activation modes starting with a) the coordinative interaction 

of a chiral ligand with a metal center, b) single or multiple hydrogen bonding interaction of a 

chiral organocatalyst and c) electrostatic interaction between a chiral anion and a cationic 

reaction intermediate. 
[129e]

 The induction of enantioselectivity in a reaction which proceeds 

through a cationic intermediate by means of ion pairing with a chiral, enantiomerically pure 

anion is termed asymmetric counter anion-directed catalysis. 

Chiral anions can be simple chiral organic acids such as amino acids, mandelic acid or 

camphorsulfonic acid or various borates, but the most common used chiral anions are 

phosphoric acid derivatives such as ∆–TRISPHAT (77), (R)-VAPOL hydrogen phosphate 

(78) and (R)-3,3'-bis(2,4,6-triisopropylphenyl)-1,1'-binaphthyl-2,2'-diyl hydrogen phosphate 

(80) to name a few examples (Scheme 46). 
[130]
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Scheme 46: Examples for chiral anions used in ACDC 

 

 

Recent examples of asymmetric catalysis by chiral counter ions in combination with transition 

metals are the ruthenium-catalyzed hydroxyalkylation of butadiene applying chiral 

phosphates, 
[131]

 the epoxidation of alkenes with an achiral manganese(III)-salen complex and 

a chiral phosphate 
[132]

 and the enantioselective intramolecular hydroalkoxylation of allenes 

by a binuclear gold(I)-complex and the silver salt of a chiral phosphate. 
[133]

 The latter 

reaction only proceeded with good enantiomeric excess if chiral anions were used, while 

gold(I)-complexes with chiral phosphine ligands led to no enantiomeric excess. In all these 

reactions the presence of the chiral anion in the vicinity of the positively charged metal center 

induced the desired enantioselectivity.  

Since up to now the effect of chiral anions on Co(I)- or Rh(I)-catalyzed [2+2+2] cycloaddition 

reactions has not been explored yet, the application of Co(I)- and Rh(I)-precursor complexes 

in combination with chiral anions – particularly chiral phosphates – seems worthwhile 
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investigating in greater depth. A potential model substrate has to be either prochiral or contain 

sterically bulky groups in order to stop a racemization of the product after a successful 

cyclotrimerization reaction. To compare reactivities and selectivities with established catalytic 

systems the model substrate was chosen on the basis of Shibata’s previous investigations 

towards Ir(I)-catalyzed intramolecular [2+2+2] cycloaddition reactions and the formation of 

atropisomers (Scheme 47). 
[79]

 

  

 

Scheme 47: Generation of chiral atropisomers from a triyne 

 

3.7.2.1 Cobalt 

The cobalt(I)-complex [CoCl(PPh3)3] (81) is a standard precursor for the generation of Co(I)-

complexes with η
5
-bound cyclopentadienyl derivatives. 

[87, 92c, 122]
 There have been some 

reports on the catalytic activity of 81 in hydrogenation reactions, 
[134]

 ethylene 

dimerization, 
[135]

 hydrodimerization of methyl acrylate 
[136]

 and cyclodimerization of 

cyclobutadiene, 
[137]

 but there have not been many reports on its catalytic activity in [2+2+2] 

cycloaddition reactions. Butenschön reported on the trimerization of tolane with 97% 

yield, 
[55]

 but only Chung et al. published a more detailed study on the reactivity of 81 in 

trimerization reactions. 
[138]

 They showed that 81 could cyclotrimerize a number of terminal 

alkynes as well as internal alkynes with electron-withdrawing groups. Disubstituted alkynes 

with not sufficiently electron-withdrawing groups such as 2-butyne or 3-phenylpropyne did 

not form the respective benzene derivatives. 

Complex 81 was therefore tested in the intramolecular cyclization of 53 and 54 and was found 

to yield 55 and 56 in 98% and 85% respectively after 1 min at room temperature with a 

catalyst loading of 5 mol%. These great results set the foundation for further investigations. In 
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order to achieve and induce selectivity, a substrate had to be chosen which after a potential 

stereoselective cyclization reaction would not be able to rotate freely. In the case of triyne 82 

the cyclotrimerisation reaction results in the formation of two new atropisomeric bonds 

leading to stable atropisomers. Triyne 82 with bulky naphthyl-groups was synthesized starting 

from 53 and 1-iodonaphthalene applying a Sonogashira coupling.   

 

 

Scheme 48: Test reaction for the in situ-generated chiral catalysts 

Table 11: Catalyst screening using 81 and various chiral anions 

Entry Catalyst System 
[a]

 Yield [%] d/l : meso 
[b]

 ee [%]
[c]

 

1 no chiral anion  59 1.1:1 0 

2 77 73 1.3:1 0 

3 77/ AgOTf 0 -- 0 

4 78 / NEt
3
 67 1.1:1 0 

5 79 / NEt
3
 94 2.2:1 0 

6 80 / NEt
3
 76 1.2:1 0 

7 
CoBr2 / dppe / Zn / ZnI2 / 

78 / NEt3 
41 1:2.2 

0 

[a] reaction conditions: 81 (5 mol%), 5 mol% chiral anion, 25 °C, 1 h;  [b] ratio determined by integration of 

peak areas in the 
1
H NMR; [c] ee values determined by chiral HPLC 
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Because 81 by itself proved to catalyze the cyclotrimerization reaction of 82 in moderate 

yields (Table 11, entry 1) in just 1 h, it seemed promising to investigate the influence of chiral 

anions on the reactivity of 81. Abstraction of the chloride ion with a silver salt to achieve a 

better influence of the chiral non-coordinating anion resulted only in the catalyst’s 

decomposition and no reaction at all, which was unexpected since there have been reports on 

the silver-mediated chloride abstraction from 81. 
[134b]

 Therefore in all further experiments the 

chiral anions had to compete with the coordinated chloride anion.  

All chiral anions used (∆-TRISPHAT tetrabutylammonium salt (77), (R)-VAPOL hydrogen 

phosphate (78), (R)-3,3’-bis[3,5-bis(trifluoromethyl)phenyl]-1,1’-binaphthyl-2,2’-diyl 

hydrogen phosphate (79) and (R)-3,3‘-bis(2,4,6-triisopropylphenyl)-1,1‘-binaphthyl-2,2‘-diyl 

hydrogen phosphate (80)) induced no enantiomeric excess, but yielded the racemate. In all 

cases the d/l-form of 83 was the major product and the meso-form the minor.  

Interestingly the application of all chiral anions resulted in higher yields with the reaction of 

79 leading to the isolation of 94% of 83, being a prime example. 

Another in situ system involving a Co(II)-source and the in situ reduction to Co(I) with 

Zn/ZnI2 – as Hilt et al. described before – 
[139]

 only led to mediocre yields and no 

enantiomeric excess as well (Table 11, entry 7). 

These results led to believe that the chiral anion would be too far away from the active center 

to have any influence on the reaction, although Gandon et al. reported on an enantioselective 

Ir(I)-catalyzed carbocyclization of 1,6-enynes by a chiral anion approach, where 

[IrCl(CO)(PPh3)2] in the presence of the chiral anion (R)-3,3′-bis(2,4,6-triisopropylphenyl)-

1,1′-binaphthyl-2,2′-diyl (80) phosphate achieved enantioselectivities up to 93% ee. 
[140]

  

 

3.7.2.2 Rhodium 

The equivalent of 81 containing a heavier group homolog is represented by the commercially 

available and widely applied Wilkinson catalyst [RhCl(PPh3)3] (2). 
[141]

 There are a number of 

reports on its application in [2+2+2] cycloadditions, 
[141d, 142]

 some of them taking place at 

mild conditions and temperatures as low as 20 °C. 
[17a, 143]

  

Therefore 2 was tested in the intramolecular cyclization reaction of 82 (Scheme 49). After 4 h 

at room temperature 2 yielded 52% of 79, which could even be increased to 70% if silver 

bis(trifluoromethanesulfonyl)amide, AgNTf2, was added to the solution, abstracting the 

chloride ion from 2 (Table 12, entry 1-2).  
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Scheme 49: Test reaction for the in situ generated chiral catalysts 

Table 12: Catalyst screening using 2 and various chiral anions 

Entry Catalyst System 
[a]

 Yield [%] d/l : meso 
[b]

 ee [%]
[c]

 

1 no chiral anion / no Ag
+
 salt 52 1:1.5 0 

2 no chiral anion 70 1:1.2 0 

3 77 53 1:1 0 

4 78 / NEt
3
 43 1:1.4 11 

5 79 / NEt
3
 49 1:2.1 5 

6 80 / NEt
3
 41 1:1.9 0 

7 78 / NEt3 
[d]

 12 1:1.3 0 

8 79 / NEt3 
[d]

 21 1:4.3 3 

9 Ag2O / 78 / NEt3 
[d]

 38 1:2.7 5 

10 [RhCl{P(OPh)3}2]2 
[e]

 20 1:1.5 0 

12 [Rh(cod)2]BF4 / 78 / NEt
3 

[f]
 20 1.1:1 0 

[a] reaction conditions: 2 (5 mol%), AgNTf2 (5 mol%), 5 mol% chiral anion, 25 °C, 4 h;  [b] ratio determined by 

integration of peak areas in the 
1
H NMR; [c] ee values determined by chiral HPLC; [d] 10 °C, 23 h; [e] no chiral 

anion; [f] 24 h 
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While the addition of 77 or 80 did not lead to any enantiomeric excess at all (Table 12, entry 

3+6), 78 and 79 led to low ee values of 11% and 5% respectively (Table 12, entry 4-5). The 

yields are always between 40-50% with the meso form of 83 being the major product and the 

d/l form being the minor product. If the cyclization reaction was run at 10 °C the yields 

decreased to around 20% even though the reaction was run for 23 h, with no improvement of 

the ee values (Table 12, entry 7-9).  

The use of different Rh(I)-catalysts such as [RhCl{P(OPh)3}2]2 or [Rh(cod)2]BF4 led to low 

yields with no enantiomeric excess at all (Table 12, entry 10-12). [RhCl(CO)(PPh3)2] even 

proved to be absolutely inactive in the test reaction. As these results cleary show, 2 proved to 

be superior to any other Rh(I)-complex with 78 being the single chiral anion that could induce 

some enantiomeric excess. Just recently Aubert, Fensterbank and Ollivier et al. reported the 

use of a preconditioned system containing [RhCl(cod)]2 in combination with Ag-80 and the 

bisphosphine ligand 1,4-bis(diphenylphosphino)butane (dppb) – the purpose of the latter 

being to stabilize the Rh(I)-complex – for the [2+2+2] cycloaddition reaction between diynes 

and isocyanates. 
[144]

 They were able to yield ee values up to 82% showing that the chiral 

anion approach sometimes resulted in better ee values that the convential approach with chiral 

ligands. Thus this displays the great influence of the composition of the catalytic system and 

the importance of sufficient stabilization of the Rh(I)-fragment (addition of chelating 

phosphine ligands), but also the still limited application to certain model substrates, in this 

case the synthesis of pyridones.  

 

However, the usage of 2 in combination with well-known chiral ligands led to moderate to 

good ee values between 42-87%. While P,P-ligands such as (R)-BINAP resulted in no ee 

values worth mentioning (Table 13, entry 1), the use of certain chiral P,N ligands such as (R)-

QUINAP or (R,R)-O-PINAP resulted in moderate ee values of 49% and 61%, respectively 

(Table 13, entry 2+7). Only (R,R)-N-PINAP led to mediocre 27% enantiomeric excess (Table 

13, entry 5). Accordingly, the (S)-derivatives – namely (S)-QUINAP, (R,S)-N-PINAP and 

(R,S)-O-PINAP – led to similar or even better ee values of -42%, -87% and -85% repectively, 

while favoring the other enantiomer (Table 13, entry 4, 6, 8).  

Turning to a different, phosphinooxazoline-based P,N-ligand class (PHOX), which does not 

contain the chiral information in the backbone structure but in a group close to the nitrogen 

moiety, high yields and moderate ee values of up to -47% could be achieved (Table 13, 
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entry 9). Remarkably, the (R)-configuration of the PHOX ligand induces the formation of the 

opposite enantiomer compared to the (R)-configuration of the biaryl-based ligands. 

 

 

Scheme 50: Chiral bidentate ligands 

 

To alleviate the competition of the triphenylphosphine ligands with the chelating P,N-ligand 2 

was substituted for [RhCl(C2H4)2]2 in a final experiment. Using (R)-QUINAP as the chiral 

ligand moderate yields and a similar selectivity of 42% ee compared to the use of 2 was 

obtained (Table 13, entry 10).  

These results show that while chiral anions in the case of 2 are presumably too far away from 

the metal center to induce any notable enantioselectivity, chiral P,N-ligands in combination 

with 2 as well as [(C2H4)2RhCl]2 lead to moderate to good ee values. These in situ systems 

represent the first Rh(I)-based catalysts that do not have to be activated in advance with 

hydrogen to yield the product as described by Tanaka et al. for all their systems. 
[76]

 The here 

presented results might open the door to the generation of simple in situ generated catalysts 

that can achieve – under modified conditions – high yields and selectivities.  
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Table 13: Catalyst screening of 2 using various chiral ligands 

Entry Catalyst System 
[a]

 Yield [%] d/l : meso 
[b]

 ee [%]
[c]

 

1 (R)-BINAP  83 1:2.4 6 

2 (R)-QUINAP 41 1:1.4 49 

3 (R)-QUINAP 
[d]

 37 1:1.5 42 

4 (S)-QUINAP  48 1:2.3 -47 

5 (R,R)-N-PINAP  88 1.3:1 27 

6 (R,S)-N-PINAP  62 1.7:1 -87 

7 (R,R)-O-PINAP  85 1.2:1 61 

8 (R,S)-O-PINAP  94 1.4:1 -85 

9 (R)-PHOX  78 1:1.2 -45 

10 (R)-QUINAP 
[e]

 69 1:1.6 42 

[a] reaction conditions: 2 (5 mol%), AgNTf2 (5 mol%), 5 mol% chiral ligand, 25 °C, 4 h; [b] ratio determined by 

integration of peak areas in the 
1
H NMR; [c] ee values determined by chiral HPLC; [d] 2 equiv. ligand; [e] 

[RhCl(C2H4)2]2 (2.5 mol%) was used instead of 2  
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4. CONCLUSION 

The investigation of the influence of the neutral ligands on the ability to activate and/or 

stabilize the respective CpCo(I)-complexes – with a focus on heteroleptic systems – as well as 

the application of derived CpCo(I)-catalysts in [2+2+2] cycloadditions was the main focus of 

this thesis. Modifications to synthesize solid phase-supported CpCo(I)-based catalysts and the 

implementation of in situ generated Rh(I)-based catalysts for the enantioselective [2+2+2] 

cycloaddition reaction represented further goals of this thesis. Below, the most prominent 

achievements are summarized:  

 

a) The synthesis and systematic access to a number of different homo- as well as 

heteroleptic CpCo(I)-complexes containing olefin and/or phosphite ligands has been 

achieved, including the establishment of novel photochemical routes for their 

respective syntheses (Scheme 51).  

 

 

Scheme 51: Novel CpCo(I)-complexes and their newly developed synthetic routes 
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b) Compared to the thermally instable complex 6 the respective heteroleptic complexes 

11-16, with one trimethylvinylsilane ligand substituted for a phosphite ligand, were 

stable at room temperature but still exhibited great catalytic activity in [2+2+2] 

cycloaddition reactions at moderate temperatures.  

 

c) The effect of the electronic properties of the respective phosphite ligand is best 

recognized in the catalytic screening of complexes 18-22. The use of electron-rich 

phosphites such as P(OEt)3 or P(Oi-Pr)3 led to highly active catalysts for the [2+2+2] 

cycloaddition reaction at moderate conditions, while CpCo(I)-complexes containing 

electron-poor phosphites displayed lower activities. 

 

d) The stabilizing effect of the phosphite ligand has been demonstrated by DFT 

calculations as well as by a comparative study of the catalytic activity of 6, 11 and 18 

at different temperatures (Scheme 52). The heteroleptic complexes 11-16 therefore do 

represent an unique compromise between necessary stability and sufficient activity. 
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Scheme 52: Temperature-dependent yields of pyridine (43) determined for [CpCo(H2C=CHSiMe3)2] (6, blue), 

[CpCo(H2C=CHSiMe3){P(OPh)3}] (11, red) and [CpCo{P(OPh)3}2] (18, black), respectively 
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e) It was found that CpCo(I)-complexes with one olefin and one phosphite ligand were 

always superior catalysts compared to CpCo(I)-complexes containing two phosphite 

ligands or the combination of CO and either olefin or phosphite ligand.  

 

f) The employment of electron-deficient olefins such as dimethylfumarate generated air-

stable compounds (25 and 26), which can be recycled and handled in air without 

difficulties, being one of the rare examples of air-stable Co(I)-pre-catalysts.  

 

g) The air-stable complex 25 was successfully modified to incorporate a siloxane linker 

at the Cp-moiety and the respective complex 74 was then effectively covalently 

attached to a sol-gel matrix as well as silica to obtain three solid phase-supported 

CpCo(I)-based catalysts (Scheme 53), which could easily be removed from a reaction 

mixture by filtration.  

 

 

Scheme 53: Solid-supported CpCo(I)-catalysts 

 

h) While the sol-gel-supported catalyst SG-(74) and SGL-(74) did not display any 

catalytic activity towards the [2+2+2] cycloaddition test reaction under thermal, 

photochemical or microwave conditions, the silica-based catalyst SiO2-(74) 

demonstrated promising catalytic activity in the test cyclization reaction (Scheme 54: 

21% yield under thermal conditions, 47% under microwave conditions). Even though 

SiO2-(74) failed to provide stable catalytic activity over several catalytic cycles, 

SiO2-(74) represents the first reported CpCo(I)-based catalyst that has been supported 

on a solid phase material and still maintained to be fairly active in the synthesis of 

pyridines.  

 



Conclusion 

 
85 

 

 

Scheme 54: First solid-supported CpCo(I)-catalyst active in the synthesis of pyridines 

 

i) In search for an in situ catalyst system for the enantioselective [2+2+2] cycloaddition 

reaction the application of chiral anions in combination with [CoCl(PPh3)3] (81) or 

[RhCl(PPh3)3] (2) in the enantioselective cyclization of triyne 82 did not result in the 

desired high ee values. Instead the chiral anions seemed to have no or almost no influence 

on the [2+2+2] cycloaddition reaction. Only the combination of 2 and 78 led to a low 

enantiomeric excess of 11% (Scheme 55).  

 

 

Scheme 55: Chiral induction by chiral anions and chiral ligands in Rh(I)-catalyzed [2+2+2] cycloaddition 

reactions 

 

j) While the use of chiral P,P-ligands for the in situ generation of chiral Rh(I)-catalysts 

resulted in similar ee values as those obtained with chiral anions, the application of chiral 

P,N-ligands such as (R)-/(S)-QUINAP, (R,R)-/(R,S)-O-PINAP, (R,S)-N-PINAP and (R)-
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PHOX, which are not as frequently deployed, exhibited promising results with moderate 

to good ee values of 47-85%. Once again the use of ligands with two different 

coordinating atoms led to better results than the commonly employed P,P-ligands. 

Furthermore, in choosing the proper chiral P,N-ligand the outcome of the reaction and the 

preference for one enantiomer could be controlled (Scheme 55). While (R)-QUINAP and 

(R,R)-O-PINAP gave the enantiomeric excess of the d-enantiomer, (S)-QUINAP, (R,S)-O-

PINAP and (R)-PHOX led to the l-enantiomer.  

 

k) These systems represent a promising new class of in situ generated chiral Rh(I)-

complexes with P,N-ligands, that do not have to be activated prior the [2+2+2] 

cycloaddition reaction – as all systems reported by Tanaka et al. require – and still lead to 

very good yields and moderate to good ee values.  
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APPENDIX 

5. EXPERIMENTAL PART 

5.1 General Information 

The majority of the conducted experiments have been performed with standard Schlenk 

technic and under an inert gas atmosphere (argon).   

 

5.1.1 Elemental Analysis 

Elemental analyses were performed in the analytical department of the Leibniz-Institut für 

Katalyse e.V. on a Leco C/H/N/S-analyzer 932 and a Perkin-Elmer Lambda 2 (phosphorus). 

 

5.1.2 NMR Spectroscopy 

All NMR spectra were recorded on either a Bruker AV 300,  AV 400 or Fourier 300 NMR 

spectrometer. The chemical shift δ is always given in ppm and in the case of 
1
H and 

13
C NMR 

signals relative to the respective deuterated solvent. TopSpin NMR-Software from Bruker 

BioSpin 2005 as well as MestReNova 8.0 from Mestrelab Research S.L. were used for the 

evaluation of the spectra. The coupling constant J is always given in Hertz (Hz) and 

characterizes together with the signal multiplicity the structure of the recorded signal.  

 

5.1.3 Mass Spectroscopy  

Mass spectra were recorded on a Finnigan MAT 95XP (Thermo Electron) and the ionization 

occurred through EI (Electron Ionization), CI (Chemical Ionization, with iso-butane as 

reactant gas) or ESI (Electron Spray Ionization). 

 

5.1.4 Gas Chromatography 

Qualitative as well as quantitative analyses were performed with an gas chromatograph 

Agilent 7890A with an FID (flame ionization detector). The calibration for quantitative 



Experimental Part 

 
88 

 

analyses was conducted with 1,2,3,4,5,6,7,8,9,10,11,12-dodecahydrotriphenylen (DHT) as 

internal standard. 

 

5.1.5 X-Ray Structure Analysis 

Data for 18 were collected on a STOE IPDS II and for 22, 25, 26, 31 on a Bruker Kappa 

APEX II Duo diffractometer using graphite-monochromated Mo-Kradiation. The structures 

were solved by direct methods (SHELXS-97) 
[145]

 and refined by full-matrix least-squares 

techniques on F
2
 (SHELXL-97). 

[145]
 XP (Bruker AXS) was used for graphical 

representations. 

 

5.1.6 Solvents and Reagents 

5.1.6.1 Purification and Drying of Solvents 

Deuterated as well as non-deuterated solvents used in reactions have been dried following 

these procedures:  

Diethyl ether (Et2O), toluene, n-hexane, n-pentane and tetrahydrofurane (THF) have been 

refluxed in the presence of sodium and benzophenone until the solution showed a deep violet 

color (ketyl generation). 

Triethylamine (NEt3), dichloromethane (CH2Cl2), acetone and dimethyl formamide 

(DMF) have been dried over P2O5. 

Benzonitrile, diisopropylamine, methanol-d4 (CD3OD), chloroform-d1 (CDCl3), benzene-

d6 (C6D6), THF-d8 were stirred over molecular sieves.  

All respective solvents have been destilled and stored in Schlenk flasks under inert gas 

atmosphere. Further compounds have been purified according to standard methods. 
[146]

 

 



Experimental Part 

 
89 

 

5.1.6.2 Commercially Available Reagents, Complexes and Salts  

The following substances were purchased from various suppliers: 

 

         (R)-3,3‘-bis(2,4,6-triisopropylphenyl)- 

       1,1‘-binaphthyl-2,2‘-diyl hydrogen  

       phosphate (Sigma-Aldrich)

         (R)-3,3’-bis[3,5-bis(trifluoromethyl)- 

       phenyl]-1,1’-binaphthyl-2,2’-diyl  

       hydrogen phosphate (Sigma-Aldrich)

         (R)-BINAP (Strem Chemicals) 

         (R,R)-N-PINAP (Strem Chemicals) 

         (R,S)-N-PINAP (Strem Chemicals) 

         (R,R)-O-PINAP (Strem Chemicals) 

         (R,S)-O-PINAP (Strem Chemicals) 

         (R)-PHOX (Strem Chemicals) 

         (R)-QUINAP (Strem Chemicals) 

         (S)-QUINAP (Strem Chemicals) 

         (R)-VAPOL hydrogen phosphate  

       (Sigma-Aldrich)

         ∆-TRISPHAT tetrabutylammonium salt  

       (Sigma-Aldrich)

         1,4-bis(trimethoxysilylethyl)benzene  

       (Fluorochem)

         1,6-heptadiyne (Sigma-Aldrich)

         1,7-octadiyne (Sigma-Aldrich)

         1,8-nonadiyne (Sigma-Aldrich)

         1-iodonaphthalene (Sigma-Aldrich)

         2-bromoethanol (Sigma-Aldrich)

         2-butyne (TCI)

         3,3-dimethylbut-1-ene (TCI) 



         cyclopentadienyl cobalt dicarbonyl    

       (Sigma-Aldrich) 

         cyclopentadienyl cobalt cyclooctadiene    

       (Convertex)

         dicobalt octacarbonyl (Alfa Aesar /  

       Sigma-Aldrich)

         dimethylfumarate (Sigma-Aldrich)

         dimethylmaleate (Sigma-Aldrich) 

         1,2,3,4,5,6,7,8,9,10,11,12-  

       dodecahydrotriphenylene (Sigma- 

       Aldrich)

         fumarylchloride (Sigma-Aldrich)

         iodine (Sigma-Aldrich)

         isopropylnitrile (Sigma-Aldrich)

         magnesium sulfate (Sigma-Aldrich)

         Merrifield’s resin CAS: 55844-94-5  

       (Sigma-Aldrich)

         n-butyl lithium (Sigma-Aldrich)

         n-butylisocyanate (Sigma-Aldrich)

         n-propylisocyanate (Acros Organics)

         phenylacetylene (Sigma-Aldrich) 

         phosphorus trichloride (Sigma-Aldrich)

         silver(I) bis(trifluoromethanesulfonyl)- 

       amide (Sigma-Aldrich)

         sodium (Acros Organics) 

         sodium borohydride (Sigma-Aldrich)

         sodium chloride (Sigma-Aldrich) 
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         3-acetylphenylisocyanate (Sigma- 

       Aldrich)

         3-bromopropyl(trimethoxy)silane  

       (ABCR / Sigma-Aldrich)

         3-buten-1-ol (TCI)

         3-hexyne Sigma-Aldrich)

         4-nitrophenylisocyanate (Sigma- 

       Aldrich) 

         4-trifluoromethylphenol (Sigma- 

      Aldrich)

         5-hexynenitrile (Alfa Aesar)

         aluminium oxide (Brockman Type I,  

       neutral) (Acros Organics)

         ammonia solution(Merck)

         benzonitrile (Sigma-Aldrich) 

         cis-cyclooctene (Sigma-Aldrich) 

         cobalt(II) chloride hexahydrate (Sigma- 

       Aldrich)

         cobaltocene (Sigma-Aldrich)

         copper(I) iodide (Sigma-Aldrich)

         cyclohexylisocyanate (Sigma-Aldrich)

         1,5-cyclooctadiene (Sigma-Aldrich)



         sodium cyclopentadienide (2M in THF)   

      (Sigma-Aldrich)

         sodium iodide (Sigma-Aldrich)

         sodium sulfate (Sigma-Aldrich)

         t-butyldimethylsilylchloride (Sigma- 

      Aldrich)

         t-butylnitrile (Sigma-Aldrich) 

         tetrakis(triphenylphosphine)     

       palladium(0) (ChemPur)

         tetramethoxysilane (ABCR)

         tolylisocyanate (Sigma-Aldrich)

         tris(2,2,2-trifluoroethyl)phosphite    

       (Sigma-Aldrich) 

         triethylphosphite (Acros Organics)

         triisopropylphosphite (Acros Organics)

         trimethylsilylchloride (TMSCl) (Alpha  

       Aesar / Sigma-Aldrich / Carbolution)

         trimethylvinylsilane (Sigma-Aldrich)

         triphenylphosphite (Acros Organics)

         triphenylphosphine (Acros Organics) 
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5.2 Synthesis of Phosphite Ligands 

5.2.1 Synthesis of 4,7-dihydro-2-phenoxy-1,3,2-dioxaphosphepine (17)  

The synthesis was performed according to literature and the NMR data were in accordance 

with the reported data. 
[99a-d]

 

 

5.2.2 Synthesis of (but-3-enyl)diphenylphosphite (30) 

Synthesized after a modified procedure from Ingenuin et al.
[99e]

 

Sodium (138 mg, 5 mmol) was washed with n-hexane (3x) before 3-buten-1-ol (3,3 mL, 38 

mmol) was added and gas evolution was observed. Then triphenylphosphite (10 mL, 58 

mmol) was added to the solution which turned red-brown and a solid precipitated. This 

suspension was heated at 100 °C for 2 h before the mixture was allowed to cool to room 

temperature. The red-brown oil was removed from the white precipitate via syringe and the 

last residues of phenol were removed by bulb-to-bulb distillation (100 °C, 0.5 mbar). After 6 

h at this temperature no more phenol was recovered and the desired phosphite could be 

distilled at 180 °C and 0.5 mbar.  

 

MW   288.28 g/mol 

Formula  C16H17O3P 

1
H NMR (C6D6)   = 2.37 (m, 2H), 3.93 (q, J = 6.8 Hz, 1H), 4.13 (q, J = 6.8 Hz, 1H), 

4.98-5.10 (m, 2H), 5.67-5.83 (m, 1H), 6.96-7.11 (m, 6H), 7.17-7.29 (m, 

4H) 

31
P NMR (C6D6)   = 129.2 (s)   

13
C NMR (C6D6)   = 35.2 (s), 61.6 (s), 115.3 (s), 117.3 (s), 120.2 (s), 120.4 (s), 120.8 (s), 

123.8 (s), 124.3 (s), 129.6 (s), 129.7 (s), 134.3 (s) 

 

5.2.2 Synthesis of tris(p-trifluoromethylphenyl)phosphite (84) 

Synthesized after a modified procedure from Ingenuin et al. 
[147]

 

4-Trifluoromethylphenol (2.25 g, 13.9 mmol) was dissolved in THF (20 mL) and 

triethylamine (2 mL) was slowly added to the solution. The solution was stirred at room 
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temperature for 30 min, before a solution of phosphorous trichloride (400 µL, 4.5 mmol) in 

THF (5mL) was added dropwise. A white solid precipitated immediately and the suspension 

is stirred for 18 h at room temperature. The solution was filtered and the clear solution 

reduced in volume, yielding a yellow oil which solidified upon drying in high vacuum. 

(Yield: 1.605 g, 67%) 

The NMR data were in accordance with the reported data. 
[148]

 

 

MW   514.28 g/mol 

Formula  C21H12F9O3P 

1
H NMR (CDCl3)   = 7.23 (d, J = 9.0 Hz, 2H), 7.62 (d, J = 9.0 Hz, 2H) 

31
P NMR (CDCl3)   = 126.1 (s)   

19
F NMR (CDCl3)   = 61.7 (s) 

 

5.3 Synthesis of Complexes of the Type [CpCo(H2C=CHSiMe3)(phosphite)] 

General Procedure: 

To a solution of [CpCo(H2C=CHSiMe3)2] 
[51]

 (6) in diethyl ether at -78 °C the respective 

phosphite (1 equiv.) was slowly added. The solution was stirred at -78 °C for 2 h before it was 

slowly warmed to room temperature. The solution was filtered over a small amount of neutral 

Al2O3 (Brockman Type I), which was washed with THF (10 ml). The solvent was removed 

under reduced pressure and the resulting red-brown oil dried under vacuum. 

5.3.1 Synthesis of [CpCo(H2C=CHSiMe3){P(OPh)3}] (11) 

According to the general procedure [CpCo(H2C=CHSiMe3)2] (6) in diethyl ether (4 mL, 0.44 

mmol) and triphenylphosphite (114 µL, 0.44 mmol) were used. (Yield: 198 mg, 84%) 

 

MW   534.54 g/mol 

Formula  C28H32CoO3PSi 

1
H NMR (C6D6)   = 0.17 (s, CH3, 9H), 1.51 (dt, CH, 1H), 2.49 (dd, CH2, 1H), 2.64 (dd, 

CH2, 1H), 4.41 (s, Cp, 5H), 6.86 (t, C4-CH, 3H), 7.03 (t, C3,5-CH, 6H), 

7.26 (d, C2,6-CH, 6H) 

31
P NMR (C6D6)   = 155.1 (bs)   

13
C NMR (C6D6)   = 1.1 (s, CH3), 30.7 (d, J = 5.1 Hz), 32.7 (d, J = 6.3 Hz), 82.6 (s, Cp), 

121.6 (d, J = 5.1 Hz), 124.4 (s), 130.0 (s), 152.4 (d, J = 6.3 Hz) 
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CI (Et2O)  m/z 434 [M
+
-(CH2=CHSiMe3)], 311 [L+H

+
], 217 [L

+
-OPh], 189 

[Cp2Co
+
] 

HRMS not detected, disproportionation into [CpCo(P(OPh)3)2] (m/z 744.1292) 

/ [CpCo(P(OPh)3)] (m/z 434.0503) and [(CpCo)4(HCCSiMe3)] (m/z 

593.9479)  

 

5.3.2 Synthesis of [CpCo(H2C=CHSiMe3){P(O(CH2CF3)3}] (12) 

According to the general procedure [CpCo(H2C=CHSiMe3)2] (6) in diethyl ether (2 mL, 0.24 

mmol) and tri(2,2,2-trifluoroethyl)phosphite (110 µL, 0.24 mmol) in diethyl ether (1 mL) 

were used. (Yield: 89 mg, 67%) 

 

MW   552.33 g/mol 

Formula  C16H23CoF9O3PSi 

1
H NMR (C6D6)   = 0.11 (s, SiMe3, 9H), 0.74 (m, CH, 1H), 1.96 (dd, CH2, 1H), 2.31 (t, 

CH2, 1H), 3.96 (dsep, CH2CF3, 6H), 4.53 (s, Cp, 5H) 

31
P NMR (C6D6)   = 175.5 (bs)   

13
C NMR (C6D6)   = 0.8 (s, SiMe3), 31.1 (d, J = 5.0 Hz, CH), 32.2 (d, J = 5.0 Hz, CH2), 

61.4 (q, J = 36.6 Hz, CH2CF3), 82.6 (d, J = 3.15 Hz, Cp), signal for 

CH2CF3 obscured by solvent signal 

 19
F NMR (C6D6)  = -74.2 (t) 

CI (isobutane)  m/z 552 [M
+
], 452 [M-(H2C=CHSiMe3)

+
], and decomposition to 

[(CpCo)4(H2C=CHSiMe3)]
+
 (m/z 594) and [(CpCo)3(H2C=CHSiMe3)]

+
 

(m/z 470) 

HRMS not detectable 

 

5.3.3 Synthesis of [CpCo(H2C=CHSiMe3)(84)] (13) 

According to the general procedure [CpCo(H2C=CHSiMe3)2] (6) in diethyl ether (2 mL, 0.24 

mmol) and tri(p-trifluoromethylphenyl)phosphite (84) (122 mg, 0.24 mmol) in diethyl ether (1 

mL) were used. (Yield: 93 mg, 53%) 
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MW   738.54 g/mol 

Formula  C31H29CoF9O3PSi 

1
H NMR (C6D6)   = 0.06 (s, CH3, 9H), 1.27 (dd, CH, 1H), 2.21 (t, CH2, 1H), 2.54 (d, 

CH2, 1H), 4.30 (s, Cp, 5H), 7.03 (d, Ph, 6H), 7.27 (d, Ph, 6H) 

31
P NMR (C6D6)   = 153.7 (bs)   

13
C NMR (C6D6)   = 0.8 (s, CH3), 32.6 (d, J = 3.8 Hz, CH2), 33.8 (d, J = 5.4 Hz, CH2), 

83.0 (d, J = 3.2 Hz, Cp), 121.4 (d, J = 5.5 Hz, CH), 127.3 (d, J = 3.8 

Hz, CH), 154.4 (d, J = 5.3 Hz, Ph), signals for CF3 and CH obscured by 

solvent signal 

19
F NMR (C6D6)  = -61.4 (s) 

CI (isobutane)  m/z 738 [M
+
], 638 [M-(CH2=CHSiMe3)

+
], 531 [O=P(O(C6H4CF3)3

+
], 

515 [P(O(C6H4CF3)3
+
], 189 [Cp2Co

+
] 

HRMS (ESI) not detectable  

 

5.3.4 Synthesis of [CpCo(H2C=CHSiMe3){P(OEt)3}] (14) 

According to the general procedure [CpCo(H2C=CHSiMe3)2] (6) in diethyl ether (1 mL, 0.24 

mmol) and triethylphosphite (41 µL, 0.24 mmol) were used. (Yield: 74 mg, 79%) 

 

MW   390.42 g/mol 

Formula  C16H32CoO3PSi 

1
H NMR (C6D6)   = 0.25 (s, SiMe3, 9H), 1.01 (t, J = 7.0 Hz, CH3, 9H), 1.16 (t, J = 7.0 

Hz, CH, 1H), 2.09 (dd, J = 10.4 Hz / 5.9 Hz, CH2, 1H), 2.44 (dd, J = 

13.6 Hz / 1.9 Hz, CH2, 1H), 3.83 (m, CH2, 6H), 4.77 (s, Cp, 5H) 

31
P NMR (C6D6)   = 169.5 (bs) 

13
C NMR (C6D6)   = 1.3 (s, SiMe3), 16.4 (d, J = 7.0 Hz), 27.9 (d, J = 5.7 Hz), 29.9 (d, J = 

7.0 Hz), 59.6 (s), 81.8 (d, J = 3.3 Hz, Cp) 

CI (isobutane)  m/z 390 [M
+
], 290 [M-(H2C=CHSiMe3)

+
] 

HRMS (ESI) not detectable  
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5.3.5 Synthesis of [CpCo(H2C=CHSiMe3){P(Oi-Pr)3}] (15)  

According to the general procedure [CpCo(H2C=CHSiMe3)2] (6) in diethyl ether (1 mL, 0.24 

mmol) and triisopropylphosphite (59 µL, 0.24 mmol) were used. (Yield: 62 mg, 60%) 

 

MW   432.50 g/mol 

Formula  C19H38CoO3PSi 

1
H NMR (C6D6)   = 0.25 (s, SiMe3, 9H), 0.71 (m, CH, 1H), 1.08 (t, J = 6.1 Hz, 18H), 

2.23 (dd, J = 10.1 Hz / 6.1 Hz, 1H), 2.46 (d, J = 13.0 Hz, 1H), 4.71 (m, 

CH, 3H), 4.80 (s, Cp, 5H) 

31
P NMR (C6D6)   = 161.2 (bs) 

13
C NMR (C6D6)   = 1.3 (s, SiMe3), 24.2 (d, J = 4.6 Hz, CH3), 24.3 (d, J = 3.1 Hz, CH3), 

25.6 (d, J = 6.7 Hz, CH2), 30.8 (d, J = 6.2 Hz, CH), 68.5 (d, J = 5.2 Hz, 

CH), 81.8 (d, J = 3.1 Hz, Cp) 

CI (isobutane)  m/z 432 [M
+
], 332 [M-(H2C=CHSiMe3)

+
] 

HRMS (ESI) not detectable 

 

5.3.6 Synthesis of [CpCo(H2C=CHSiMe3)(17)] (16)  

According to the general procedure [CpCo(H2C=CHSiMe3)2] (6) in diethylether (4 mL, 0.48 

mmol) and  4,7-dihydro-2-phenoxy-1,3,2-dioxaphosphepine (17) (89 µL, 0.48 mmol) were 

used. (Yield: 151 mg, 73%) 

 

MW   434.43 g/mol 

Formula  C20H28CoO3PSi 

1
H-NMR (C6D6)   = 0.16 (s, CH3, 9H), 1.20 (m, CH, 1H), 2.16 (dd, J = 6.5 Hz / 10.5 Hz, 

CH2, 1H), 2.46 (dd, J = 2.2 Hz / 13.7 Hz, CH2, 1H), 4.16 (m, CH2, 1H),  

4.16-4.47 (m, CH2, 3H), 4.63 (s, Cp, 5H), 5.15 (d, J = 2.5 Hz, CH, 2H), 

6.95 (t, J = 7.5 Hz, Ph, 1H), 7.14 (d, J = 8.2 Hz, Ph, 2H), 7.27 (d, J = 

8.2 Hz, Ph, 2H) 

31
P-NMR (C6D6)   = 172.3 (bs) 

13
C-NMR (C6D6)   = 1.1 (s, SiCH3), 29.3 (d, J = 5.2 Hz), 30.9 (d, J = 6.0 Hz), 61.8 (d, J = 

5.8 Hz, CH2), 62.0 (d, J = 3.9 Hz, CH2), 82.3 (d, J = 2.9 Hz, Cp), 121.9 
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(d, J = 5.3 Hz, Ph), 124.1 (s, Ph), 128.5 (s, Ph), 128.9 (s, CH), 129.6 (s, 

CH), 152.9 (s, Ph) 

CI (Et2O)  m/z 434 [M
+
], 335 [M-(CH2=CHSiMe3)+H

+
], 211 [cyclo-PO+H

+
], 189 

[Cp2Co
+
] 

HRMS (ESI) not detectable 
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5.4 Synthesis of Complexes of the Type [CpCo(phosphite)2] 

General Procedure: 

A solution of [CpCo(cod)] (3) and the respective phosphite (2 equiv.) in THF (6 mL) was 

irradiated with light for 24 h. The solution was filtered over a small amount of neutral Al2O3 

(Brockman Type I), which was washed with toluene (10 ml). After removal of the solvent 

under reduced pressure the resulting residue was washed with n-pentane (2 ml) and the 

resulting deep red solid/oil dried under vacuum. 

5.4.1 Synthesis of [CpCo{P(OPh)3}2] (18) 
[92c]

 

a) Cobaltocene (342 mg, 1.8 mmol) was placed in a Schlenk flask and dissolved in n-

hexane (15 mL). 2-Butyne (500 µL, 6.5 mmol) and triphenylphosphite (1.1 mL, 4.2 

mmol) were added to the red-black solution. After 48 h at 70 °C the solution was 

filtered, leaving behind a black amorphous solid. The solvent was removed under 

reduced pressure and the unreacted cobaltocene and triphenylphosphite were removed 

by sublimation. The residual red-brownish solid was extracted with n-pentane. After 

removal of the solvent the red-brown solid was dried under vacuum. (Yield: 911 mg, 

66%) Crystals suitable for X-Ray analysis were obtained from a n-pentane/diethyl 

ether mixture at 4 °C.  

 

b) According to the general procedure [CpCo(cod)] (3) (232 mg, 1 mmol) and 

triphenylphosphite (521 µL, 2 mmol) were used. The resulting deep red solid was 

dried under vacuum. (Yield: 669 mg, 90%) 

 

MW   744.59 g/mol 

Formula  C41H35CoO6P2 

1
H-NMR (C6D6)   = 4.26 (s, Cp, 5H), 6.89 (tt, C4-CH, 6H), 7.04 (t, C3,5-CH, 12H), 7.26 

(d, C2,6-CH, 12H)  

31
P-NMR (C6D6)   = 157.3 (s) 

13
C-NMR (C6D6)   = 82.1 (s, Cp), 122.0 (s, Ar-C2/C6), 124.0 (s, Ar-C4), 129.5 (s, Ar-

C3/C5), 152.9 (t, Ar-C1)  

CI (isobutane)  m/z 744 [M
+
], 651[M

+
-OPh], 434 [M

+
-P(OPh)3], 311 [L+H

+
], 217 [L

+
-

OPh], 189 [Cp2Co
+
] 
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HRMS (THF) calc.: m/z 744.1235; found: m/z 744.1251 [M*
+
] 

EA calc.: C, 66.14%; H, 4.74%; Co, 7.91%; found: C, 65.80%; H, 4.26%; 

Co, 7.33% 

 

5.4.2 Synthesis of [CpCo{P(OEt)3}2] (19) 

According to the general procedure [CpCo(cod)] (232 mg, 1 mmol) and triethylphosphite 

(342 µL, 2 mmol) were used. The resulting deep red oil was dried under vacuum. (Yield: 452 

mg, 99%) 

 

MW   456.34 g/mol 

Formula  C17H35CoO6P2 

1
H-NMR (C6D6)   = 1.15 (t, J = 7.1 Hz, CH3, 18H), 3.97 (m, J = 3.5 Hz, CH2, 12H), 4.83 

(s, Cp, 5H) 

31
P-NMR (C6D6)   = 175.4 (bs)  

13
C-NMR (C6D6)   = 16.6 (t, J = 3.2 Hz, CH3), 59.3 (s, CH2), 79.5 (t, J = 1.9 Hz, Cp) 

CI (isobutane)  m/z 456 [M
+
], 290 [M-(P(OEt)3)

+
] 

HRMS (ESI) not detectable 

 

5.4.3 Synthesis of [CpCo{P(Oi-Pr)3}2] (20) 

According to the general procedure [CpCo(cod)] (3) (232 mg, 1 mmol) and 

triisopropylphosphite (493 µL, 2 mmol) were used. The resulting deep red oil was dried under 

vacuum. (Yield: 428 mg, 79%) 

 

MW   540.50 g/mol 

Formula  C23H47CoO6P2 

1
H-NMR (C6D6)   = 1.26 (d, J = 6.0 Hz, CH3, 36H), 4.83 (s, Cp, 5H), 4.85 (sep, J = 6.0 

Hz, 6H) 

31
P-NMR (C6D6)   = 172.9 (bs) 

13
C-NMR (C6D6)   = 24.7 (s, CH3), 67.3 (s, CH), 79.8 (s, Cp) 

CI (isobutane)  m/z 540 [M
+
], 332 [M-(P(O-iPr)3)

+
] 

HRMS (ESI) not detectable  
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5.4.4 Synthesis of [CpCo{P(OCH2CF3)3}2] (21) 

According to the general procedure [CpCo(cod)] (3) (50 mg, 0.21 mmol) and tris(2,2,2-

trifluoroethyl)phosphite (110 µL, 0.24 mmol)  were used. The resulting light orange solid was 

dried under vacuum. (Yield: NMR-yield: quantitative, isolated yield: 131 mg, 80%) 

 

MW   780.17 g/mol 

Formula  C17H17CoF18O6P2 

1
H-NMR (C6D6)   = 3.94 (m, J = 3.8 Hz / 4.2 Hz, CH2, 12H), 4.41 (s, Cp, 5H) 

31
P-NMR (C6D6)   = 177.1 (bs)   

13
C-NMR (C6D6)   = 61.8 (q, J = 36.8 Hz, CH2CF3), 81.3 (s, Cp), signal for CH2CF3 

obscured by solvent signal 

19
F-NMR (C6D6)  = -74.3 (t, J = 9.2 Hz) 

CI (isobutane)  m/z 780 [M
+
], 681 [M-OCH2CF3

+
], 452 [M-P(OCH2CF3)3

+
], 329 

[L+H
+
] 

HRMS (ESI) not detectable  

 

5.4.5 Synthesis of [CpCo(84)2] (22) 

According to the general procedure [CpCo(cod)] (3) (180 mg, 0.78 mmol) and tris(p-

trifluoromethylphenyl)phosphite (84) (800 mg, 1.56 mmol) were used. The resulting red solid 

was recrystallized from a n-pentane/toluene mixture. The orange solid was dried under 

vacuum. (Yield: 447 mg, 50%)  

Crystals suitable for X-Ray analysis were obtained from a n-n-pentane/toluene mixture at 

4 °C. 

 

MW   1152.58 g/mol 

Formula  C47H29CoF18O6P2 

1
H-NMR (C6D6)   = 4.13 (s, Cp, 5H), 6.83 (d, J = 8.2 Hz, 6H), 6.95 (d, J = 8.9 Hz, 6H), 

7.27 (d, J = 8.9 Hz, 12H) 

31
P-NMR (THF-d8)   = 156.0 (s) 

13
C-NMR (C6D6)   = 82.7 (s, Cp), 120.6 (s), 120.7 (s), 121.5 (s), 127.2 (s), 127.3 (s), 

152.8 (s) 



Experimental Part 

 
100 

 

19
F-NMR (THF-d8)   = -62.4 (s) 

CI (isobutane)  m/z 1154 [M+2H
+
], 992 [M-(OC6H4CF3)

+
], 638 [M-(P(O(C6H4CF3)3)

+
], 

531 [O=P(O(C6H4CF3)3
+
], 515 [P(O(C6H4CF3)3

+
], 189 [Cp2Co

+
] 

HRMS (ESI) not detectable 

EA calc.: C, 48.98%; H, 2.54%; Co, 5.11%; found: C, 49.03%; H, 2.58%; 

Co, 5.12% 

 

 

Table 14: 
31

P NMR shifts of the free and coordinating phosphite ligands 

 

L L 

δ(
31

P)/ppm 

[CpCo(L)2] 

δ(
31

P)/ppm 

[CpCo(H2C=CHSiMe3)(L)] 

δ(
31

P)/ppm 

P(OPh)3 128.6 (CDCl3) 157.3 (C6D6) 155.1 (C6D6) 

cyclo-PO 130.1 (CDCl3) - 172.3 (C6D6) 

P(OCH2CF3)3 139.6 (CDCl3) 177.1 (C6D6) 175.5 (C6D6) 

P(OC6H4-4-CF3)3 126.6 (THF-d8) 156.0 (THF-d8) 153.7 (C6D6) 

P(OEt)3 138.9 (C6D6) 175.4 (C6D6) 169.5 (C6D6) 

P(Oi-Pr)3 139.1 (C6D6) 172.9 (C6D6)  161.2 (C6D6) 
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5.5 Synthesis of Complexes of the Type [CpCo(MeO2CCH=CHCO2Me) 

(phosphite)] 

5.5.1 Synthesis of [CpCo(CO){P(OEt)3}] (23) 
[56]

 

[CpCo(CO)2] (0.35 mL, 2.5 mmol) and triethylphosphite (0.42 mL, 2.5 mmol) were stirred at 

room temperature for 24 h, before heated to 60 °C for 3 h. The solution was filtered over a 

small amount of neutral Al2O3 (Brockman Type I), which was washed with THF (20 ml). 

After removal of the solvent the deep red liquid was dried under vacuum. (Yield: 796 mg, 

quantitative) 

 

MW   318.19 g/mol 

Formula  C12H20CoO4P 

1
H NMR (C6D6)   = 1.08 (t, J = 7.3 Hz, CH3, 9H), 3.93 (quin, J = 7.3 Hz, CH2, 6H), 4.78 

(s, Cp, 5H) 

31
P NMR (C6D6)   = 173.7 (bs) 

13
C NMR (C6D6)   = 16.4 (d, J = 7.1 Hz, CH3), 60.6 (s, CH2), 82.4 (d, J = 1.3 Hz, Cp) 

CI (isobutane)  m/z 318 

HRMS   not detectable 

IR   νmax = 936, 1028, 1388, 1934, 2023, 2899, 2931, 2979 cm
-1

 

 

5.5.2 Synthesis of [CpCo(CO){P(OPh)3}] (24) 
[56]

 

[CpCo(CO)2] (1) (0.35 mL, 2.5 mmol) and triphenylphosphite (0.65 mL, 2.5 mmol) were 

stirred at room temperature for 24 h, before heating to 60 °C for 3 h. The solution was filtered 

over a small amount of neutral Al2O3 (Brockman Type I), which was washed with THF (10 

ml). After removal of the solvent the deep red liquid was dried under vacuum. (Yield: 1.046 

g, 91%) 

 

MW   462.32 g/mol 

Formula  C24H20CoO4P 
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1
H NMR (C6D6)   = 4.37 (s, Cp, 5H), 6.84 (t, J = 7.3 Hz, CH, 3H), 7.00 (t, J = 7.9 Hz, 

CH, 6H), 7.31 (m, CH, 6H) 

31
P NMR (C6D6)   = 162.2 (bs) 

13
C NMR (C6D6)   = 82.9 (d, J = 2.0 Hz, Cp), 121.8 (d, J = 5.1 Hz, CH), 124.7 (s, CH), 

129.7 (s, CH), 152.5 (d, J = 6.0 Hz, Cq) 

CI (isobutane)  m/z 462 

HRMS   not detectable 

IR (neat)  νmax = 878, 912, 1195, 1488, 1589, 1952, 2021, 3040, 3064 cm
-1 

 

5.5.3 Synthesis of [CpCo(MeO2CCH=CHCO2Me){P(OEt)3}] (25) 

Dimethylfumarate (72 mg, 0.5 mmol) was added to a solution of [CpCo(CO){P(OEt)3}] (23) 

(158 mg, 0.5 mmol) in toluene (6 mL). The red solution was irradiated with light under 

reduced pressure for a total of 24 h, during which the reactor was vented and partially 

evacuated one more time. After filtration over a small amount of neutral Al2O3 (Brockman 

Type I), which was eluted with THF (20 ml), the solvent was removed under reduced pressure 

and the sticky red oil dried under vacuum. (Yield: 166 mg; NMR-yield: 83%, 17% 

[CpCo(CO){P(OEt)3}] (23))  

A solution in n-pentane at -78 °C afforded the desired product as an orange solid, which was 

dried under vacuum.  

 

MW   434.31 g/mol 

Formula  C17H28CoO7P 

1
H NMR (C6D6)   = 1.04 (t, J = 7.1 Hz, CH3, 9H), 3.19 (t, J = 10.8 Hz, CH, 1H), 3.43 (s, 

CH3, 3H), 3.51 (s, CH3, 3H), 3.81 (m, CH2, 6H), 4.10 (dd, J = 3.7 Hz / 

10.8 Hz, CH, 1H), 4.67 (s, Cp, 5H) 

31
P NMR (C6D6)   = 160.8 (bs) 

13
C NMR (C6D6)   = 16.1 (s), 16.2 (s), 31.2 (d, J = 5.2 Hz), 35.4 (d, J = 7.8 Hz), 50.5 (s), 

50.7 (s), 60.6 (d, J = 2.9 Hz), 85.2 (d, J = 2.9 Hz, Cp), 177.1 (s), 178.4 

(s) 

CI (isobutane)  m/z 435 

HRMS   not detectable 

IR   νmax = 924, 1016, 1156, 1435, 1689, 2011, 2950 cm
-1

 



Experimental Part 

 
103 

 

EA calc.: C, 47.01%; H, 6.50%; Co, 13.57%; P, 7.13%; found: C, 46.98%; 

H, 6.54%; Co, 13.54%; P, 7.23% 

 

5.5.4 Synthesis of [CpCo(MeO2CCH=CHCO2Me){P(OPh)3}] (26)  

Dimethylfumarate (55 mg, 0.38 mmol) was added to a solution of [CpCo(CO){P(OPh)3}] 

(24) (175 mg, 0.38 mmol) in toluene (6 mL). The red solution was irradiated with light under 

reduced pressure for a total of 18 h, during which the reactor was vented and partially 

evacuated two more times. After filtration over a small amount of neutral Al2O3 (Brockman 

Type I), which was washed with THF (20 ml), the solvent was removed under reduced 

pressure and the sticky red oil was dried under vacuum. (Yield: 169 mg, 77%)  

From a saturated solution in n-pentane at 4 °C deep red crystals suitable for X-ray of the 

desired complex were obtained. 

 

MW   578.44 g/mol 

Formula  C29H28CoO7P 

1
H NMR (C6D6)   = 3.49 (s, CH3, 6H), 3.81 (t, J = 11.4 Hz, CH, 1H), 4.24 (dd, J = 4.0 

Hz / 10.3 Hz, CH, 1H), 4.30 (s, Cp, 5H), 6.85 (t, J = 7.2 Hz, CH, 3H), 

7.04 (t, J = 7.5 Hz, CH, 6H), 7.41 (d, J = 7.5 Hz, CH, 6H) 

31
P NMR (C6D6)   = 150.0 (s)  

13
C NMR (C6D6)   = 33.0 (d, J = 2.7 Hz), 37.3 (d, J = 8.7 Hz), 50.9 (d, J = 7.3 Hz), 85.8 

(d, J = 2.7 Hz, Cp), 121.7 (d, J = 5.1 Hz), 124.7 (s), 129.8 (s), 152.1 (d, 

J = 7.1 Hz), 176.2 (d, J = 4.0 Hz), 177.8 (s) 

CI (isobutane)  m/z 579 

HRMS   not detactable 

IR   νmax = 1150, 1187, 1483, 1587, 1698, 1949, 2013, 2946 cm
-1

 

EA calc.: C, 60.22%; H, 4.88%; P, 5.35%; Co, 10.19%; found: C, 60.50%; 

H, 4.89%; P, 5.35%; Co, 10.10% 

 

5.5.5 Synthesis of [CpCo(H2C=CHSiMe3){P(OPh)3}] (11) 

Trimethylvinylsilane (2 mL, 30 equiv.) was added to a solution of [CpCo(CO){P(OPh)3}] 

(24) (216mg, 0.47 mmol) in toluene (6 mL). The red solution was irradiated with light under 
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reduced pressure for a total of 4 h, during which the reactor was vented and partially 

evacuated one more time. After filtration over a small amount of neutral Al2O3 (Brockman 

Type I), which was washed with THF (20 ml), the solvent was removed under reduced 

pressure and the sticky red oil was dried under vacuum. (Yield: 193 mg; NMR-yield: 92% 

product, 8% [CpCo{P(OPh)3}2] (18))   

 

MW   534.54 g/mol 

Formula  C28H32CoO3PSi 

1
H NMR (C6D6)   = 0.17 (s, CH3, 9H), 1.51 (dt, CH, 1H), 2.49 (dd, CH2, 1H), 2.64 (dd, 

CH2, 1H), 4.41 (s, Cp, 5H), 6.86 (t, C4-CH, 3H), 7.03 (t, C3,5-CH, 6H), 

7.26 (d, C2,6-CH, 6H) 

31
P NMR (C6D6)   = 155.1 (bs)   

13
C NMR (C6D6)   = 1.1 (s, CH3), 30.7 (d, J = 5.1 Hz), 32.7 (d, J = 6.5 Hz), 82.6 (s, Cp), 

121.6 (d, J = 5.1 Hz), 124.4 (s), 130.0 (s), 152.4 (d, J = 6.1 Hz) 

CI (Et2O)  m/z 434 [M
+
-(CH2=CHSiMe3)], 311 [L+H

+
], 217 [L

+
-OPh], 189 

[Cp2Co
+
] 

 

5.5.6 Synthesis of [CpCo(coe){P(OEt)3}] (27) 

cis-Cyclooctene (2 mL, 22 equiv.) was added to a solution of [CpCo(CO){P(OEt)3}] (24) 

(222 mg, 0.69 mmol) in toluene (6 mL). The red solution was irradiated with light under 

reduced pressure for a total of 24 h. After filtration over a small amount of neutral Al2O3 

(Brockman Type I), which was washed with THF (20 ml), the solvent was removed under 

reduced pressure and the red oil dried under vacuum. (Yield: 222 mg, NMR-yield: 70% 

product, 30% [CpCo(CO){P(OEt)3}] (24))  

 

MW   400.38 g/mol 

Formula  C19H34CoO3P 

1
H NMR (C6D6)   = 1.04 (t, J = 7.2 Hz, CH3, 9H), 1.44 (m, CH2, 4H), 1.55 (m, CH2, 

2H), 1.75 (m, CH2, 4H), 2.20 (m, CH2, 2H),  2.41 (d, CH2, 2H), 3.86 

(quin, J = 6.9 Hz, CH2, 6H), 4.62 (s, Cp, 5H) 

31
P NMR (C6D6)   = 170.40 (bs) 
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13
C NMR (C6D6)   = 16.4 (d, J = 6.9 Hz), 25.8 (s), 26.5 (s), 27.1 (s), 29.5 (s), 33.3 (d, J = 

3.2 Hz), 33.6 (d, J = 1.3 Hz), 49.4 (d, J = 7.3 Hz), 59.4 (s), 82.9 (d, J = 

2.6 Hz) 

CI (Et2O)  only decomposition to [CpCo{P(OEt)3}2] (m/z 457) 

5.5.7 Synthesis of [CpCo(coe){P(OPh)3}] (28) 

cis-Cyclooctene (100 µL, 3 equiv.) was added to a solution of [CpCo(CO){P(OPh)3}] (24) 

(108 mg, 0.23 mmol) in toluene (6 mL). The red solution was irradiated with light under 

reduced pressure for a total of 24 h. After filtration over a small amount of neutral Al2O3 

(Brockman Type I), which was washed with THF (20 ml), the solvent was removed under 

reduced pressure and the sticky red oil was dried under vacuum. (Yield: 77 mg, NMR-yield: 

41% product (28), 45% [CpCo{P(OPh)3}2] (18), 13% [CpCo(CO){P(OPh)3}] (24))  

 

MW   544.51 g/mol 

Formula  C31H34CoO3P 

31
P NMR (C6D6)   = 153.78 (bs) 

 

5.5.8 Synthesis of [CpCo(cis-MeO2CCH=CHCO2Me){P(OEt)3}] (29) 

Dimethylmaleate (118 µL, 0.95 mmol) was added to a solution of [CpCo(CO){P(OEt)3}] 

(302 mg, 0.95 mmol) in toluene (6 mL). The red solution was irradiated with light under 

reduced pressure for a total of 24 h. After filtration over a small amount of neutral Al2O3 

(Brockman Type I), which was washed with THF (20 ml), the solvent was removed under 

reduced pressure and the sticky red oil dried under vacuum. (Yield: 415 mg; NMR-yield: 59% 

product (29), 17% [CpCo{P(OEt)3}2] (19, *), 6% [CpCo(dimethylfumarate){P(OEt)3}] (25, 

§), 17% dimethylmaleate (#))  

 

MW   434.31 g/mol 

Formula  C17H28CoO7P 

1
H NMR (C6D6)  = 0.94 (t, J = 7.0 Hz, 9H), 2.48 (s, 1H), 2.50 (s, 1H), 3.58 (s, 6H), 

3.72 (quin, J = 7.0 Hz, 6H), 4.87 (s, Cp, 5H) 

31
P NMR (C6D6)  = 163.80 (bs) 
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1
H NMR 

 

 

5.5.9 Synthesis of [CpCo(CO)(17)] (31) 

[CpCo(CO)2] (1) (0.14 mL, 1 mmol) and 2-phenoxy-4,7-dihydro-1,3,2-dioxaphosphephine 

(17) (0.19 mL, 1 mmol) were stirred at room temperature for 24 h. The solution was filtered 

over a small amount of neutral Al2O3 (Brockman Type I), which was washed with THF (10 

ml). After removal of the solvent the deep red liquid was dried under vacuum. A solution in n-

pentane at 4 °C afforded the desired compound as a red solid. (Yield: 306 mg, 85%) 

 

MW   362.20 g/mol 

Formula  C16H16CoO4P 

1
H NMR (C6D6)   = 4.35 (m, CH2, 1H), 4.40 (m, CH2, 1H), 4.46 (m, CH2, 1H), 4.51 (m, 

CH2, 1H), 4.57 (s, Cp, 5H), 5.19 (t, J = 2.0 Hz, CH, 2H), 6.90 (m, Ph, 

1H), 7.07 (t, J = 7.9 Hz, Ph, 2H), 7.22 (m, Ph, 2H) 

31
P NMR (C6D6)   = 177.68 (bs) 

13
C NMR (C6D6)   = 62.5 (d, J = 5.1 Hz), 82.6 (d, J = 2.0 Hz), 122.3 (d, J = 5.4 Hz), 

124.4 (d, J = 2.0 Hz), 128.6 (s), 129.6 (s), 152.7 (s) 

CI (isobutane)  m/z 362 [M
+
], 334 [M-(CO)

+
] 

# 

# 

* 

* 

* 

§ 

§ 

§ 

§ 
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EA calc.: C, 53.06%; H, 4.45%; found: C, 52.91%; H, 4.45% 

IR (neat)  νmax = 763, 886, 1021, 1204, 1485, 1588, 1934, 2926 cm
-1 

 

5.5.10 Synthesis of [CpCo(CO)(30)] (32) 

[CpCo(CO)2] (1) (0.21 mL, 1.5 mmol) and (but-3-enyl)diphenylphosphite (30) (0.42 mL, 1.5 

mmol) were stirred at room temperature for 24 h. The solution was filtered over a small 

amount of neutral Al2O3 (Brockman Type I), which was eluted with THF (10 ml). After 

removal of the solvent the deep red liquid was dried under vacuum. (Yield: 673 mg, quant.) 

 

MW   440.31 g/mol 

Formula  C22H22CoO4P 

31
P NMR (C6D6)  = 162.1 (bs), 166.2 (bs), 170.5 (bs) 

IR (neat) νmax = 687, 756, 870, 984, 1193, 1486, 1586, 1937, 2895, 2954, 3073 

cm
-1 

  Mixture of three conformers! Three sets of signals in the 
1
H NMR (Cp resonances), 

13
C NMR and 

31
P NMR spectrum 

 

1
H NMR 

 

1 

2 

3 
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5.5.11 Synthesis of [CpCo(30)] (34) 

Without further purification the mixture (178 mg) was dissolved in toluene (6 mL). The red 

solution was irradiated with light under reduced pressure for a total of 18 h. After filtration 

over a small amount of neutral Al2O3 (Brockman Type I), which was eluted with THF (20 

ml), the solvent was removed under reduced pressure and the red oil dried under vacuum. 

(Yield: 126 mg, 76%) 

 

MW   412.30 g/mol 

Formula  C21H22CoO3P 

1
H NMR (C6D6)   = 1.45 (t, J = 10.8 Hz, 1H), 1.54 (m, 1H), 2.25 (m, 2H), 3.28 (m, 1H), 

3.54-3.79 (m, 2H), 4.42 (s, Cp, 5H), 6.85 (m, 2H), 6.95-7.13 (m, 4H), 

7.26 (t, J = 7.0 Hz, 4H) 

31
P NMR (C6D6)   = 163.1 (bs) 

13
C NMR (C6D6)   = 23.0 (d, J = 6.8 Hz), 31.1 (d, J = 10.5 Hz), 36.5 (d, J = 10.5 Hz), 

65.1 (d, J = 1.9 Hz), 83.4 (d, J = 3.2 Hz), 121.34 (d, J = 5.1 Hz), 122.6 

(d, J = 4.6 Hz), 124.0 (s), 124.3 (d, J = 1.3 Hz), 129.4 (d, J = 1.2 Hz), 

129.6 (s), 152.51 (d, J = 3.2 Hz), 152.8 (d, J = 11.7 Hz) 

CI (isobutane)  m/z 412 

IR (neat)  νmax = 687, 755, 863, 1022, 1188, 1485, 1588, 1947, 2896, 2969 cm
-1 

 

5.5.12 Degradation of 31 to [CpCo(1,3-butadiene)] (35) 

[CpCo(CO)(17)] (177 mg, 0.49 mmol) was dissolved in THF (6 mL) and irradiated at 25 °C 

for 6 h. A short filtration over neutral aluminium oxide with THF results in a red solution, 

which was carefully reduced under vacuum at low temperatures of -20 °C (the resulting red 

solid was volatile). (Yield: 36 mg, 41%) 

 

MW   178.02 g/mol 

Formula  C9H11Co 

1
H NMR (C6D6) -0.31 (ddt, J = 8.2 Hz / 1.6 Hz / 0.7 Hz, 2H), 1.75 (dd, J = 7.6 Hz / 1.6 

Hz, 2H), 4.59 (s, 5H), 4.92 (m, 2H) 

13
C NMR (C6D6) 31.3 (s), 78.5 (s), 79.7 (s) 
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CI (isobutane)  m/z 178 

 

5.5.13 Synthesis of (–)-(pS)-bis(triethylphosphite)(η
5
-1-neomenthylindenyl)cobalt 

([Ind*Co{P(OEt)3}2]) (76) 

A solution of [Ind*Co(cod)] (10) (226 mg, 0.5 mmol) and triethylphosphite (172 µL, 1 mmol) 

in THF (6 mL) was irradiated with light for 24 h. The solution was filtered over a small 

amount of neutral Al2O3 (Brockman Type I), which was washed with THF (10 ml). After 

removal of the solvent under reduced pressure the resulting deep red oil was dried under 

vacuum. (Yield: 258 mg, 74%) 

 

MW   644.65 g/mol 

Formula  C31H55CoO6P2 

1
H-NMR (C6D6)   = 0.46 (d, J = 5.4 Hz, 3H), 0.95 (d, J = 5.4 Hz, 3H), 1.09 (d, J = 5.4 

Hz, 3H), 1.15 (t, J = 7.2 Hz, 18H), 1.64 (d, J = 7.2 Hz, 4H), 1.97 (d, J = 

11.3 Hz, 1H), 2.16 (m, 1H), 2.71 (d, J = 12.4 Hz, 1H), 3.57 (s, 2H), 

3.79 (m, 12H), 4.47 (s, 1H), 5.61 (s, 1H), 6.85 (t, J = 7.3 Hz, 1H), 7.00 

(t, J = 7.2 Hz, 1H), 7.45 (dd, J = 14.1 Hz / 14.5 Hz, 2H) 

31
P-NMR (C6D6)   = 169.4 (bs), 173.9 (bs) 

13
C-NMR (C6D6)   = 16.6 (d, J = 6.6 Hz), 19.4 (s), 23.3 (s), 23.5 (s), 24.1 (s), 28.4 (s), 

29.2 (s), 29.7 (s), 34.0 (s), 35.9 (s), 44.3 (s), 48.2 (s), 59.3 (s), 66.4 (s), 

88.4 (s), 96.3(s), 103.2 (s), 103.5 (s), 119.1 (s), 121.9 (s), 122.0 (s)  

CI (isobutane)  m/z 644 [M
+
] 

HRMS (ESI) not detectable 
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5.6 Synthesis of Substrates for the [2+2+2] Cycloaddition Reactions 

5.6.1 Synthesis of 53 

53 was synthesized after a published protocol and the analytical data was in accordance with 

the reported data. 
[46, 52]

 

 

5.6.2 Synthesis of 54 

54 was synthesized after a published protocol and the analytical data was in accordance with 

the reported data. 
[46, 52]

  

 

5.6.3 Synthesis of 51 

51 was synthesized after a published protocol and the analytical data was in accordance with 

the reported data. 
[88-89]

 

 

5.6.4 Synthesis of 82 

53 (1.0 g, 6.2 mmol), Pd(PPh3)4 (713 mg, 0.62 mmol) and copper(I) iodide (235 mg, 1.2 

mmol) were dissolved in toluene (30 mL). A solution of 1-iodonaphthalene (3.3 g, 13.0 

mmol) in toluene (10 mL) was added to the solution before diisopropylamine (4.4 mL, 31 

mmol) was slowly added. The solution was stirred at room temperature for 4 h during which a 

solid precipitated. The solvent was removed and the residue taken up in diethyl ether. 

Filtration and further washing of the residue with diethyl ether led after removal of the solvent 

to the crude product as a deep yellow oil. Purification via column chromatography (eluent: n-

hexane/ethyl acetate 6:1, v/v) yielded the desired product as a viscous yellow oil. (Yield: 

2.077 g, 81%) 

The analytical data were in accordance with the reported data. 
[79]
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5.7 Catalytic Screening of the Complexes 

5.7.1 General Experimental Setup for the Screening of 11-16 and 18-22 

1,6-Heptadiyne (114 µL, 1 mmol), benzonitrile (515 µL, 5 mmol) and DHT (36 mg, 0.15 

mmol) as internal standard were dissolved in THF (2 mL). A solution of the respective 

complex (5 mol% regarding the diyne) in THF (1 mL) was added and the reaction mixture 

stirred at 50 °C. At given times small aliquots of the reaction mixture (0.1 mL) were taken for 

GC analysis. 

 

5.7.2 General Experimental Setup for the Screening of 23-26 and 27 

1,6-Heptadiyne (114 µL, 1 mmol), benzonitrile (515 µL, 5 mmol) and DHT (36 mg, 0.15 

mmol) as internal standard were dissolved in THF (2 mL). A solution of the respective 

complex (5 mol% regarding the diyne) in THF (1 mL) was added and the reaction mixture 

stirred at 100 °C. At given times small aliquots of the reaction mixture (0.1 mL) were taken 

for GC analysis. 

 

5.7.3 General Procedure for the Substrate Screening 

5.7.3.1 Intermolecular Cyclotrimerization (diyne and nitrile) 

Diyne (1 mmol), nitrile (5 mmol) and the respective complex (11, 26 mg, 5 mol% / 25, 22 mg, 

5 mol%) were dissolved in dry THF (3 mL). The solution was stirred at 50 °C / 100 °C for 3 h 

before the solvent was removed under reduced pressure. Column chromatography (n-

hexane/ethyl acetate 6:1, v/v) afforded the respective pyridines as white solids or clear oils. 

The compounds were identified by NMR and MS and comparison of the obtaine dadata with 

reported data. 

 

5.7.3.2 Intermolecular Cyclotrimerization (two alkynes and nitrile) 

Alkyne (2 mmol), benzonitrile (5 mmol) and (11, 26 mg, 5 mol%/ 25, 22 mg, 5 mol%) were 

dissolved in dry THF (3 mL). The solution was stirred at 50 °C / 100 °C for 3 h before the 
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solvent was removed under reduced pressure. Column chromatography (n-hexane/ethyl 

acetate 6:1, v/v) afforded the respective pyridines as a clear oil. The compound was identified 

by NMR and MS and comparison with reported data. 

 

5.7.3.3 Intramolecular Cyclotrimerization  

The respective triyne (1 mmol) and complex (5 mol% regarding the triyne) were dissolved in 

dry toluene (3 mL). The solution was stirred at 100 °C for 18 h before the solvent was 

removed under reduced pressure. Column chromatography (n-hexane/ethyl acetate 1:1, v/v) 

afforded the respective benzenes as white solids. The compounds were identified by NMR 

and MS and comparison with reported data. 

 

5.7.4 General Procedure for the Substrate Screening in Enantioselective Cycloaddition 

Reactions 

The synthesis of [CoCl(PPh3)3] (81) was carried out according to the published procedure of 

Aresta et al. using CoCl2 ∙ 6 H2O, triphenylphosphine and NaBH4. 
[149]

 

 

5.7.4.1 Enantioselective Intermolecular Cyclotrimerization (diyne and nitrile) 

The respective diyne (0.5 mmol) and nitrile (5 equiv. with regard to the diyne) were dissolved 

in THF (3 mL). A solution of 76 (5 mol% in regard to the diyne) in THF was added to the 

reaction mixture and the solution was stirred at the respective temperature.  

At the end of the reaction, the solvent was removed under reduced pressure and the residue 

purified by column chromatography (n-hexane/ethyl acetate 6 : 1 or 10 : 1, v/v respectively) 

to yield the biaryls. The ee values were determined by chiral HPLC-analysis (Reprosil 100, n-

heptane/ethanol 99 : 1, v/v, flow 0.5 ml/min). 

The compounds were identified by NMR and MS and by their comparison with reported data. 
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5.7.4.2 Enantioselective Intramolecular Cyclotrimerization with 81 (triyne) 

(A) Chiral Anion 

The respective triyne (1 mmol), [CoCl(PPh3)3] (81) (5 mol% in regard to the triyne) and the 

respective chiral anion (5 mol% with regard to the triyne) were dissolved in THF (3 mL). 

NEt3 (3 drops) was added to the reaction mixture before the solution was stirred at room 

temperature for 1 h.   

At the end of the reaction, the solvent was removed under reduced pressure and the residue 

purified by column chromatography (n-hexane/ethyl acetate 1 : 1, v/v) to yield the benzene 

derivative. The ee values were determined by chiral HPLC-analysis (Cellulose 2, n-

heptane/isopropanol 95:5, v/v, 1 mL/min or Cellulose 4, n-heptane/ethanol 98:2, v/v, 

1 mL/min). 

The compounds were identified by NMR and MS and comparison with reported data. 

 

5.7.4.3 Enantioselective Intramolecular Cyclotrimerization with 2 (triyne) 

(A) Chiral Anion 

The respective triyne (1 mmol), [RhCl(PPh3)3] (2) (5 mol% in regard to the triyne), the 

respective chiral anion (5 mol% in regard to the triyne) and AgNTf2 (5 mol% in regard to the 

triyne) were dissolved in THF (3 mL). NEt3 (3 drops) was added to the reaction mixture 

before the solution was stirred at room temperature for 4 h.  

At the end of the reaction, the solvent was removed under reduced pressure and the residue 

purified by column chromatography (n-hexane/ethyl acetate 1 : 1, v/v) to yield the benzene 

derivative. The ee values were determined by chiral HPLC-analysis (Cellulose 2, n-

heptane/isopropanol 95:5, v/v, 1 mL/min or Cellulose 4, n-heptane/ethanol 98:2, v/v, 

1 mL/min). 

The compounds were identified by NMR and MS and comparison with reported data. 

 

(B) Chiral Ligand 

The respective triyne (1 mmol), [RhCl(PPh3)3] (2) (5 mol% in regard to the triyne), the 

respective chiral ligand (5 mol% in regard to the triyne) and AgNTf2 (5 mol% in regard to the 

triyne) were dissolved in THF (3 mL) and the solution was stirred at room temperature for 

4 h.  
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At the end of the reaction, the solvent was removed under reduced pressure and the residue 

purified by column chromatography (n-hexane/ethyl acetate 1 : 1, v/v) to yield the benzene 

derivative. The ee values were determined by chiral HPLC-analysis (Cellulose 2, n-

heptane/isopropanol 95:5, v/v, 1 mL/min or Cellulose 4, n-heptane/ethanol 98:2, v/v, 

1 mL/min). 

The compounds were identified by NMR and MS and comparison with reported data. 

 

5.8 Recycling Experiments 

5.8.1 Recycling Experiments with 25 

(A) Thermal Conditions 

1,6-Heptadiyne (114 µL, 1 mmol) and benzonitrile (515 µL, 5 mmol) were dissolved in 

toluene (2 mL). A solution of 25 (22 mg, 5 mol%) in toluene (1 mL) was added and the 

reaction mixture stirred at 100 °C for 3 h.  

The product was isolated via column chromatography (n-hexane/ethyl acetate 6:1, v/v) and 

the complex isolated as a red fraction by elution with pure ethyl acetate. Both samples were 

dried under high vacuum. 
1
H and 

31
P NMR proved that 25 was still intact and pure. The 

isolated 25 was reused in the next cyle. 

 

(B) Photochemical Conditions 

1,6-Heptadiyne (114 µL, 1 mmol) and benzonitrile (515 µL, 5 mmol) were dissolved in THF 

(5 mL). A solution of 25 (22 mg, 5 mol%) in THF (1 mL) was added and the reaction mixture 

irradiated with light at 25 °C for 3 h.  

The product was isolated via column chromatography (n-hexane/ethyl acetate 6:1, v/v) and 

the complex isolated as a red fraction by elution with pure ethyl acetate. Both samples were 

dried under high vacuum. 
1
H and 

31
P NMR proved that 25 was still intact and pure. The 

isolated 25 was reused in the next cyle.  
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5.8.2 Experiments with Deuterated Dimethylfumarate 

5.8.2.1 Synthesis of D3COOCCH=CHCOOCD3 

The deuterated dimethylfumarate was prepared based on a procedure published by Thunberg 

and Allenmark. 
[150]

 

Fumaryl chloride (706 µL, 6.5 mmol) was dissolved in toluene (6 mL) before methanol-d4 

(2.5 mL, > 10 equiv.) was added to the solution. The solution was stirred at 60 °C for 22 h 

before it was allowed to cool to room temperature. Extraction of the organic phase with water 

(2 x 10 mL) and aqueous NaOH (1M, 1 x 10 mL), drying over MgSO4 and removal of the 

organic solvent under reduced pressure led to a crystalline white solid. (Yield: 737 mg, 76%) 

 

MW    150.16 g/mol 

Formula   C6H2D6O4 

1
H NMR (CDCl3)  6.86 (s, 2H) 

13
C NMR (CDCl3)  51.8 (s), 133.5 (s), 165.5 (s) 

GC-MS   m/z 150 (< 5%), 116 [M-CD3O
+
] 

HRMS (EI)   calc.: m/z 150.0794; found: m/z 150.0796 

mp    104-105°C 

EA calc.: C, 47.99%; H/D, 9.39%; found: C, 47.93%; H, 5.55%  

(No discrimination between H and D possible, therefore the 

found value of H has to be in accordance with the not deuterated 

species C6H8O4 with calc.: H, 5.59%.) 

 

5.8.2.2 Catalytic Trial in the Presence of Deuterated Dimethylfumarate 

1,6-Heptadiyne (114 µL, 1 mmol), benzonitrile (515 µL, 5 mmol) and deuterated 

dimethylfumarate-d6 (15 mg, 0.1 mmol) were dissolved in toluene (2 mL). A solution of 25 

(22 mg, 0.05 mmol) in toluene (1 mL) was added and the reaction mixture stirred at 100 °C 

for 3 h. The solvent was removed under vacuum and the residue purified by column 

chromatography (n-hexane/ethyl acetate, v/v 6 : 1) yielding the product (129 mg, 66%) before 

the red band was collected by flushing the column with an eluent mixture of n-hexane/ethyl 
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acetate 1 : 1, v/v. The solvents were removed under reduced pressure yielding the complex as 

a red solid (quant.).  

1
H NMR analysis shows that 40% of the original dimethylfumarate had been substituted by 

the deuterated analog.  

 

CI (isobutane)   m/z 441 [M+H
+
] (deuterated analog), 435 [M+H

+
] 

 

1
H NMR 

 

 

5.6.2.3 Control Experiment 

Deuterated dimethylfumarate-d6 (15 mg, 0.1 mmol) and 25 (22 mg, 0.05 mmol) were 

dissolved in toluene (3 mL) and the reaction mixture stirred at 100 °C for 3 h. The solvent 

was removed under vacuum and the residue purified by column chromatography (n-

hexane/ethyl acetate, v/v 1 : 1). The red band was collected and the solvents removed under 

reduced pressure yielding the complex as a red solid (quant.).  

1
H NMR analysis shows that 53% of the original dimethylfumarate had been substituted by 

the deuterated analog.  
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CI (isobutane)   m/z 441 [M+H
+
] (deuterated analog), 435 [M+H

+
] 

 

1
H NMR  
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5.9 Characterization of Products of the [2+2+2] Cycloaddition Reaction 

NMR data of compounds 43-46, 
[51]

 47-50, 
[151]

 52, 
[88-89]

 55-56 
[52]

 and 83 
[79]

 corresponded to 

the reported data in literature. 

 

5.9.1 Characterization of 43 

1
H NMR (CDCl3)  = 2.15 (qt, J = 7.24 Hz, 2H), 2.98 (t, J = 7.62 

Hz, 4H), 7.36-7.41 (m, 1H), 7.367.43-7.48 (m, 

2H), 7.61 (s, 1H), 7.94-7.98 (m, 2H), 8.54 (s, 

1H)  

13
C NMR (CDCl3)   = 25.1 (s), 30.1 (s), 33.0 (s), 117.5 (s), 127.2 (s), 128.9 (s), 129.1 (s), 

139.7 (s), 143.9 (s), 154.6 (s), 156.7 (s) 

 

5.9.2 Characterization of 44 

1
H NMR (CDCl3)   = 1.29 (d, J = 6.98 Hz, 6H), 2.08 (qt, J = 7.44 

Hz, 2H), 2.88 (ddd, J = 2.82 / 7.53 Hz, 4H), 3.03 

(sept, J = 6.72 Hz, 1H), 7.06 (s, 1H), 8.37 (s, 1H) 

13
C NMR (CDCl3)  = 23.0 (s), 25.3 (s), 30.0 (s), 32.8 (s), 36.3 (s), 116.8 (s), 137.5 (s), 

144.8 (s), 154.4 (s), 165.0 (s) 

 

5.9.3 Characterization of 45 

1
H NMR (CDCl3)  = 1.34 (s, 9H), 2.06 (qt, J = 7.48 Hz, 2H), 2.87 

(t, J = 7.48 Hz, 4H), 7.22 (s, 1H), 8.40 (s, 1H) 

13
C NMR (CDCl3)  = 25.2 (s), 30.0 (s), 30.5 (s), 32.9 (s), 37.2 (s), 

115.3 (s), 138.0 (s), 144.4 (s), 154.0 (s), 167.0 (s) 
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5.9.4 Characterization of 46 

1
H NMR (CDCl3)  = 1.85 (qt, J = 3.33 Hz, 4H), 2.80 (m, 4H), 

7.33-7.49 (m, 4H), 7.93 (m, 1H), 7.94 (s, 1H), 

8.38 (s, 1H)  

13
C NMR (CDCl3)  = 22.6 (s), 22.8 (s), 26.2 (s), 29.1 (s), 120.9 (s), 126.8 (s), 128.5 (s), 

128.8 (s), 131.9 (s), 139.8 (s), 147.0 (s), 150.3 (s), 154.5 (s) 

 

5.9.5 Characterization of 47 

1
H NMR (CDCl3)   = 1.27 (d, J = 6.87 Hz, 6H), 1.80 (qt, J = 3.28 

Hz, 4H), 2.71 (m, 4H), 2.97 (sept, J = 6.99 Hz, 

1H), 6.85 (s, 1H), 8.22 (s, 1H) 

13
C NMR (CDCl3)  = 22.7 (s), 22.8 (s), 22.9 (s), 26.1 (s), 29.0 (s), 35.9 (s), 120.3 (s), 

120.6 (s), 125.7 (s), 130.0 (s), 130.4 (s), 146.6 (s), 149.7 (s) 

GC-MS (EI)   m/z 174 

HRMS (ESI)  calc.: m/z 176.1433 [M+H
+
]; found: m/z 176.1435 [M+H

+
] 

 

5.9.6 Characterization of 48 

1
H NMR (CDCl3)   = 1.34 (s, 9H), 1.80 (qt, J = 3.36 Hz, 4H), 2.71 

(m, 4H), 7.00 (s, 1H), 8.26 (s, 1H) 

13
C NMR (CDCl3)   = 22.6 (s), 22.9 (s), 26.0 (s), 29.1 (s), 30.4 (s), 36.9 (s), 119.1 (s), 

129.9 (s), 146.1 (s), 149.3 (s), 166.0 (s) 

GC-MS (EI)   m/z 188 

HRMS (ESI)   calc.: m/z 190.1590 [M+H
+
]; found: m/z 190.1594 [M+H

+
] 

 

5.9.7 Characterization of 50 

1
H NMR (CDCl3)  = 0.81 (t, J = 7.44 Hz, 3H), 0.98 (t, J = 7.44 Hz, 

3H), 1.44 (sext, J = 7.89 Hz, 2H), 1.71 (sext, J = 

7.89 Hz, 2H), 2.07 (qt, J = 7.35 Hz, 2H), 2.50 (m, 
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2H), 2.73 (m, 2H), 2.95 (m, 4H), 7.31-7.44 (m, 5H)  

13
C NMR (CDCl3)  = 14.3 (s), 14.4 (s), 22.7 (s), 22.3 (s), 23.3 (s), 24.8 (s), 30.8 (s), 31.7 

(s), 38.2 (s), 112.6 (s), 119.0 (s), 127.3 (s), 129.4 (s), 126.5 (s), 153.3 

(s), 154.5 (s), 156.5 (s) 

GC-MS (EI)   m/z 279 

HRMS (ESI)   calc.: m/z 280.2060 [M+H
+
]; found: m/z 280.2062 [M+H

+
] 

 

5.9.8 Characterization of 52 

1
H NMR (CDCl3)   = 1.65-1.76 (m, 1H), 1.77-1.84 (m, 1H), 1.84-

1.91 (m, 2H), 2.28 (d, J = 17.4 Hz, 1H), 2.57 (m, 

1H), 2.99 (dt, J = 6.1 Hz / 2.8 Hz, 2H), 3.90 (s, 

3H), 7.38-7.45 (m, 5H), 7.46-7.52 (m, 2H), 7.60 

(s, 1H), 7.90-7.94 (m, 1H), 7.99 (d, J = 9.0 Hz, 

1H), 8.08-8.12 (m, 2H) 

13
C NMR (CDCl3)  = 22.4 (s), 23.1 (s), 25.5 (s), 29.8 (s), 56.7 (s), 113.8 (s), 120.4 (s), 

123.7 (s), 123.8 (s), 124.9 (s), 126.5 (s), 127.2 (s), 128.0 (s), 128.3 (s), 

128.5 (s), 129.3 (s), 129.7 (s), 132.1 (s), 133.4 (s), 140.1 (s), 146.9 (s), 

153.8 (s), 154.1 (s), 155.9 (s)  

 

5.9.9 Characterization of 55 

1
H NMR (CDCl3)   = 5.00 (s, 4 H), 5.10 (s, 4 H), 7.12 (s, 2 H) 

13
C NMR (CDCl3)  = 72.2 (s), 73.4 (s), 119.9 (s),132.3 (s), 138.6 (s)  

 

5.9.10 Characterization of 56 

1
H NMR (CDCl3)  = 5.00 (s, 4 H), 5.15 (s, 4 H), 7.01–7.04 (m, 4 H), 

7.15–7.19 (m, 6 H) 

13
C NMR (CDCl3)  = 72.9 (s), 73.8 (s), 127.0 (s), 128.1 (s), 129.6 (s), 

131.4 (s),134.3 (s), 138.6 (s), 138.9 (s) 
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5.9.11 Characterization of 59  

1
H NMR (CDCl3)  = 0.90 (t, J = 7.18 Hz, 3H), 1.13 (t, J = 7.39 Hz,  3H), 

1.14 (t, J = 7.39 Hz, 3H), 1.19 (t, J = 7.39 Hz, 3H), 2.47 

(q, J = 7.61 Hz, 2H), 2.62 (dq, J = 7.61 Hz / 0.91 Hz, 

4H), 2.73 (q, J = 7.61 Hz, 2H), 7.27 (m, 1H), 7.30 (m, 

2H), 7. 32 (m, 2H) 

13
C NMR (CDCl3)  = 14.8 (s), 15.5 (s), 15.6 (s), 15.7 (s), 21.6 (s), 21.9 (s), 22.1 (s), 28.5 

(s), 127.3 (s), 128.1 (s), 129.0 (s), 132.6 (s), 133.5 (s),  142.5 (s), 149.4 

(s), 156.7 (s), 158.3 (s) 

GC/MS (EI)  m/z 266 

HRMS (EI) calc.: m/z 266.1903; found: m/z 266.1901 

 

5.9.12 Characterization of 60  

MW   307.39 g/mol 

Formula  C23H17N 

GC/MS (EI)  4 signals with each m/z 306 or m/z 307 (4 stereoisomers) 

 

5.9.13 Characterization of 83 

1
H-NMR (CDCl3)  = 4.71 (d, J = 4.7 Hz, 2H), 4.76 (bs, 2H), 

5.25 (s, 5H), 6.86 (m, 1H), 6.97 (m, 1H), 

7.15 (m, 1H), 7.24 (m, 1H), 7.43-7.64 (m, 

6H), 7.70 (m, 1H), 7.77 (m, 1H)  

13
C-NMR (CDCl3)  = 73.0 (s), 73.1 (s), 73.8 (s), 73.9 (s), 77.4 

(s), 124.7 (s), 125.1 (s), 125.6 (s), 125.7 (s), 125.8 (s), 125.9 (s), 126.1 

(s), 126.4 (s), 127.7 (s), 128.1 (s), 128.5 (s), 130.9 (s), 131.4 (s), 131.5 

(s), 131.6 (s), 133.3 (s), 133.4 (s), 133.5 (s), 133.6 (s), 135.6 (s), 136.0 

(s), 140.0 (s), 140.1 (s) 
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5.9.14 Characterization of 62 

1
H-NMR (CDCl3)  = 1.55 (s), 7.37-7.43 (m, 6H), 7.44-7.53 (m, 9H) 

13
C-NMR (CDCl3)  = 128.55 (s), 129.50 (s), 133.74 (s), 148.83 (s) 

HRMS (ESI) calc.: m/z 357.11134; found: m/z 358.11898  [M+H
+
],    

m/z 380.10116 [M+Na
+
] 
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5.10 In situ NMR Experiments 

1
H and 

31
P{H} NMR spectra were recorded on the Bruker AV 400 spectrometer. As a light 

source a Lumatec Superlite 400 with a mercury vapor lamp was used. The probe was 

irradiated with light the wavelength 320–500 nm (UVA and blue light) with an efficient 

energy output of 3.3 W. The charging of the NMR tube was carried out under standard 

Schlenk line techniques.  

For the in situ NMR spectroscopy, a sapphire NMR tube was used to which an optical fiber 

was connected using a Ti flange. 
[114]

 The system was sealed using a Viton o-ring to maintain 

the inert gas atmosphere. With an inner diameter of 7 mm, the NMR tube provided a cross 

section greater than or equal to that which is given by the optical fiber, so that the radiation 

could penetrate the Ar atmosphere above the liquid without any significant loss of intensity. 

The refraction index of the sapphire and of the angle of incidence contribute to full reflection 

of the light that may hit the inner wall of the NMR tube before penetrating the liquid. 

 

5.10.1 Reaction of 3 to 18 

The sapphire NMR tube was evacuated three times before [CpCo(cod)] (3) (30 mg, 0.13 

mmol) and triphenylphosphite (67 µL, 0.26 mmol) were dissolved in C6D6 (2 mL).  

As long as the probe is irradiated with light the temperature of the solution increases slowly 

over hours from 297.0 K to 300.5 K, remaining at this temperature for the rest of the 

experiment’s time.  

 

5.10.2 Reaction of 23 to 25 

The sapphire NMR tube was evacuated three times before [CpCo(CO){P(OEt)3}] (23) (30 

mg, 0.09 mmol) and dimethylfumarate (13.5 mg, 0.09 mmol) were dissolved in C6D6 (2 mL).  

As long as the probe is irradiated with light the temperature of the solution increases slowly 

over hours from 297.0 K to 300.5 K, remaining at this temperature for the rest of the 

experiment’s time.  

 

 



Experimental Part 

 
124 

 

5.10.3 Reaction of 31 to 35 

The sapphire NMR tube was evacuated three times before [CpCo(CO)(17)] (31) (25 mg, 0.07 

mmol) was dissolved in C6D6 (2 mL).  

As long as the probe is irradiated with light the temperature of the solution increases slowly 

over hours from 297.0 K to 300.5 K, remaining at this temperature for the rest of the 

experiment’s time.  

 

5.10.4 Reaction of 32 to 34 

The sapphire NMR tube was evacuated three times before [CpCo(CO)(30)] (32) (58 mg, 0.13 

mmol) was dissolved in C6D6 (2 mL).  

As long as the probe is irradiated with light the temperature of the solution increases slowly 

over hours from 297.0 K to 300.5 K, remaining at this temperature for the rest of the 

experiment’s time.  
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5.11 Solid phase-Supported Catalysts 

5.11.1 Synthesis of Cyclopentadiene Derivatives 

5.11.1.1 Synthesis of 64 

2-Bromoethanol (3 mL, 42 mmol) was dissolved in dichloromethane (50 mL). Triethylamine 

(6.5 mL, 1.1 equiv.) was added to the solution and stirred for 10 min at room temperature 

before TMSCl (5.4 mL, 42 mmol) was slowly added via a syringe. A white solid precipitated. 

The suspension was stirred at room temperature for 3 h before it was heated to 40 °C for an 

additional hour. The solution was filtered and washed with water two times. The combined 

aqueous phase was washed with dichloromethane. The combined organic phase was dried 

over MgSO4, filtered and the solvent removed under vacuum. The clear oil was dried under 

vacuum at low temperatures (0 °C). (Yield: 8.26 g, 98%)  

 

MW    197.15 g/mol 

Formula   C5H13BrOSi 

1
H NMR (CDCl3)  = 0.14 (s, TMS, 9H), 3.39 (t, J = 6.6 Hz, 2H), 3.8 (t, J = 6.6 

Hz, 2H) 

13
C NMR (CDCl3)   = 0.06 (s), 33.2 (s), 63.1 (s) 

 

5.11.1.2 Synthesis of 65 

TBSCl (5.33 g, 35 mmol) was dissolved in dichloromethane (40 mL). Triethylamine (5 mL, 

1.1 equiv.), DMAP (42 mg, 0.34 mmol) and 2-Bromoethanol (2.5 mL, 35 mmol) were added 

via a syringe. A white solid precipitated while the suspension was stirred at room temperature 

for 18 h. The solvent was removed under vaccum before the residue was taken up in ethyl 

acetate and aqueous HCl (2 M). The water phase was extracted with ethyl acetate and the 

combined organic phases were washed with a saturated NaCl-solution, dried over MgSO4, 

filtered and the solvent removed under vacuum. The clear oil was dried under vacuum. 

(Yield: 8.03 g, 95%)  

NMR data of compound 65 corresponded to the reported data from the literature. 
[152]
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5.11.1.3 Synthesis of 66 

To a solution of (2-bromoethoxy)trimethylsilane (2.97 g, 15 mmol) in diethyl ether (30 mL) a 

deep purple solution of sodium cyclopentadienide (7.5 mL, 2M in THF) was slowly added at -

78 °C upon which a white solid precipitates. The solution was stirred at -78 °C for 1 h before 

it was allowed to warm to room temperature and stirred for further 18 h. Water was added to 

the suspension and the organic phase was washed with water twice, before it was dried over 

MgSO4. Removal of the solvent resulted in a brownish liquid. After purification by column 

chromatography (eluent n-hexane/ethyl acetate 1 : 1, v/v) the desired compound was isolated 

as a clear liquid. (Yield: 880 mg, 32%) 

NMR data of compound 66 corresponded to the reported data in the literature. 
[153]

 

 

5.11.1.4 Synthesis of 67 

To a solution of (2-bromoethoxy)(t-butyl)dimethylsilane (4.51 g, 19 mmol) in 

dichloromethane (100 mL) a deep purple solution of sodium cyclopentadienide (10 mL, 2M 

in THF) was slowly added at -78 °C upon which a white solid precipitates. The solution was 

stirred at -78 °C for 1 h before it was warmed to room temperature and stirred for further 18 h. 

Water was added to the suspension and the organic phase was washed with water twice, 

before it was dried over MgSO4. Removal of the solvent resulted in a yellow liquid. After 

purification by column chromatography (eluent n-hexane/ethyl acetate 6 : 1, v/v) the desired 

compound was obtained as a clear colorless liquid. (Yield: 2.03 g, 48%) 

 

MW    224.41 g/mol 

Formula
  

C13H24OSi
 

1
H NMR (CDCl3)  = 0.04 (s, 3H), 0.04 (s, 3H), 0.90 (s, 9H), 2.60 (m, 2H), 2.94 

(m, 2H), 5.98-6.11 (m, 1H), 6.16-6.29 (m, 2H), 6.37-6.48 (m, 

2H) 

GC-MS    m/z 224 

 

5.11.1.5 Synthesis of 71 

The synthesis of 71 was carried out after a procedure reported by Blum et al. 
[120]
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(3-Bromopropyl)trimethoxysilane (6.6 mL, 35 mmol) was dissolved in THF (60 mL) and a 

solution of sodium cyclopentadienide (2M in THF, 18 mL) was slowly added at 0 °C. A white 

precipitate formed and the solution was stirred at room temperature overnight. The solvent 

was removed under reduced pressure and the residue extracted with n-hexane (3 x 15 mL). 

Removal of the solvent from the yellow solution resulted in a yellow-brown liquid, which was 

purified by bulb-to-bulb distillation (100 °C, 0.1 mbar). The resulting clear liquid contained 

two different isomers. (Yield: 4.799 g, 60%) 

NMR data of compound 71 corresponds to the reported data in literature. 
[67b, 154]

 

 

MW    228.36 g/mol 

Formula   C11H20O3Si 

1
H NMR (CDCl3)  = 0.68 (m, 2H), 1.67 (m, 2H), 2.41 (m, 2H), 2.87 (q, J = 1.5 

Hz, 1H), 2.94 (q, J = 1.5 Hz, 1H), 3.56 (s, 9H), 5.99-6.17 (m, 

1H), 6.23-6.45 (m, 2H) 

13
C NMR (CDCl3)  = 9.1 (s), 9.2 (s), 22.1 (s), 23.0 (s), 33.2 (s), 34.2 (s), 41.4 (s), 

43.3 (s), 50.7 (s), 126.4 (s), 126.8 (s), 130.7 (s), 132.6 (s), 133.8 

(s), 134.8 (s), 146.9 (s), 149.6 (s) (two sets of signals for two 

isomers) 

GC-MS   m/z 228 (two isomers) 

 

5.11.2 Synthesis of Cp
sub

Co-complexes 

5.11.2.1 Attempted synthesis of 68 

Route (A) 

 

66 (774 mg, 3.4 mmol), Co2(CO)8 (590 mg, 1.7 mmol) and 3,3-dimethylbut-1-ene (5 mL) are 

dissolved in dichloromethane (5 mL) and stirred at 40 °C for 24 h. After removal of the 

solvents the red oil was dried under high vacuum.  

NMR and MS analysis did not hint at the formation of the desired complex 68. 
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Route (B) 

 

Co2(CO)8 (150 mg, 0.44 mmol) and iodine (230 mg, 0.44 mmol) were dissolved in THF 

(30mL) and the green solution stirred at 25 °C for 2 h. Meanwhile 66 (80 mg, 0.44 mmol) and 

n-butyllithium (0.22 mL, 2M) were stirred in THF (5 mL) at -78 °C for 1 h before it was 

allowed to warm to room temperature. Both solutions were combined and stirred for further 

18 h at room temperature. The color of the solution remained green over the entire time 

suggesting that no reaction had occurred. Removal of the solvent under reduced pressure 

resulted in a green black slurry.  

NMR and MS analysis did not hint at the formation of the desired complex 68. 

 

Route (C) 

 

Co2(CO)8 (690 mg, 2 mmol) and iodine (510 mg, 2 mmol) were dissolved in THF (30mL) and 

the green solution stirred at 25 °C for 2 h. Meanwhile 66 (727 mg, 4 mmol) and sodium sand 

(90 mg, 4 mmol) were stirred in THF (15 mL) at 25 °C until the gas evolution had ceased. 

Both solutions were combined and stirred for further 18 h at room temperature. The color of 

the solution remained green over the entire time suggesting that no reaction had occurred. 

Removal of the solvent under reduced pressure resulted in a green black slurry.  

NMR and MS analysis did not hint at the formation of the desired complex 68. 

 

5.11.2.2 Attempted synthesis of 69 

Route (A) 

 

67 (774 mg, 3.4 mmol), Co2(CO)8 (590 mg, 1.7 mmol) and 3,3-dimethylbut-1-ene (5 mL) 

were dissolved in dichloromethane (5 mL) and stirred at 40 °C for 24 h. After removal of the 

solvents the red oil was dried under high vacuum.  

NMR and MS analysis did not hint at the formation of the desired complex 69. 
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Route (C) 

 

Co2(CO)8 (1 g, 2.9 mmol) and iodine (740 mg, 2.9 mmol) were dissolved in THF (30mL) and 

the green solution stirred at 25 °C for 2 h. Meanwhile 67 (1.3 g, 5.8 mmol) and sodium sand 

(133 mg, 5.8 mmol) were stirred in THF (15 mL) at 25 °C until the gas evolution had ceased. 

Both solutions were combined and stirred for further 18 h at room temperature. The color of 

the solution remained green over the entire time suggesting that no reaction had occurred. 

Removal of the solvent under reduced pressure resulted in a green black slurry.  

NMR and MS analysis did not hint at the formation of the desired complex 69. 

 

5.11.2.3 Synthesis of 72 

a) The synthesis was carried out based on a procedure reported by Blum et al. 
[120]

 

 

Compound 71 (1.422 g, 6.2 mmol) and sodium sand (161 mg, 6.2 mmol) were stirred in THF 

(15 mL) at 25 °C for 24 h until all the sodium had reacted. The clear red solution was stirred 

for one further hour. Meanwhile Co2(CO)8 (1.066 g, 3.1 mmol) and iodine (791 mg, 3.1 

mmol) were dissolved in THF (40 mL) and stirred for two hours. The sodium 

cyclopentadienyl solution was added to the green solution at room temperature and stirred for 

18 h during which it turned red brown. Upon removal of the solvent the red brown residue 

was extracted with n-hexane (3 x 15 mL), filtered and the solvent reduced. The red oil was 

dried in high vacuum. (Yield: 591 mg, with 1:1 71 impurity, 17%) 

 

b) The synthesis was carried out based on a procedure reported by Pang et al. 
[119a]

 

 

Compound 71 (1.2 g, 5.2 mmol), Co2(CO)8 (899 mg, 2.6 mmol) and 3,3-dimethylbut-1-ene (4 

mL) were stirred in dichloromethane (5 mL) at 40 °C for 72 h. All volatiles were removed and 

the residual red oil was taken up in n-pentane and filtered. Upon removal of the solvent the 

red oil was dried under high vacuum. (Yield: 1.667 g, 93%) 

 

MW    342.31 g/mol 

Formula   C13H19CoO5Si 
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1
H NMR (C6D6)  = 0.60 (t, J = 7.8 Hz, 2H), 1.60 (m, 2H), 2.01 (t, J = 7.8 Hz, 

2H), 3.43 (s, 9H), 4.37 (s, 2H), 4.56 (s, 2H) 

13
C NMR (C6D6)   = 9.7 (s), 24.8 (s), 31.5 (s), 50.4 (s), 83.0 (s), 85.2 (s), 107 (s) 

CI (isobutane)   m/z 343 [M
+
], 315 [M-CO

+
], 287 [M-(CO)2

+
] 

IR νmax = 450, 541, 562, 616, 802, 1076, 1189, 1457, 1951, 2015, 

2054, 2839, 2939 cm
-1

 

 

5.11.2.4 Synthesis of 73 

Compound 72 (1.242 g, 3.6 mmol) and triethylphosphite (616 µL, 3.6 mmol) were dissolved 

in THF (1 mL) and stirred at room temperature for 24 h. After addition of the 

triethylphosphite a gas evolution was visible. Removal of the solvent resulted in a red oil, 

which was dried under high vacuum. (Yield: 1.28 g, 74%; 26% unreacted [Cp
Si

Co(CO)2]) 

 

MW    480.45 g/mol 

Formula   C18H34CoO7PSi 

1
H NMR (C6D6)  = 0.75 (m, 2H), 1.1 (t, J = 6.9 Hz, 9H), 1.86 (m, 2H), 2.40 (dt, 

J = 1.4 Hz / 7.7 Hz, 2H), 3.45 (s, 9H), 3.99 (dq, J = 7.1 Hz / 8.4 

Hz, 6H), 4.63 (q, J = 1.7 Hz, 2H), 4.84 (t, J = 2.1 Hz, 2H) 

13
C NMR (C6D6)  = 9.7 (s), 16.4 (d, J = 6.4 Hz), 24.7 (s), 31.5 (s), 50.3 (s), 60.5 

(s), 83.0 (s), 85.2 (s) 

31
P NMR (C6D6)   = 174.1 (bs) 

CI (isobutane)   m/z 480 [M
+
], 229 [Cp

Si
+H

+
] 

IR νmax = 454, 556, 594, 805, 932, 1024, 1079, 1189, 1387, 1456, 

1886, 1928, 2838, 2938 cm
-1

 

 

5.11.2.5 Synthesis of 74 

Compound 73 (830 mg, 1.73 mmol) and dimethylfumarate (250 mg, 1.73 mmol) were 

dissolved in THF (6 mL). The solution was irradiated with light under reduced pressure for 24 

h before the solvent was removed and the residue taken up in n-pentane (5 mL). The solution 

was filtered to separate the unreacted dimethylfumarate and stored at -78 °C. This led to the 
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precipitation of an orange solid, which was isolated by filtration and which turned into a deep 

red oil at room temperature. (Yield: 820 mg, 51%) 

 

MW    596.57 g/mol 

Formula   C23H42CoO10PSi 

1
H NMR (C6D6)  = 0.77 (m, 2H), 1.08 (t, J = 7.3 Hz, 9H), 1.87 (quin, J = 8.5 

Hz, 2H), 2.69 (m, 2H), 3.44 (s, 3H), 3.45 (s, 9H), 3.54 (s, 3H), 

3.84 (m, 6H), 4.15 (quin, J = 2.0 Hz, 1H), 4.45 (m, 1H), 4.66 

(m, 1H), 4.69 (m, 1H) 

13
C NMR (C6D6)  = 9.8 (s), 16.2 (d, J = 6.8 Hz), 25.1 (s), 31.7 (s), 32.8 (s), 50.4 

(s), 50.5 (s), 50.6 (s), 60.5 (s), 82.8 (s), 84.9 (s), 177.2 (s), 177.5 

(s) 

31
P NMR (C6D6)   = 161.4 (bs) 

CI (isobutane) m/z 597 [M+H
+
], 452 [M-dimethylfumarate

+
], 286 [M-

dimethylfumarate -P(OEt)3
+
] 

IR νmax = 438, 488, 556, 761, 931, 1020, 1080, 1150, 1187, 1252, 

1294,1388, 1433, 1693, 1929, 1963, 2839, 2942 cm
-1

 

EA calc.: C, 46.31%; H, 7.10%; P, 5.19%; Si, 4.71%; found: C, 

46.57%; H, 7.07%; P, 5.10%; Si, 4.70% 

 

5.11.2.6 Synthesis of 75 

Compound 71 (620 mg, 3 mmol) and sodium sand (70 mg, 3 mmol) were stirred in THF (12 

mL) at 25 °C for 24 h until all the sodium had reacted. 81 (2.643 g, 3 mmol) was dissolved in 

THF (30 mL) and the red cyclopentadienyl solution was added at room temperature. The 

complete solution turned immediately red and was stirred for additional 2 h. 1,5-

Cyclooctadiene (4 mL, mmol) was added and the solution stirred at 60 °C for additional 18 h. 

After evaporation of the solvent removal of the triphenylphosphine was accomplished by a 

method published by Lipshutz and Blomgren.
[123]

 Merrifield’s resin 

((Chloromethyl)polystyrene, ~5.5 mmol/g Cl loading, obtained from Aldrich; CAS: 55844-

94-5) (4 g) and sodium iodide (3 g) were added to the THF (20 mL) solution of the product 

mixture. After stirring the solution at room temperature for 18 h, the solution was filtered and 

the solvent removed under reduced pressure. The orange residue was taken up in warm n-
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hexane and filtered. After removal of the solvent under reduced pressure the complex was 

obtained as a red oil. (Yield: 907 mg, 77%) 

 

MW    394.47 g/mol 

Formula   C19H31CoO3Si 

1
H NMR (C6D6)  = 0.72 (m, 2H), 1.73 (d, J = 7.8 Hz, 4H), 1.96 (m, 2H), 2.21 

(m, 2H), 2.49 (m, 4H), 3.33 (m, 4H), 3.44 (s, 9H), 4.22 (t, J = 

2.1 Hz, 2H), 4.35 (t, J = 2.3 Hz, 2H) 

13
C NMR (C6D6)  = 9.9 (s), 24.5 (s), 28.4 (s), 31.3 (s), 32.5 (s), 50.4 (s), 64.6 (s), 

83.1 (s), 84.3 (s) 

CI (isobutane)   m/z 394 [M
+
], 286 [M-cod

+
] 

 

5.11.3 Synthesis of Sol-Gel-Supported Cp
sub

Co-complexes 

All entrapment experiments were carried out according to a procedure reported by Schumann 

et al. 
[120]

 All aqueous solutions were prepared with degassed and distilled water.  

5.11.3.1 Synthesis of SG-(74) 

Method 1: 

HCl (0.01 M, 1.2 mL), Si(OMe)4 (2.5 mL, 17 mmol) and methanol (3.5 mL) were stirred for 

15 min at room temperature. The acidic solution was neutralized by the addition of an 

aqueous solution of NH4OH (0.1 M, 0.44 mL) and a solution of 74 (500 mg, 0.84 mmol) in 

THF (2 mL). The red mixture gelled within a few minutes and was left to stand for 1h. The 

wet gel was dried under high vacuum over night before the coarse red solid was crushed into 

smaller fragments. The solid was washed four times with hot dichloromethane removing any 

not entrapped 74. After sonication in dichloromethane (10 mL) for 30 min the solid was dried 

under high vacuum over night. (Yield: 1.483 g) 

EA    calc.: Co, 2.2%; found: Co, 1.35%  

(No complete combustion was possible, therefore no exact Co 

content could be determined) 

ICP    calc.: Co, 2.2%; found: Co, 2.0% 

IR    νmax = 418, 438, 462, 788, 941, 1053 cm
-1
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Method 2: 

74 (163 mg, 0.30 mmol), HCl (0.01 M, 1.2 mL), Si(OMe)4 (2.5 mL, 17 mmol) and methanol 

(3.5 mL) were stirred for 15 min at room temperature. The acidic solution was neutralized by 

the addition of an aqueous solution of NH4OH (0.1 M, 0.44 mL). The red mixture gelled 

within a few minutes and was left to stand for 1h. The wet gel was dried under high vacuum 

over night before the coarse red solid was crushed into smaller fragments. The solid was 

washed four times with hot dichloromethane removing any not entrapped 74. After sonication 

in dichloromethane (10 mL) for 30 min the solid was dried under high vacuum over night. 

(Yield: 797 mg) 

EA    calc.: Co, 2.0%; found: Co, 0.04% 

(No complete combustion was possible, therefore no exact Co 

content could be determined) 

ICP    calc.: Co, 2.0%; found: Co, 0.5% 

IR    νmax = 407, 435, 1053 cm
-1

 

 

5.11.3.2 Synthesis of SG-(75) 

Method 1: 

HCl (0.01 M, 2.4 mL), Si(OMe)4 (5 mL, 34 mmol) and methanol (7 mL) were stirred for 15 

min at room temperature. The acidic solution was neutralized by the addition of an aqueous 

solution of NH4OH (0.1 M, 0.88 mL) and a solution of 75 (220 mg, 0.56 mmol) in THF (2 

mL). The orange mixture gelled within a few minutes. The wet gel was dried under high 

vacuum over night before the coarse brown solid was crushed into smaller fragments. The 

solid was washed twice with hot dichloromethane removing any not entrapped 75. After 

sonication in n-hexane (6 mL) for 30 min the solid was dried under high vacuum over night. 

(Yield: 2.5 g) 

EA    calc.: Co, 1.32%; found: Co, 0.16% 

(No complete combustion was possible, therefore no exact Co 

content could be determined) 

ICP    calc.: Co, 1.32%; found: 0.75% 
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5.11.3.3 Synthesis of SGL-(74) 

Method 2: 

74 (200 mg, 0.37 mmol), HCl (0.01 M, 0.6 mL), 1,4-bis(trimethoxysilylethyl)benzene (2.9 

mL, 7.2 mmol) and methanol (2 mL) were stirred for 5 min at room temperature. The acidic 

solution was neutralized by the addition of an aqueous solution of NH4OH (0.1 M, 0.22 mL). 

The red mixture gelled within a few minutes. The wet gel was broken apart with a spatula and 

washed with acetone and ethanol before it was shortly dried under high vacuum. After 

sonication in THF (10 mL) for 30 min the red solid was dried under high vacuum over night. 

(Yield: 2.489 g) 

EA    calc.: Co, 0.8%; found: Co, 0.7% 

(No complete combustion was possible, therefore no exact Co 

content can be determined) 

ICP    calc.: Co, 0.8%; found: Co, 0.3% 

 

5.11.4 Synthesis of Silica-Supported Cp
sub

Co-complexes 

5.11.4.1 Synthesis of SiO2-(74) 

The supported catalyst was prepared after a reported procedure by Brintzinger et al. 
[67a]

 An 

alternative preparation procedure was reported by Booth et al. 
[67b]

 

 

74 (671 mg, 1.13 mmol) and silica (1 g) were stirred in toluene (10 mL) at 80 °C for 48 h. The 

solid was separated by filtration and washed with diethyl ether before it was transferred to a 

Soxhlet thimble and extracted with dichloromethane/diethyl ether (1:1; 100 mL) for 3 h. The 

pale orange solid was dried under vacuum to yield the desired supported complex. (Yield: 

1.01 g) 

 

EA    calc.: Co, 3.2%, P, 1.7%; found: Co, 1.4%, P, 0.7% 

ICP    calc.: Co, 3.2%, P, 1.7%; found: Co, 2.0%, P, 0.8% 

IR     νmax = 448, 794, 1051 cm
-1 
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5.11.5 Catalytic Screening of the Solid-Supported Complexes 

5.11.5.1 General Experimental Setup for the Screening of SG-(74), SG-(75), SGL-(74) 

and SiO2-(74)  

(A)  Thermal Conditions 

1,6-Heptadiyne (228 µL, 2 mmol), benzonitrile (1 mL, 10 mmol) and the solid supported 

cobalt complex were dissolved in toluene (3 mL). The solution was stirred at 100 °C for 24 h. 

After filtration and thorough washing with THF the combined solutions were evaporated 

under reduced pressure yielding a yellow oil. Purification through column chromatography 

(n-hexane/ethyl acetate, 6 : 1 v/v) yielded the desired product as a white solid. The catalyst 

was dried under high vacuum before it was reused in the next cycle. 

 

(B)  Microwave Conditions 

1,6-Heptadiyne (114 µL, 1 mmol), benzonitrile (512 µL, 5 mmol) and the solid-supported 

cobalt complex were dissolved in DMF (2 mL). The solution was heated to 200 °C for 30 

min. After filtration and thorough washing with THF the combined solutions were evaporated 

under reduced pressure yielding a yellow oil. Purification through column chromatography 

(n-hexane/ethyl acetate, 6 : 1 v/v) yielded the desired product as a white solid. The catalyst 

was dried under high vacuum before it was reused in the next cycle. 

 

(C)  Photochemical Conditions 

1,6-Heptadiyne (228 µL, 2 mmol), benzonitrile (1 mL, 10 mmol) and the solid supported 

cobalt complex were dissolved in THF (6 mL). The solution was irradiated with light at room 

temperature for 24 h. After filtration and thorough washing with THF the combined solutions 

were evaporated under reduced pressure yielding a yellow oil. Purification through column 

chromatography (n-hexane/ethyl acetate, 6 : 1 v/v) yielded the desired product as a white 

solid. The catalyst was dried under high vacuum before it was reused in the next cycle.  
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5.12 Crystallographic Data 

Table 15: Crystallographic data for 17, 18 and 22 

 18 22 31 

Empirical formula 

Formula weight [g/mol] 

Color 

Crystal system 

Space group 

Unit cell dimensions: 

a [Å] 

b [Å] 

c [Å] 

α [°] 

β [°] 

γ [°] 

Cell volume [Å
3
] 

Z 

Calculated density [g/cm
-3

] 

Temperature [K] 

µ (Mo K α) [mm
-1

] 

Reflections collected 

Reflections unique 

Parameters 

Goodness-of-fit (F
2
)

 

R1 (I>2σ(I)) 

wR2 (all data) 

CCDC # 

C41H35CoO6P2 

744.56 

yellow 

Monoclinic 

P21/n 

 

10.6388(2) 

8.0790(1) 

40.5718(8) 

90 

92.796(1) 

90 

3483.03(10) 

4 

1.420 

150(2) 

0.634 

43961 

6550 

451 

0.945 

0.0257 

0.0667 

879909 

C47H29CoF18O6P2 

1152.57 

yellow 

Triclinic 

P1 

 

12.6268(3) 

13.1546(3) 

14.8518(4) 

73.1950(10) 

78.0650(10) 

85.237(2) 

2309.78(10) 

2 

1.657 

150(2) 

0.564 

92581 

10619 

807 

1.041 

0.0425 

0.1196 

879908 

C16H16CoO4P 

362.19 

orange 

Monoclinic 

P2(1)/n 

 

6.2701(1) 

9.8494(2) 

24.7933(5) 

90 

91.4320(1) 

90 

1530.75(5) 

4 

1.572 

150(2) 

1.240 

3694 

3224 

353 

1.038 

0.0370 

0.0688 

--- 
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Table 16: Crystallographic data for 25 and 26 

 25 26 

Empirical formula 

Formula weight [g/mol] 

Color 

Crystal system 

Space group 

Unit cell dimensions: 

a [Å] 

b [Å] 

c [Å] 

α [°] 

β [°] 

γ [°] 

Cell volume [Å
3
] 

Z 

Calculated density [g/cm
-3

] 

Temperature [K] 

µ (Mo K α) [mm
-1

] 

Reflections collected 

Reflections unique 

Parameters 

Goodness-of-fit (F
2
)

 

R1 (I>2σ(I)) 

wR2 (all data) 

CCDC # 

C17H28CoO7P 

434.29 

orange 

Orthorombic 

Pca2(1) 

 

14.3800(7) 

8.7254(5) 

15.5859(7) 

90 

90 

90 

1955.58(17) 

4 

1.475 

150(2) 

0.994 

4301 

3731 

353 

1.011 

0.0418 

0.0623 

928416 

C29H28CoO7P 

578.41 

red 

Monoclinic 

P2(1)/n 

 

9.8124(2) 

27.5055(6) 

9.9190(2) 

90 

100.519(1) 

90 

2632.10(9) 

4 

1.460 

150(2) 

0.760 

86796 

6526 

353 

1.049 

0.0260 

0.0650 

928415 
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5.13 Molecule Catalogue 
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